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Dark Matter @ Accelerators



Holds the Universe together and makes 85% of all the matter in it! 

Interacts very weakly
       (not charged)

The power of the dark side

 Gravity 
Higgs-like Interactions ?  

What is it?
Which are its proper.es?
How to search for it?

Strongest evidence for DM comes from its interactions 
with visible matter in the Milky Way 



Understanding the DM Sector

Bad news: DM-SM interac2ons are not obligatory
If nature is unkind, we may never know the right scale

Bad news: DM-SM interactions are not obligatory
If nature is unkind, we may never know the right scale

Good news: most discoverable DM candidates are in             
thermal equilibrium with us in the early universe 

Why is this good news?

DM Prognosis?

mDM

mPl

⇠ 1019 GeV
⇠ 100M�

must be compositemust be bosonic

⇠ 100 eV
⇠ 10�20 eV
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DM Prognosis?
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Good news: Most discoverable DM candidates are in Thermal 
equilibrium with us in the early universe

Why is this good?

Particle physics properties constrains the range of possible masses

Folding in assump>ons about the evolu>on of the DM density in the early 
Universe can mo>vate more specific mass scales

Black Holes



Thermal Equilibrium: 
Easily realized in the early Universe

Applies to nearly all models with couplings large enough for detec6on 
(rare counter example: QCD axion DM)
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T 2

mPl
⇠ g2T 5

⇤4

����
T=m�

g & 10�8

✓
⇤

10GeV

◆2 ✓GeV

m�

◆3/2

 Hubble expansion

Applies to nearly all models with couplings large enough 
for detection (rare counterexample: QCD axion DM) 
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Thermal Equilibrium
Advantage #0:  Easily Realized 

< <χ



Evolu&on of the Dark Ma2er Density: Thermal  DM 
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Figure 4: An illustration of the inelastic �� ! XX (left) and elastic �X ! �X (right) scattering
processes that dictate chemical and kinetic equilibrium. Note that time points from left to right.

is in thermal equilibrium in the early Universe via its interactions with Standard Model particles.

2.1 Thermal Dark Matter

Figure 4 shows two possible 2 ! 2 interaction diagrams that are allowed with � the DM particle

and X a Standard Model particle, which is essentially massless and in equilibrium with the photon

bath. When the interaction �� $ XX is in equilibrium, the DM particles are constantly being

replenished. As the Universe expands, though, it becomes increasingly harder for a DM particle to

find a partner to annihilate with and the forward reaction shuts o↵. At this point, the DM density

remains frozen in time. The ‘freeze-out’ time occurs when the annihilation rate, �
inelastic

, is on the

order of the Hubble rate, H:

�
inelastic

= n
�

h�vi ⇠ H ,

where n
�

is the DM number density and h�vi is the velocity-averaged cross section. Cold DM is

non-relativistic at freeze-out, with n
�

⇠ T 3/2e�m

�

/T , with T the temperature of the DM species;

hot DM is relativistic at freeze-out, with n
�

⇠ T 3. Warm DM falls somewhere in between these

two cases.

Exercise: The number density of a given particle is related to its phase-space density, f(E, t), via

n = g

Z

f(E, t)
d3p

(2⇡)3
, (2.1)

where g is the number of spin degrees of freedom of the particle. Determine the scaling of n with

temperature in the non-relativistic and relativistic limits.

After freeze-out, the DM is no longer in chemical equilibrium, but it remains in thermal equi-

librium with the surrounding plasma via the elastic interaction shown in the right panel of Fig. 4.
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 At sufficiently high Temperature, the interac&on 
 χ χ        XX is in thermal equilibrium, 
 DM par&cles are constantly replenished  

Thermal Equilibrium
Advantage #1:  Minimum Annihilation Rate

Griest et. al. 1992

Observed density requires

Asymmetric Thermal DM:
Just need to deplete antiparticles

 Rate can be bigger, but not smaller

Symmetric Thermal DM 

�vasym > 3⇥ 10�26cm3s�1

�vsym ⇠ 3⇥ 10�26cm3s�1

⌦� ⇠ h�vi�1

10

n(eq.)
DM =

Z
d3p

(2⇡)3
gi

eE/T ± 1
⇠ T 3

DM is overproduced, need to annihilate away the excess!

Freeze out

Either way, there’s a target!

  Cosmology data      Dark Matter       New physics at the EW scale

Evolution of the Dark Matter Density Being produced

and annihilating

(T!m
x
)

• Heavy particle initially in thermal equilibrium

• Annihilation stops when number density drops

• i.e., annihilation too slow to keep up with

         Hubble expansion (“freeze out”)

• Leaves a relic abundance:� 

H > !
A
" n# < $

A
v >

Interactions

suppressed (T<m
x
)

Freeze out

!
DM
h

2
"  < #

A
v>

-1

If m
x
 and !A determined by electroweak physics,

!
A
" k#

W

2 / mX

2
! a few pb then !DM h2~0.1 for mx~0.1-1 TeV

Kolb and Turner

Remarkable agreement with WMAP-SDSS !
DM
h
2
= 0.104 ± 0.009

��� f̄ f

��� f̄ f

Frank Steffen’s Talk

�inelastic = n� <�v>
 chemical equilibrium

     As the Universe expands & temperature decreases
  number density decreases

 For T< mDM interac&ons get suppressed (Cold DM)

Finally forward reac&on stops (too hard for DM 
par&cles to find each other to annihilate) 
DM density frozen in &me: 

&me flow

Thermal Equilibrium
Advantage #1:  Minimum Annihilation Rate

Griest et. al. 1992

Observed density requires

Asymmetric Thermal DM:
Just need to deplete antiparticles

 Rate can be bigger, but not smaller

Symmetric Thermal DM 

�vasym > 3⇥ 10�26cm3s�1

�vsym ⇠ 3⇥ 10�26cm3s�1

⌦� ⇠ h�vi�1
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n(eq.)
DM =

Z
d3p

(2⇡)3
gi

eE/T ± 1
⇠ T 3

DM is overproduced, need to annihilate away the excess!

Freeze out

Either way, there’s a target!

�inelastic = n� <�v>⇠ H

nDM ⇠ T3/2e�mDM/T

nDM ⇠ T3/2e�mDM/T

(Cold DM)
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Figure 4: An illustration of the inelastic �� ! XX (left) and elastic �X ! �X (right) scattering
processes that dictate chemical and kinetic equilibrium. Note that time points from left to right.

is in thermal equilibrium in the early Universe via its interactions with Standard Model particles.

2.1 Thermal Dark Matter

Figure 4 shows two possible 2 ! 2 interaction diagrams that are allowed with � the DM particle

and X a Standard Model particle, which is essentially massless and in equilibrium with the photon

bath. When the interaction �� $ XX is in equilibrium, the DM particles are constantly being

replenished. As the Universe expands, though, it becomes increasingly harder for a DM particle to

find a partner to annihilate with and the forward reaction shuts o↵. At this point, the DM density

remains frozen in time. The ‘freeze-out’ time occurs when the annihilation rate, �
inelastic

, is on the
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inelastic
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where n
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is the DM number density and h�vi is the velocity-averaged cross section. Cold DM is

non-relativistic at freeze-out, with n
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/T , with T the temperature of the DM species;
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⇠ T 3. Warm DM falls somewhere in between these

two cases.

Exercise: The number density of a given particle is related to its phase-space density, f(E, t), via

n = g

Z

f(E, t)
d3p

(2⇡)3
, (2.1)

where g is the number of spin degrees of freedom of the particle. Determine the scaling of n with

temperature in the non-relativistic and relativistic limits.

After freeze-out, the DM is no longer in chemical equilibrium, but it remains in thermal equi-

librium with the surrounding plasma via the elastic interaction shown in the right panel of Fig. 4.
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�inelastic = n� <�v> �elastic = nX <�v>

 chemical equilibrium kinetic equilibrium

nDM ⇠ T3/2e�mDM/T
Cold Dark Matter is non-relativistic at Freeze out è

Hot Dark Matter is relativistic at Freeze out -è nDM ⇠ T3

After freeze out, DM is no longer in chemical  eq., but it remains in thermal eq. with 

the surrounding plasma via elastic interactions.

After a certain point it decouples and DM is free streaming  (Γelastic < H)

Warm dark matter is in between

nX~ T3 

As X are relativistic

For Cold (Hot) Dark Matter kinetic decoupling happens only after freeze out (earlier).

Detailed studies of the DM free streaming after decoupling constrain warm DM 

candidates, that predict less structure on small scales than actually observed.

&me flow&me flow

Cold Dark Matter Preferred



Evolu&on of the Thermal Cold Dark Ma6er Density
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1

2 4

3
Par&cles 1 and 2 are iden&cal with number density n, 

while 3 and 4 are SM par&cles in thermal equilibrium

with the photon bath. 

ṅ+3Hn=−⟨σv⟩12 n2+⟨σv⟩34 n3n4

When the DM is also in eq. with the SM final states: ⟨σv⟩12n2
eq=⟨σv⟩34n3

eqn4
eq

The Boltzmann equa&on for the dark ma6er number density reduces to

ṅ + 3Hn=⟨σv⟩(n2
eq−n2)

Instead of using n it is better to use define the comoving number density Y=n/s,  

with s the total entropy density 

H=ȧ/a is the expansion rate of the Universe and a is the scale factor

and using that sa3 is constant è ṡ =−3sH  è dY/dt = ⟨σv⟩s (Y2
eq−Y2)

Considering the behavior of the solu&ons for Y in limi&ng cases, one can  build an 

intui&on for how the DM number density evolves with &me



Evolu&on of the Thermal Cold Dark Ma6er Density

  Cosmology data      Dark Matter       New physics at the EW scale

Evolution of the Dark Matter Density Being produced

and annihilating

(T!m
x
)

• Heavy particle initially in thermal equilibrium

• Annihilation stops when number density drops

• i.e., annihilation too slow to keep up with

         Hubble expansion (“freeze out”)

• Leaves a relic abundance:� 
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Frank Steffen’s Talk

Thermal Equilibrium
Advantage #1:  Minimum Annihilation Rate

Griest et. al. 1992

Observed density requires

Asymmetric Thermal DM:
Just need to deplete antiparticles

 Rate can be bigger, but not smaller

Symmetric Thermal DM 

�vasym > 3⇥ 10�26cm3s�1

�vsym ⇠ 3⇥ 10�26cm3s�1

⌦� ⇠ h�vi�1
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n(eq.)
DM =

Z
d3p

(2⇡)3
gi

eE/T ± 1
⇠ T 3

DM is overproduced, need to annihilate away the excess!

Freeze out

Either way, there’s a target!

1

2 4

3

dY/dt = ⟨σv⟩s (Y2eq−Y2)

It is useful also to define a rescaled dimensionless &me variable x= m/T

Then we can plot the comoving dark 
ma6er number density Y versus the 
rescaled &me x to see the freeze out 
behavior, as in this famous figure 
from Kolb and Turner

dY/dx=−xs⟨σv⟩(Y2−Y2
eq)/H(m=T)



Evolu&on of the Thermal Cold Dark Ma6er Density:

1

2 4

3

Y evolution is governed by <σv> 

and 2 are identical with number density n, and particles 3 and 4 are Standard Model particles in

thermal equilibrium with the photon bath. When the DM is also in equilibrium with the Standard

Model final states, then detailed balance dictates that

h�vi
12

n2

eq

= h�vi
34

neq

3

neq

4

,

which can be used to rewrite the second term of (2.4) in terms of the DM number density and the

cross section for the forward reaction. The Boltzmann equation reduces to

ṅ + 3Hn = h�vi �

n2

eq

� n2

�

, (2.5)

where h�vi = h�vi
12

. The DM number density, n, decreases with the expansion of the Universe

(in addition to any number-changing e↵ects from the collision term) and it is useful to scale out

this e↵ect by defining the quantity Y = n/s, where s is the total entropy density of the Universe.

Substituting this into (2.5) and using the fact that sa3 is constant to get the relation that ṡ = �3sH,

yields
dY

dt
= h�vis �

Y 2

eq

� Y 2

� �! dY

dx
= �xsh�vi

H(m)

�

Y 2 � Y 2

eq

�

. (2.6)

This equation is written in terms of the usual time variable as well as a rescaled time variable

x = m/T , where m is the mass of the DM. Note that dx/dt = H(x)x, because T / 1/a (i.e.,

the photon temperature is inversely proportional to its wavelength, which scales as a). If DM

production occurs during radiation domination, then H(x) = H(m)/x2. The precise definition of

H(m) is not necessary for our purposes here—see [59] for further discussion.

Let us take stock of where we stand: We have an expression that describes the evolution of Y

as the Universe cools. Y is the DM number density, rescaled to remove the e↵ects of the Universe’s

expansion. Therefore, the changes in Y encoded in the Boltzmann equation arise purely from

interactions of the DM with states that are in thermal equilibrium with the photon bath. The

evolution of Y is governed by the velocity-averaged cross section:

h�vi =

R

�v dneq

1

dneq

2

R

dneq

1

dneq

2

=

R

�v e�E

1

/T e�E

2

/T d3p
1

d3p
2

R

e�E

1

/T e�E

2

/T d3p
1

d3p
2

. (2.7)

Eq. (2.7) can be further simplified by redefinition of the integration variables [58], and the final

result is

h�vi =
1

8m4TK2

2

(m/T )

Z 1

4m

2

�(s̃ � 4m2)
p

s̃ K
1

(
p

s̃/T ) ds
non-rel.����! b

0

+
3

2
b
1

x�1 + · · · (2.8)

where K
i

are modified Bessel functions of the ith order and s̃ = 2m2 + 2E
1

E
2

� 2p
1

· p
2

. The

cross section can be expanded in x in the non-relativistic limit with coe�cients b
0,1

, as shown. The
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Where K1 and K2 are modified Bessel func&ons. 
In the non-rela&vis&c limit, the cross sec&on can be expanded in 
the rescaled &me variable x with coefficients b0,1,… 

b0  represents s-wave annihilation: no dependence of <σv> on x
 
b1 represents  p-wave annihilation: <σv> decreases as x gets larger. 
Note this can be regarded as a velocity suppression, since 
1/x = T/m ~ (mv2/2)/m ~ v2

Changes in Y arise purely from interac&ons of the DM with states that are in 
thermal equilibrium with the photon bath



The WIMP Miracle
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Figure 6: An illustration of the DM number density Y as a function of x. Before freeze-out
(x < x

f

), the density tracks the equilibrium expectation (dashed black). After freeze-out, the
density remains nearly constant as a function of time, as indicated by the solid black line. Figure
courtesy of S. Mishra Sharma.

case where b
0

dominates is referred to as s-wave annihilation. The case where the second term

dominates is called p-wave annihilation.

There is no analytic solution for equations that take the form of (2.6), so one must rely on

numerical solutions for exact results. However, we can consider the behavior of the solutions in

limiting cases to build intuition for how the DM number density evolves with time. Remember

that the evolution depends on how the annihilation rate compares with the expansion rate. When

� � H, then the annihilation process is very e�cient and equilibrium can be maintained between

the DM and photon bath. However, when � ⌧ H, the DM particles can no longer find each other

fast enough compared to the expansion rate, and thus fall out of equilibrium, as illustrated in Fig. 6.

Said another way,

Y (x . x
f

) ' Y
eq

(x) and Y (x & x
f

) ' Y
eq

(x
f

) ,

where x
f

is the freeze-out time. For CDM, Y (x) decreases exponentially before freeze-out. After

freeze-out, however, the abundance is larger than what its equilibrium value would have been if

freeze-out had not occurred (as Y
eq

is decreasing, Y
eq

(x
f

) > Y
eq

(x > x
f

) trivially). Therefore, (2.6)

becomes
dY

dx
' � �

xn+2

Y 2 , where � =
h�vi

0

s
0

H(m)
.

Note that the x dependence has been pulled out of the cross section and entropy to define �. That

is, h�vi = h�vi
0

x�n and s = s
0

x�3.4 Taking n = 0 as an example, we can solve for the DM

4We are assuming that either s- or p-wave annihilation dominate, which is oftentimes true. More precisely, though,
the thermally averaged cross section is a series in x, as shown in (2.8).
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Ωχ= m stoday Ytoday/ ρcr→ Ωχh2∼(10-26cm3/s)/<σv> ≃ 0.1 (0.01/α)2   (m/100 GeV)2

Taking xf∼10 and⟨σv⟩ ∼α2/m2,  the fracPon of criPcal density contributed by the DM today  is

ècorrect abundance today as measured by Planck and WMAP, 

for α ~ 0.01 and  m ~ 100 GeV 

 Weak-scale DM naturally gives the correct DM density
Many well-motivated models, such as supersymmetry provide such candidates. 

A wide-ranging of  experimental  programs targeted for WIMP searches

the “WIMP miracle”



Thermal 
Equilibrium: 

Narrows viable 
Mass range

Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {
18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

 ~ 1985, natural starting point 

Neff  / BBN

right after  W&Z discoveries 
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How much of a miracle are WIMPs? 
What is really constrained is the ra<o of the squared coupling to the mass.

It is possible to open up a wider band of allowed masses for thermal DM by taking 
α≪1 while keeping α2/m2 fixed (α2 m2 /M4, if heavy mediators) 

WIMPs: 
interact through SM weak forces and for masses below ~ 2GeV or higher than several TeV the 

annihila<on cross sec<on is too small, hence overabundance of thermal DM expected

Hidden Sector DM: 
Particles neutral under SM forces, but charged under new forces not yet discovered. 

Can have portal interactions with the SM. 
Mass viable over a wider range than WIMPs including  Light DM down to KeV range

 Hidden Sector



 Minimal Annihila*on Rate for symmetric and asymmetric DM 

Rate can be bigger, but not smaller

Symmetric Thermal DM:
Observed density requires  à

Thermal Equilibrium
Advantage #1:  Minimum Annihilation Rate

Griest et. al. 1992

Observed density requires

Asymmetric Thermal DM:
Just need to deplete antiparticles

 Rate can be bigger, but not smaller

Symmetric Thermal DM 

�vasym > 3⇥ 10�26cm3s�1

�vsym ⇠ 3⇥ 10�26cm3s�1

⌦� ⇠ h�vi�1
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DM is overproduced, need to annihilate away the excess!

Freeze out

Either way, there’s a target!
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Just need to deplete antiparticles
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Observed density requires
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n(eq.)
DM =

Z
d3p

(2⇡)3
gi
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⇠ T 3

DM is overproduced, need to annihilate away the excess!

Freeze out

Either way, there’s a target!

Thus many searches for Symmetric DM also Asymmetric DM scenarios

“Symmetric” DM means the DM is its own antiparticle and its relic 
abundance is produced by thermal freeze out

“Asymmetric” DM is realized when the DM relic abundance is created 
by an asymmetry between DM particles and antiparticles, in addition to 
the possible one induced by thermal freeze out



Accelerator based DM searches
  collider experiments and fixed target experiments  

• I will cover Standard WIMP scenarios as well as Hidden Sector 
DM thermal freeze out scenarios

 
• I will also cover searches for the particles mediating the new 

interactions

• Low mass region Hidden Sector DM pheno is quite different 
from Standard WIMP pheno



Accelerator searches explore the relativistic production and/or interactions of DM 
candidates
Direct detection experiments search for the scattering of DM in the Milky Way halo off 
matter, with relative velocity ~ 10-3c 

Such big kinematic difference may make DM scenarios accessible to one technique 
and not at the other techniques. 

Accelerator Searches Vs Direct Detection 

FIG. 3: Schematic illustration of the complementarity of di↵erent types of experiments in exploring
sharp targets and general regions of interest for hidden-sector DM. Anomalies in data (see Section
III B 5) highlight regions of interest in mediator mass and/or coupling to visible or dark matter; the
red arrows highlight the suggested regions of mediator mass. Blue horizontal arrows for production
mechanisms (see Sections III B 2-III B 4) indicate the parameter regions over which they are viable
(dashed), regions in which they motivate a sharp parameter-space target (solid arrow), and, in
the case of asymmetric DM, a “natural” range where the DM and baryon number densities are
comparable (thick band). Blue and red vertical arrows highlight directions in “theory space” that
have significant impact on detection strategies, while the green vertical arrows indicate the models
to which di↵erent experimental approaches are most sensitive. Direct detection is discussed in
Section IV, accelerator-based experiments in Section VI, and cosmology and nuclear and atomic
physics probes in Section VII.

represents a precise target of interest. For elastically scattering scalar DM charged under a
new force, most of the sub-GeV parameter space for this scenario can be explored by the
next generation of both accelerator and direct detection experiments. If instead the DM is
axially coupled (as a Majorana fermion must be) or scatters inelastically, then direct detec-
tion rates are suppressed by anywhere from 6 to 18 orders of magnitude, while accelerator
production rates are within one to two decades. Therefore, while both techniques can ex-
plore this possibility, only accelerators are able to do so robustly. The converse is true if
the mediator of DM-SM scattering is much lighter than the DM itself. In this case, direct
detection rates are parametrically enhanced by up to 12 orders of magnitude, because of
their low momentum transfer. This opens the possibility of testing the idea that the DM
abundance “freezes in” through DM and SM interactions with a very light mediator, which
would be too weakly coupled to be seen at accelerators.
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Fig. 1. Illustration of the connection between thermal freeze-out and DM searches at the LHC.
The observed DM relic abundance can be readily reproduced if the cross section for DM annihi-
lation (left) is sizeable. It should then be possible to invert this annihilation process by colliding
SM particles. To obtain an observable DM signal at the LHC, it is necessary to produce DM in
association with SM states (right).

DM annihilation cross section should roughly be given by

h�DM DM!SM SM vi ⇡ 3 ⇥ 10�26cm3 s�1 . (1)

The generic expectation would then be that the inverse process also has a sizable
cross section and that therefore particle colliders can be used to invert the annihi-
lation processes that happened frequently in the early Universe, see figure 1. This
strong link to the idea of thermal freeze-out justifies the excitement for DM searches
at the LHC.

Another key reason to search for DM at the LHC is that new stable particles at
the electroweak scale are a central ingredient of models that attempt to address the
gauge hierarchy problem, such as supersymmetry.4 Intriguingly, if the DM mass is
comparable to the electroweak scale (i.e. of order of a few hundred GeV) and the
coupling strength is comparable to that of the weak interactions, the required DM
annihilation cross section can be obtained rather naturally.b In such a set-up the
LHC is expected to produce DM particles in abundance via the decays of heavier
(colored) states with large production cross sections, leading to characteristic miss-
ing energy signatures. Many searches for these well-motivated extensions of the SM
are therefore ultimately also searches for DM.

Nevertheless, in models like supersymmetry, DM particles are typically only
produced together with a significant number of additional SM particles from the
decay chain, implying that there is no direct connection between the annihilation
and the production process.c Furthermore, most constraints on these models are in
fact unrelated to the actual properties of the DM particle. In the context of these
searches, the DM particle is therefore often a mere tool rather than the actual object
of interest.

This review will therefore adopt a more narrow definition of LHC DM searches
and focus on searches for the direct pair-production of DM making use of SM par-

bSuch DM candidates are often referred to as weakly-interacting massive particles (WIMPs) and
the successful prediction of their relic abundance is sometimes called the WIMP miracle.
cOn the other hand, the presence of these additional states means that it may be much easier to
infer the properties of the DM particle, such as its mass, from kinematic distributions.

FIG. 3: Schematic illustration of the complementarity of di↵erent types of experiments in exploring
sharp targets and general regions of interest for hidden-sector DM. Anomalies in data (see Section
III B 5) highlight regions of interest in mediator mass and/or coupling to visible or dark matter; the
red arrows highlight the suggested regions of mediator mass. Blue horizontal arrows for production
mechanisms (see Sections III B 2-III B 4) indicate the parameter regions over which they are viable
(dashed), regions in which they motivate a sharp parameter-space target (solid arrow), and, in
the case of asymmetric DM, a “natural” range where the DM and baryon number densities are
comparable (thick band). Blue and red vertical arrows highlight directions in “theory space” that
have significant impact on detection strategies, while the green vertical arrows indicate the models
to which di↵erent experimental approaches are most sensitive. Direct detection is discussed in
Section IV, accelerator-based experiments in Section VI, and cosmology and nuclear and atomic
physics probes in Section VII.

represents a precise target of interest. For elastically scattering scalar DM charged under a
new force, most of the sub-GeV parameter space for this scenario can be explored by the
next generation of both accelerator and direct detection experiments. If instead the DM is
axially coupled (as a Majorana fermion must be) or scatters inelastically, then direct detec-
tion rates are suppressed by anywhere from 6 to 18 orders of magnitude, while accelerator
production rates are within one to two decades. Therefore, while both techniques can ex-
plore this possibility, only accelerators are able to do so robustly. The converse is true if
the mediator of DM-SM scattering is much lighter than the DM itself. In this case, direct
detection rates are parametrically enhanced by up to 12 orders of magnitude, because of
their low momentum transfer. This opens the possibility of testing the idea that the DM
abundance “freezes in” through DM and SM interactions with a very light mediator, which
would be too weakly coupled to be seen at accelerators.

17

Strong connection between Thermal Freeze out 
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• Non–renormalizable interactions èEffective Field Theory (EFT) approach

Each possible interaction characterized by  

the DM candidate mass & the operator suppression scale

• Simplified models 

(e.g. SM +DM + (a) mediator/s from extended SM or Dark Sector)

More parameters but describe correctly the full kinematics of DM production

• Specific more complete models

Even larger set of parameters, but allows for correlations between observables, 

Needed to relate information 

from direct and indirect 

detection experiments

with accelerator bounds/searches 



Dark Matter at Colliders: the LHC 
• If dark matter is light enough and has sufficiently strong non-gravitational 

interactions with ordinary matter, then it will be produced in proton-proton collisions 
at the LHC

• The LHC is running now (Run 2) with 13 TeV pp collisions, and ran 7 TeV and 8 TeV 
pp collisions in 2010-2012 for the discovery of the Higgs boson

• 27 km underground ring

• 31,000 tons of superconducting 
magnets cooled to 1.9 degrees 
K using 90 tons of liquid helium

• Counter-rotating beams of 
protons, 360 Megajoules of 
energy per beam = 86 Kg of 
TNT



Dark Matter at Colliders: the LHC 

• Bad news: since the proton is a QCD composite of quarks and gluons, pp 
collisions at 13 TeV actually produce a distribution of quark-quark, quark-gluon, 
or gluon-gluon collisions at much lower center-of-mass energies

• Good news: Collisions occur every 25 nanoseconds over runs that last for 
years, so you have a lot of chances to make a rare event that contains dark 
matter particles



Dark Matter at Colliders: 
ATLAS and CMS detectors 

Good news: The ATLAS and CMS collaborations have built and are operating  
                      the world’s largest and most sophisticated particle detectors: 
>100 million channels of readout for collisions occurring every 25 nanoseconds

Each experiment about 
 3000 physicists  
 180 Institutes     
 40 countries



Dark Matter at Colliders: 
ATLAS and CMS detectors 

Bad news: The ATLAS and CMS detectors cannot detect dark matter particles directly, 
even if the LHC produces them



Dark Matter at Colliders: 
ATLAS and CMS detectors 

What do the ATLAS and CMS detectors detect?

• Charged particle tracks in 
the tracker

• Energy from 
electromagnetic showers 
in the ECAL

• Energy from hadronic 
showers in the the HCAL

• Tracks in the outer muon 
system



Dark Matter at Colliders: 

ATLAS and CMS detectors 
From this basic information ATLAS and CMS reconstruct “physics 

objects” for “interesting” collisions events 

• Electron

• Photon

• Muon

• Hadronically decaying tau

• Jet

• b-Jet

• Missing transverse 

energy (MET)

physics objects:

What is MET??



Dark Matter at Colliders: 

What is MET? 

MET is a way for collider detectors to “see the invisible”

• Suppose you measured the momentum of every visible particle coming out 

from a particular pp collision and add up these vectors to get the total 

momentum transverse to the LHC beam

• The protons in the beam have no transverse momentum (or you would have 

lost them around the ring)

• Then, assuming only conservation of momentum, any large imbalance in the 

total transverse momentum must have been compensated by one or more 

invisible particles produced in the collision



Dark Matter at Colliders: 
What is MET? 

MET is a way for collider detectors to “see the invisible”

• ATLAS and CMS see 
lots of collisions with 
large MET, coming from 
neutrinos

• Here is a CMS event 
that produced a W 
boson, which decayed 
into an electron and a 
neutrino

• The neutrino is “seen” 
as MET



Dark Matter at Colliders: use the MET

LHC WIMP Production
�
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LHC can’t produce WIMPs.}
}
} LHC can produce WIMP siblings,

which decay into WIMPs and 
other SM particles.

LHC can directly produce WIMP pairs.
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(partonic)

• WIMP DM particles could be “detected” at the LHC as MET

• We could either produce the WIMP directly (in pairs), or produce a charged/colored 
relative of the WIMP that decays into a WIMP

• The WIMP is the lightest of the new states and must be neutral and stable 

• Most of the heavier “WIMP siblings” usually are colored and/or charged, thus (for a 
given mass) easier to produce directly in a pp collision than the dark matter WIMP

LHC WIMP Production
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LHC WIMP Production
�

�

�

�

Energy
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}
} LHC can produce WIMP siblings,

which decay into WIMPs and 
other SM particles.

LHC can directly produce WIMP pairs.
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(partonic)

LHC produces heavier new particles that then 
decay into SM particles and WIMPS, leading to 
more complex final sates 

LHC has not enough energy 
to produce the WIMPs

The most minimal assumption is that the only new state 
beyond the SM that is kinematically accessible at the LHC  
is the DM particle => LHC directly produces the WIMP



Effec%ve Field Theory Approach :  Contact Interac%ons
• The dark ma<er is the only state accessible to our experiments.
• Natural place to start, since EFT implies many theories will show common low energy 
      behavior when the media%ng par%cles are heavy compared to the energies involved
• Each operator characterized in terms of 2 parameters: DM mass and suppression scale Λ 

Drawbacks:  It breaks down when energy is sufficient to produce other new par%cles directly
                       It misses correla%ons  among observables

• As an example, we can write down 
operators of interest for a Majorana 
WIMP.

• There are 10 leading operators 
consistent with Lorentz and SU(3) x 
U(1)EM gauge invariance coupling the 
WIMP to quarks and gluons.

• Each operator has a (separate) 
coefficient M* which parametrizes its 
strength.
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We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-

�

�

q

q
eq

�

�

q

q
g2

M2
q̃

$ 1
M2

⇤
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interactions between DM and SM states can be described by an e↵ective field theory
(EFT) containing operators of mass dimension larger than four.e This approach
was first suggested under the name Maverick Dark Matter59 and was subsequently
popularized as the EFT approach by a number of detailed studies.60–65

An extensive classification of the lowest-dimension e↵ective operators describing
the interactions between fermionic or scalar DM and quarks or gluons has been
performed in refs. 60, 62.f Each operator is characterized by only two parameters:
the e↵ective suppression scale ⇤ and the DM mass mDM. For example, a frequently
studied operator is the so-called axial-vector operator:

O =
1

⇤2
(q̄�µ�5q)(�̄�µ�5�) , (2)

where � denotes a spin-1/2 DM particle, which can be either a Dirac fermion (in
which case the operator is usually labeled D862) or a Majorana fermion (labeled
M660). This operator has been the subject of a number of LHC studies.67,68

A crucial property of the EFT approach is that the shape of all kinematic dis-
tributions is independent of the suppression scale ⇤. For a dimension-6 operator
proportional to ⇤�2, for example, all cross sections are simply proportional to ⇤�4.
It is therefore technically very easy to present experimental results in terms of lower
bounds on ⇤ as a function of mDM. For DM masses smaller than the typical cut
on missing transverse momentum, kinematic distributions and hence the resulting
bounds become independent of mDM, implying that LHC searches can be sensitive
to arbitrarily small DM masses.

For hadron colliders, the strongest constraints on the suppression scale ⇤ are
obtained for e↵ective operators involving quarks and gluons. Another interesting
possibility however are contact interactions between DM particles and SM gauge
bosons14,69,70 or Higgs bosons.26 In such a set-up, any gauge boson or Higgs boson
produced at the LHC can radiate o↵ a pair of DM particles, potentially leading to
mono-V or mono-Higgs signals.

E↵ective interactions between DM particles and Higgs bosons have also been
studied in the context of so-called Higgs portal models.71–74 Indeed, one of the
simplest ways to couple fermionic DM to the SM is via the dimension-5 operator

O ⇠ 1

⇤
H†H �̄� , (3)

where H denotes the SM Higgs doublet. After electroweak symmetry breaking, this
operator gives rise to an h�̄� vertex, where h denotes the physical Higgs boson. For
mDM < mh/2 this interaction leads to invisible Higgs decays, which are strongly

eThere are a small number of DM models that pursue an even more minimal approach by coupling
the DM particle to the SM via renormalizable interactions, such as sterile neutrinos,53 hidden
photons,54 scalar singlets55–57 or SU(2)L multiplets with a stable neutral component.58 With the
exception of the scalar singlets, which we will discuss below in the context of Higgs portal models,
these models do however not predict any observable signals at the LHC.
fThe relevance of higher-dimension operators is discussed in ref. 66.

Example: Axial-vector operator,              
X denotes a Dirac or Majorana Fermion

LHC: Stronger constraints on Λ (=M*) for effec%ve 
operators involving quarks and gluons. Each operator has  
a separate scale Λ (=M*) that characterize its strength

10 leading operators consistent with Lorentz 
and SU(3) x U(1)EM invariance coupling the ‘
WIMP (Majorana fermion) to quarks & gluons

Example: Majorana WIMP

• The various types of interactions 
are accessible to different kinds of 
experiments.

• Spin-independent elastic 
scattering

• Spin-dependent elastic 
scattering

• Annihilation in the galactic halo

• Collider Production
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I. INTRODUCTION

Recently, there has been much interest in light (order
∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.
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TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-
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Other operators may be rewritten in 
this form by using Fierz transformations.
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interactions between DM and SM states can be described by an e↵ective field theory
(EFT) containing operators of mass dimension larger than four.e This approach
was first suggested under the name Maverick Dark Matter59 and was subsequently
popularized as the EFT approach by a number of detailed studies.60–65

An extensive classification of the lowest-dimension e↵ective operators describing
the interactions between fermionic or scalar DM and quarks or gluons has been
performed in refs. 60, 62.f Each operator is characterized by only two parameters:
the e↵ective suppression scale ⇤ and the DM mass mDM. For example, a frequently
studied operator is the so-called axial-vector operator:

O =
1

⇤2
(q̄�µ�5q)(�̄�µ�5�) , (2)

where � denotes a spin-1/2 DM particle, which can be either a Dirac fermion (in
which case the operator is usually labeled D862) or a Majorana fermion (labeled
M660). This operator has been the subject of a number of LHC studies.67,68

A crucial property of the EFT approach is that the shape of all kinematic dis-
tributions is independent of the suppression scale ⇤. For a dimension-6 operator
proportional to ⇤�2, for example, all cross sections are simply proportional to ⇤�4.
It is therefore technically very easy to present experimental results in terms of lower
bounds on ⇤ as a function of mDM. For DM masses smaller than the typical cut
on missing transverse momentum, kinematic distributions and hence the resulting
bounds become independent of mDM, implying that LHC searches can be sensitive
to arbitrarily small DM masses.

For hadron colliders, the strongest constraints on the suppression scale ⇤ are
obtained for e↵ective operators involving quarks and gluons. Another interesting
possibility however are contact interactions between DM particles and SM gauge
bosons14,69,70 or Higgs bosons.26 In such a set-up, any gauge boson or Higgs boson
produced at the LHC can radiate o↵ a pair of DM particles, potentially leading to
mono-V or mono-Higgs signals.

E↵ective interactions between DM particles and Higgs bosons have also been
studied in the context of so-called Higgs portal models.71–74 Indeed, one of the
simplest ways to couple fermionic DM to the SM is via the dimension-5 operator

O ⇠ 1

⇤
H†H �̄� , (3)

where H denotes the SM Higgs doublet. After electroweak symmetry breaking, this
operator gives rise to an h�̄� vertex, where h denotes the physical Higgs boson. For
mDM < mh/2 this interaction leads to invisible Higgs decays, which are strongly

eThere are a small number of DM models that pursue an even more minimal approach by coupling
the DM particle to the SM via renormalizable interactions, such as sterile neutrinos,53 hidden
photons,54 scalar singlets55–57 or SU(2)L multiplets with a stable neutral component.58 With the
exception of the scalar singlets, which we will discuss below in the context of Higgs portal models,
these models do however not predict any observable signals at the LHC.
fThe relevance of higher-dimension operators is discussed in ref. 66.

How the EFT connects with the more fundamental theory?
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constrained by experimental data. For mDM > mh/2, on the other hand, the DM
production cross section at the LHC is strongly suppressed.75 We note that, if DM
is a scalar singlet, the corresponding Higgs portal operator is in fact renormalizable,
leading to the arguably simplest model for DM production at the LHC.

EFT validity

The original appeal of the EFT approach was based on the idea that bounds on
e↵ective operators are model-independent, in the sense that it is not necessary at
any point of the analysis to specify the details of the underlying UV completion.
However, this hope has been challenged by two related observations. First, it has
become clear that there are many interesting models describing the production of
DM at the LHC which are not correctly captured by the EFT approach.61,64,76 In
other words, these models predict kinematic distributions that di↵er significantly
from the ones obtained from contact interactions. And second, it was shown that –
at least for certain values of the suppression scale ⇤ – the e↵ective operator approach
makes unphysical predictions so that it becomes impossible to find a plausible UV
completion.76–78

Both of these observations are connected to the way in which e↵ective operators
are obtained from a more fundamental theory. For example, the axial-vector oper-
ator from eq. (2) can be obtained from a theory containing a heavy spin-1 particle
V µ with axial couplings to DM and quarks:

L � m2
V

2
V µVµ + V µgq q̄�µ�5q + V µgDM�̄�µ�5� . (4)

In the context of DM searches at the LHC, such a new particle is often referred
to as the mediator of the interactions between quarks and DM. If the mediator is
exchanged in the s-channel of a 2 ! 2 process with center-of-mass energy

p
s, the

resulting matrix element will contain a propagator of the form

M / gq gDM

m2
V � s

. (5)

In the limit m2
V � s this propagator becomes gq gDM/m2

V and one obtains the
axial-vector operator from above with

1

⇤2
=

gq gDM

m2
V

. (6)

If, on the other hand, the mass of the mediator is comparable to or smaller than
the momentum transfer in the process, the contact interaction does not provide an
accurate description of the kinematics, because terms that are of higher order in
s/m2

V cannot be neglected. In other words, if we are interested in a theory where
DM interacts with quarks via the exchange of a mediator with mass at or below
the TeV scale, the EFT approach will not correctly capture this model at LHC

Obtained from a theory 

with a spin-1 particle Vμ,

 THE  MEDIATOR 

with axial vector couplings

s-channel exchange leads to a Matrix element that for mV
2 >> s easily connect with the EFT 
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mV
2 >> s 

Also Λ ≲ a few TeV is needed not to make the cross section too small at the LHC 

è For too large mV one needs couplings too large  (non-perturb) to have sensitivity.

Aditionally, the matrix element from EFT scales as s/ Λ 2 and hence the perturbative 

unitarity of the theory demands √s ≲ (2-3) Λ  

Truncate the EFT  such that only  processes with small momentum transfer are considered,  

E ≲ mV  to allow for a reliable, model independent bounds  

(For Run 1 LHC with √s = 7-8 TeV,  EFT more reliable that for 13 TeV)

Instead if mV ≲ TeV, effects of order s/mV
2 

are relevant and spoil validity of EFT
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We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.
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1 Introduction

Searches for dark matter has become one of the most popular topics at the LHC in recent years. It is widely
expected that dark matter interacts with ordinary matter at an energy scale not far from weak interactions;
most searches at the LHC loosely rely on this assumption.

During the Run-1 period (2009–2013), LHC searches mainly focused on the e↵ective vertex paradigm
as illustrated on the left side of Figure 1 [1]. The black blob represents the link between dark matter and
ordinary matter.⇤ The legs that stick out can be labeled to describe annihilations (�� ! qq), scattering
(�q ! �q), and production (qq ! ��); see the left side of Figure 1. The last in the list is the focus at the
LHC.

More recently, during the Run-2 period (2015–current), simplified models [2] became a popular way to
resolve the e↵ective vertex as illustrated on the right side of Figure 1. Inserting a propagator into the picture
factorizes the s-channel diagram with triple-point vertices, ��A and qqA. New experimental techniques,
discussed later, have extended the reach of such searches.

In the case of null results, which is the situation for all searches thus far, assumptions must be made
to visualize the exclusions in plots. In the simplified model the matrix element for the interaction involves
four parameters—gq, gDM, mDM, and mmed—as illustrated in the cartoon of Figure 2a. Since the �pp!�� is
proportional to the number of such events, a null observation can be translated into an exclusion region in
a two-dimensional parameter space (say mmed-mDM) can be excluded after assuming two parameters (say gq
and gDM). For the ideal case, the exclusion is shown in the cartoon of Figure 2b as a triangular region below
the diagonal line above which the A ! �� decay is o↵-shell.

Furthermore, we “translate” the above interpreation into the exclusion of �p�!p� in order to compare
the LHC results with non-LHC results. Such a cross section, e.g., for the spin-dependent interaction, is

�sd
DM-p ⇠

✓
gq · gDM · mDM-p

(mmed)2

◆2

, (1)

where mDM-p is the reduced mass for the system of proton and dark matter. Using this relation, the curve
in mDM-mmed space is converted into one in mDM-�sd

DM-p space by trading mmed for �sd
DM-p. Roughly speaking

the exclusion is shown in Figure 2c as an inverted L shape. We will see that many of the mono-object results
in this framework rules out a region of low mDM; this gives complementary coverage with respect to the
direct detection results. Lastly, the remaining cartoon in Figure 2d will be discussed in Section 3.

This proceeding does not attempt to be comprehensive in any way. It hopes to give the reader a glimpse
of the topic with the few results that were presented in the author’s talk at LHCP 2017.
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Figure 1: Cartoon of the e↵ective vertex framework (left) and the simplified model framework (right).

⇤ In this proceeding, dark matter candidates are denoted as � or DM; ordinary matter is denoted as q, which represent a
quark or fermion, depending on the context; DM mediators are denoted as A or “med,” unless otherwise noted.
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iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.

Goodman, Ibe, Rajaraman, Shepherd, TMPT, Yu 1005.1286 & PLB

Note the important assumption 
of a heavy mediator!
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FIG. 2: Dark matter discovery prospects in the (m�,�/�th) plane for current and future direct detection [51],
indirect detection [52, 53], and particle colliders [54–56] for dark matter coupling to gluons [57], quarks [57,
58], and leptons [59, 60], as indicated.

rate of both spin-dependent and spin-independent direct scattering, the annihilation cross section
into quarks, gluons, and leptons, and the production rate of dark matter at colliders.

Each class of dark matter search outlined in Sec. III is sensitive to some range of the interaction
strengths for a given dark matter mass. Therefore, they are all implicitly putting a bound on the
annihilation cross section into a particular channel. Since the annihilation cross section predicts
the dark matter relic density, the reach of any experiment is thus equivalent to a fraction of the
observed dark matter density. This connection can be seen in the plots in Fig. 2, which show the
annihilation cross section normalized to the value �th, which is required1 for a thermal WIMP to
account for all of the dark matter in the Universe. If the discovery potential for an experiment with
respect to one of the interaction types reaches cross sections below �th (the horizontal dot-dashed
lines in Fig. 2), that experiment will be able to discover thermal relic dark matter that interacts
only with that standard model particle and nothing else.

If an experiment were to observe an interaction consistent with an annihilation cross section
below �th (yellow-shaded regions in Fig. 2), it would have discovered dark matter but we would infer
that the corresponding relic density is too large, and therefore there are important annihilation
channels still waiting to be observed. Finally, if an experiment were to observe a cross section
above �th (green-shaded regions in Fig. 2), it would have discovered one species of dark matter,
which, however, could not account for all of the dark matter (within this model framework), and
consequently point to other dark matter species still waiting to be discovered.

In Fig. 2, we assemble the discovery potential and current bounds for several near-term dark
matter searches that are sensitive to interactions with quarks and gluons, or leptons. It is clear
that the searches are complementary to each other in terms of being sensitive to interactions with
di↵erent standard model particles. These results also illustrate that within a given interaction type,
the reach of di↵erent search strategies depends sensitively on the dark matter mass. For example,
direct searches for dark matter are very powerful for masses around 100 GeV, but have di�culty
at very low masses, where the dark matter particles carry too little momentum to noticeably a↵ect
heavy nuclei. This region of low mass is precisely where collider production of dark matter is easiest,
since high energy collisions readily produce light dark matter particles with large momenta.

1
For non-thermal WIMPs, e.g. asymmetric DM, the annihilation cross-section does not have a naturally preferred

value, but the plots in Fig. 2 are still meaningful.

Too Little DM

Too Much DM

Annihilation
• We can also map interactions into 

predictions for WIMPs annihilating.

• For example, into continuum 
photons from a given tree level 
final state involving quarks/gluons.

• This allows us to consider bounds 
from indirect detection, and with 
assumptions, maps onto a thermal 
relic density.

• We see similar trends as were 
present before: Colliders do 
better for lighter WIMPs or p-
wave annihilations whereas 
indirect detection is more 
sensitive to heavy WIMPs.

DM Complementarity, arXiv:1305.1605

EFT Complementarity among  searches
Quarks & Leptons
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that the corresponding relic density is too large, and therefore there are important annihilation
channels still waiting to be observed. Finally, if an experiment were to observe a cross section
above �th (green-shaded regions in Fig. 2), it would have discovered one species of dark matter,
which, however, could not account for all of the dark matter (within this model framework), and
consequently point to other dark matter species still waiting to be discovered.

In Fig. 2, we assemble the discovery potential and current bounds for several near-term dark
matter searches that are sensitive to interactions with quarks and gluons, or leptons. It is clear
that the searches are complementary to each other in terms of being sensitive to interactions with
di↵erent standard model particles. These results also illustrate that within a given interaction type,
the reach of di↵erent search strategies depends sensitively on the dark matter mass. For example,
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DM Complementarity, arXiv:1305.1605

Colliders do better for lighter WIMPs or p-wave annihilations whereas 
indirect detection is more sensitive to heavy WIMPs

Main results from colliders come from mono-jet analyses (see below)



EFT is independent of UV comple3on; but is there a regime in which is valid?

The shape of all kinema3c distribu3ons is independent of the suppression scale Λ
For a  dim-6 operator, all cross sec3ons are simply propor3onal to 1/Λ4, , hence, it is 
easy to present results in terms of Λ and mDM.

In addi3on, for mDM smaller than the typical cut in missing transverse energy, 
kinema3c distribu3ons, and hence bounds, become independent of mDM
è LHC searches are sensi3ve to arbitrarily low mDM.

EFT results
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Figure 1: A Feynman diagram giving rise to a monojet event when the WIMPs (�, �̄) escape

detection. The blob stands for one of the four–point EFT interaction vertices of eq.(1).

An e↵ective field theory (EFT) describing the interactions of � with standard quarks q can then be

written as [5] :

L
EFT

=
X

�

1

⇤2

�

�̄��q̄�q . (1)

Here � 2 {1, i�
5

, �µ, �µ�5,�µ⌫} for scalar, pseudoscalar, vector, axial vector, and tensor interactions,

respectively. In principle WIMPs could couple to di↵erent quarks with di↵erent strengths, i.e. the

parameters ⇤
�

could depend on the flavor of q as well; however, we will assume that all quarks couple

with equal strength, or not at all, to the WIMPs [i.e. some heavy quarks may not appear in the

e↵ective Lagrangian of eq.(1)]. Moreover, in order to further simplify the analysis, we will assume that

only one of the operators in eq.(1) is present, i.e. all but one of the ⇤
�

will be sent to infinity.

The e↵ective Lagrangian of eq.(1) allows to describe the production of a ��̄ pair in qq̄ annihilation.

If � is to be a Dark Matter particle, it should be electrically and color neutral, and stable on collider

time scales. Such a particle will traverse an LHC detector without trace. Inclusive ��̄ pair production

thus looks like producing “nothing”, as far as the LHC detectors are concerned. Clearly this is not a

viable signature.

The signature becomes viable if “nothing” recoils against a high�pT object. The largest cross

section, and strongest bound, results when this object is a jet, which can result from the emission of

a single high�pT parton. Since the WIMPs escape detection, this leads to the celebrated “monojet”

signature, where the event contains a single hard jet, leading to a large amount of missing transverse

momentum. A Feynman diagram leading to this signature in the framework of the EFT of eq.(1) is

shown in Fig. 1.

One of the goals of our analysis is to compare predictions derived from the EFT defined by eq.(1)

with those derived from a “simplified model”, where � interacts with quarks via the exchange of

one mediator. Here we focus on s�channel mediators for two reasons. First, t�channel mediators

would need to carry color, whereas s�channel mediators do not. The latter can for e.g. be additional

Monojet searches
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Figure 2: Our limits on the strength of the axial vector interaction derived using CheckMATE

compared to the ATLAS limits on ⇤ at 95% CL and CMS limits on ⇤ at 90% CL for
p
s = 8 TeV.

Figure 3: Bounds on ⇤ for axial vector interaction at 95% CL using ATLAS data taken in 2015 at
p
s = 13 TeV.

IV. COMBINED ANALYSIS

Since ATLAS and CMS give comparable bounds on the scale ⇤, one expects to obtain stronger limits

by combining both data sets. Both ATLAS and CMS use the “confidence level” method to set the

limits [27][28]. If the errors on the background estimates are not correlated between the experiments

it is straightforward to combine the results. The combined total background error will then be the

sum in quadrature of the two separate errors. This is probably not a bad approximation since the

background estimates are data driven. We use Gaussian statistics for this computation.

Atlas data
è

The analysis of LHC monojet data in the language of EFT, which was originally hoped to 
provide a model independent framework, actually does not seem to apply to any model.

17

Figure 6: Comparison of bounds on ⇤ at 95% C.L. derived from ATLAS data at
p
s = 8 TeV (left)

and 13 TeV (right). The blue curves are for NNP = 2, i.e. only diagrams where a single mediator is

exchanged are included, while the red curves also include diagrams where two mediators are

exchanged (NNP = 4). We have set g�A = gqA.

that including the NNP = 4 contributions increases the upper bound on ⇤ by at least 40 (150) GeV for

the
p
s = 8 (13) TeV data. An increase of 40 GeV, or about 5%, does not sound very dramatic. Recall,

however, that the leading contribution to the signal cross section scale like ⇤�4. A 5% increase of the

bound on ⇤ therefore corresponds to a 20% increase of the total signal cross section; at
p
s = 13 TeV,

the total cross section increases by about 60%.

The e↵ect of the NNP = 4 contributions becomes even more pronounced when we look at specific

initial and final states. From the above discussion it is clear that diagrams with double mediator

exchange always have two partons in the final state; they thus only contribute to the di–jet part

of the signal cross section, which contributes about 25% of the total cross section after matching if

only the generator–level cuts are applied. Moreover, NNP = 4 contributions only exist if all external

partons are (anti)quarks, rather than gluons; after the generator–level cuts, for NNP = 2 all–quark

processes contribute about 15% to the total “di–jet” cross section, or about 4% of the total signal cross

section. The much stronger final ATLAS cuts enhance the importance of some of these contributions.

In particular, contributions of the kind qq ! �̄�qq are the only ones with two valence quarks in the

initial state; these contributions su↵er the smallest reduction of the parton densities when the energy

scale of the process is increased by increasing the /ET cut. For this particular class of initial and final

states the e↵ect of the NNP = 4 contributions is very dramatic. For example, for ⇤ = 900 GeV and

m� = 1 GeV, the NNP = 4 terms increase the cross section for uu ! uu�̄� by a factor of 2.7 even if

only the generator–level cuts are applied; here u stands for a u quark or antiquark. The impact of the

60% increase in the cross sections
shows bad behavior of the EFT



Simplified Models 

Consider descriptions with (an) additional particle/s mediating the interactions 
between the DM candidates and the SM particles

DM candidate should be absolutely stable or live long enough to escape LHC detectors
The dark sector can be richer, but the addi2onal states should be somewhat decoupled.

Unlike the DM–EFTs, simplified models are able to describe correctly the full kinema2cs of
DM produc2on at the LHC, because they resolve the EFT contact interac2ons 

into single-par2cle s-channel or t-channel exchanges.

• Should be simple enough to form a credible unit within a more complicated model

• Should be complete enough to be able to describe accurately the relevant physics 
phenomena at the energies that can be probed at the LHC 

To limit the possibili?es, consider only renormalizable interac2ons
and consistent with Lorentz invariance, the SM gauge symmetries, and DM stability

Addi?onal interac?ons should not violate the exact and approximate accidental global 
symmetries of the SM è  interac?ons between the visible and the dark sector should be such 
that baryon and lepton number is conserved and that the custodial and flavor symmetries of 

the SM are not strongly broken.



Simplified Models  (cont’d)
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Figure 2: Cartoons to help explain the parametrization (a) and the results (b, c, d).

2 Mono-object searches for dark matter

Mono-object† analyses are considered the most model-independent searches for dark matter at the LHC.
The targeted interaction is pp ! ��+X, where the X represents the “mono” system of observable particles
recoiling against the DM pair, ��. A list for X is, generally speaking, a system composed of jets, photons,
weak bosons, Higgs bosons, or heavy flavor quarks (b and t), although this list has been growing recently with
the increasing number of theoretical ideas. In this section, three analyses are mentioned to capture the spirit
of mono-object searches: the canonical mono-jet analysis and analyses of mono-photon and mono-Higgs.

The mono-jet search looks for a jet recoiling against a DM pair, the latter which manifest itself as Emiss
T .

Figure 3a shows the Emiss
T distribution, where the stacked histogram of background processes is overlaid

on various signal models depicted as thick lines. In the plot, it is notable that the Emiss
T distribution for

the signal model for the axial-vector mediator of 2TeV mass is flatter than that of the backgrounds, so the
signal-to-background ratio (S-to-B) increases with Emiss

T . At lower values of around 200GeV the ratio is
O(10�3) and reaches O(10�1) around 800GeV. The small ratios are due to the relatively high cross section
values of the production of single weak bosons in association with a hard jet. For this reason, the Emiss

T
o✏ine selection in these analyses, which are around 200GeV [3], are generally higher than the lowest online
trigger requirement at around 150GeV [5]. Figure 3b shows the event display of one such event with a Emiss

T
of around 1TeV; the jet with pT of 1TeV is not balanced by anything opposite it in the r-� cutaway.

The mono-photon search, with a lower expected cross-section with respect to the mono-jet, follows a
similar analysis strategy as described above. As discussed in Section 1 and Figure 2a, two of the parameters
must be fixed in order to exclude a region defined by a curve in a two-dimensional plane. Figure 3c interprets
the null result by excluding a region in the mmed-mDM plane at 90% confidence level assuming the coupling
values of gq = 0.25 and gDM = 1 in the Dirac DM model with an axial-vector mediator [6]. As described in
the introduction, the null result can also be interpreted as a region of exclusion in the mDM-�sd

DM-p plane by

trading mmed for �sd
DM-p using Equation 1.

The mono-Higgs search involves the s-channel production of the dark matter mediator A and a Higgs
boson; the propagator here is another mediator Z 0. Figure 3e shows the Feynman diagram for the process.
Experimentally, the decay channel of H ! bb is chosen for its large branching ratio (around 60%) and is
fully visible to the detector. A relatively new technique of “boosted jets” is used, wherein the high value
of the Higgs boson pT merges the two b-quark jets within a radius (in the ⌘-� plane) of 2mH/pT [7]. The

†It should be noted that the nomenclature of “mono-” is historical because early searches were focused on mono-jet, where
one jet is recoiling against the DM pair. Nowadays it is broadly construed as any system of observable particles recoiling against
the DM pair, so it is a bit of an anachronistic misnomer that we are stuck with.

2

In the minimal simplified model 
the matrix element for the 
interaction involves 4  param,
—gq,  gDM, mDM and mmed

Testing the strength of the σpp→χχ  can be translated 
into probing region in a 2D space  (mmed-mDM) 
aCer assuming  the values of 2 param. (gq ,gDM). 
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2 Mono-object searches for dark matter

Mono-object† analyses are considered the most model-independent searches for dark matter at the LHC.
The targeted interaction is pp ! ��+X, where the X represents the “mono” system of observable particles
recoiling against the DM pair, ��. A list for X is, generally speaking, a system composed of jets, photons,
weak bosons, Higgs bosons, or heavy flavor quarks (b and t), although this list has been growing recently with
the increasing number of theoretical ideas. In this section, three analyses are mentioned to capture the spirit
of mono-object searches: the canonical mono-jet analysis and analyses of mono-photon and mono-Higgs.

The mono-jet search looks for a jet recoiling against a DM pair, the latter which manifest itself as Emiss
T .

Figure 3a shows the Emiss
T distribution, where the stacked histogram of background processes is overlaid

on various signal models depicted as thick lines. In the plot, it is notable that the Emiss
T distribution for

the signal model for the axial-vector mediator of 2TeV mass is flatter than that of the backgrounds, so the
signal-to-background ratio (S-to-B) increases with Emiss

T . At lower values of around 200GeV the ratio is
O(10�3) and reaches O(10�1) around 800GeV. The small ratios are due to the relatively high cross section
values of the production of single weak bosons in association with a hard jet. For this reason, the Emiss

T
o✏ine selection in these analyses, which are around 200GeV [3], are generally higher than the lowest online
trigger requirement at around 150GeV [5]. Figure 3b shows the event display of one such event with a Emiss

T
of around 1TeV; the jet with pT of 1TeV is not balanced by anything opposite it in the r-� cutaway.

The mono-photon search, with a lower expected cross-section with respect to the mono-jet, follows a
similar analysis strategy as described above. As discussed in Section 1 and Figure 2a, two of the parameters
must be fixed in order to exclude a region defined by a curve in a two-dimensional plane. Figure 3c interprets
the null result by excluding a region in the mmed-mDM plane at 90% confidence level assuming the coupling
values of gq = 0.25 and gDM = 1 in the Dirac DM model with an axial-vector mediator [6]. As described in
the introduction, the null result can also be interpreted as a region of exclusion in the mDM-�sd

DM-p plane by

trading mmed for �sd
DM-p using Equation 1.

The mono-Higgs search involves the s-channel production of the dark matter mediator A and a Higgs
boson; the propagator here is another mediator Z 0. Figure 3e shows the Feynman diagram for the process.
Experimentally, the decay channel of H ! bb is chosen for its large branching ratio (around 60%) and is
fully visible to the detector. A relatively new technique of “boosted jets” is used, wherein the high value
of the Higgs boson pT merges the two b-quark jets within a radius (in the ⌘-� plane) of 2mH/pT [7]. The

†It should be noted that the nomenclature of “mono-” is historical because early searches were focused on mono-jet, where
one jet is recoiling against the DM pair. Nowadays it is broadly construed as any system of observable particles recoiling against
the DM pair, so it is a bit of an anachronistic misnomer that we are stuck with.
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m m
ed

 = 
2 m

DM

EFT
limit

For mmed < 2 mDM , off shell mediator,
DM  producJon suppressed

EFT limit, tricky, only valid for couplings 
close to perturbaJvity bound

LHC searches aim to explore the 
on-shell mediator region

• Models specifically designed to involve only a few new par?cles and interac?ons
• Can be understood as a limit of a more general new-physics scenario, where all but the 

lightest dark-sector states are integrated out.
• By construc?on, the physics can therefore be characterized in terms of a small number of 

parameters such as par?cle masses and couplings.



Simplified Models: Complementarity among searches

Before diving in into experimental searches less consider some typical Simplified Models
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Figure 2: Cartoons to help explain the parametrization (a) and the results (b, c, d).

2 Mono-object searches for dark matter

Mono-object† analyses are considered the most model-independent searches for dark matter at the LHC.
The targeted interaction is pp ! ��+X, where the X represents the “mono” system of observable particles
recoiling against the DM pair, ��. A list for X is, generally speaking, a system composed of jets, photons,
weak bosons, Higgs bosons, or heavy flavor quarks (b and t), although this list has been growing recently with
the increasing number of theoretical ideas. In this section, three analyses are mentioned to capture the spirit
of mono-object searches: the canonical mono-jet analysis and analyses of mono-photon and mono-Higgs.

The mono-jet search looks for a jet recoiling against a DM pair, the latter which manifest itself as Emiss
T .

Figure 3a shows the Emiss
T distribution, where the stacked histogram of background processes is overlaid

on various signal models depicted as thick lines. In the plot, it is notable that the Emiss
T distribution for

the signal model for the axial-vector mediator of 2TeV mass is flatter than that of the backgrounds, so the
signal-to-background ratio (S-to-B) increases with Emiss

T . At lower values of around 200GeV the ratio is
O(10�3) and reaches O(10�1) around 800GeV. The small ratios are due to the relatively high cross section
values of the production of single weak bosons in association with a hard jet. For this reason, the Emiss

T
o✏ine selection in these analyses, which are around 200GeV [3], are generally higher than the lowest online
trigger requirement at around 150GeV [5]. Figure 3b shows the event display of one such event with a Emiss

T
of around 1TeV; the jet with pT of 1TeV is not balanced by anything opposite it in the r-� cutaway.

The mono-photon search, with a lower expected cross-section with respect to the mono-jet, follows a
similar analysis strategy as described above. As discussed in Section 1 and Figure 2a, two of the parameters
must be fixed in order to exclude a region defined by a curve in a two-dimensional plane. Figure 3c interprets
the null result by excluding a region in the mmed-mDM plane at 90% confidence level assuming the coupling
values of gq = 0.25 and gDM = 1 in the Dirac DM model with an axial-vector mediator [6]. As described in
the introduction, the null result can also be interpreted as a region of exclusion in the mDM-�sd

DM-p plane by

trading mmed for �sd
DM-p using Equation 1.

The mono-Higgs search involves the s-channel production of the dark matter mediator A and a Higgs
boson; the propagator here is another mediator Z 0. Figure 3e shows the Feynman diagram for the process.
Experimentally, the decay channel of H ! bb is chosen for its large branching ratio (around 60%) and is
fully visible to the detector. A relatively new technique of “boosted jets” is used, wherein the high value
of the Higgs boson pT merges the two b-quark jets within a radius (in the ⌘-� plane) of 2mH/pT [7]. The

†It should be noted that the nomenclature of “mono-” is historical because early searches were focused on mono-jet, where
one jet is recoiling against the DM pair. Nowadays it is broadly construed as any system of observable particles recoiling against
the DM pair, so it is a bit of an anachronistic misnomer that we are stuck with.
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One can translate the parameter region explored at the LHC into  σpχ→pχ
  in order to compare the LHC results with non-LHC results.

Important: 
direct detection limits can be evaded by assuming that χ is not stable on 
cosmological time scales, but lives long enough to escape the ATLAS and CMS 
detectors. When comparing the bounds set by direct detection and the LHC, this 
loophole should be kept in mind.

with the DM-nucleon reduced mass

We  shall see that many of the mono-object results in 
this framework rule out a region of low mDM
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Model Building: s- Channel Mediators
v Scalar s-channel mediators (spin 0 mediators)
Add a scalar gauge singlet with interactions with singlet DM particles: 
Dirac or Majorana fermion or a scalar itself   

  Scalar may be real or complex (scalar and pseudoscalar components) and 
  couples to SM fermions
 If coupling to SM fermions is via mixing with the Higgs è rich Higgs and EW 
pheno that makes the model less simple (type of Higgs portal  to DM) 

MFV dictates that the coupling of a scalar to the SM fermions will be propor9onal to the 
fermion masses. However, these couplings can be scaled by separate factors for the up-
quarks, down- quarks, and  charged leptons. 
Assuming  a Dirac fermion DM χ, coupling to the SM only through a scalar φ or pseudoscalar a
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3.1. Fermionic DM

MFV dictates that the coupling of a scalar to the SM fermions
will be proportional to the fermion masses. However, it allows
these couplings to be scaled by separate factors for the up-type
quarks, down-type quarks, and the charged leptons. Assuming that
DM is a Dirac fermion � , which couples to the SM only through a
scalar � or pseudoscalar a, the most general tree-level Lagrangians
compatible with the MFV assumption are [23,35]:

Lfermion,� � �g���̄�

� �p
2

X

i

�
guyui ūiui + gdydi d̄idi + g`y`

i
¯̀ i`i
�
, (11)

Lfermion,a � �ig�a�̄�5�

� iap
2

X

i

�
guyui ūi�5ui + gdydi d̄i�5di + g`y`

i
¯̀ i�5`i

�
. (12)

Here the sums run over the three SM families and we are using
Yukawa couplings yfi normalized as yfi = p

2mf
i /v with v the Higgs

VEV. We parameterize the DM-mediator coupling by g� , rather
than by a Yukawa coupling y� = p

2m�/v, since the DMparticle�
most likely receives its mass from other (unknown) mechanisms,
rather than electroweak symmetry breaking.

The most general Lagrangians including new scalars or pseu-
doscalars will have a potential containing interactions with the SM
Higgs field h. As stated above,we choose to take amoreminimal set
of possible interactions, and leave the discussions of the couplings
in the Higgs sector to the section on Higgs portal DM. Given this
simplification, the minimal set of parameters under consideration
is
�
m� , m�/a, g� , gu, gd, g`

 
. (13)

The simplest choice of couplings is gu = gd = g`, which is re-
alized in singlet scalar extensions of the SM (see Section 4.2). If
one extends the SM Higgs sector to a two-Higgs-doublet model,
one can obtain other coupling patterns such as gu / cot� and
gd / ge / tan� with tan� denoting the ratio of VEVs of the two
Higgs doublets. The case gu 6= gd 6= g` requires additional scalars,
whose masses could be rather heavy. For simplicity, we will use
universal couplings gv = gu = gd = g` in the remainder of this
section, though one should bear in mind that finding ways to test
this assumption experimentally would be very useful.

The signal strength in DMpair production does not only depend
on themassesm� andm�/a and the couplings gi, but also on the to-
tal decaywidth of themediator �/a. In theminimalmodel as spec-
ified by (11) and (12), the widths for the mediators are given by:
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with

f�(⌧ ) = ⌧


1 + (1 � ⌧ ) arctan2

✓
1p

⌧ � 1

◆�
,

fa(⌧ ) = ⌧ arctan2
✓
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◆
.

(16)

The first term in each width corresponds to the decay into SM
fermions (the sum runs over all kinematically accessible fermions,
Nc = 3 for quarks and Nc = 1 for leptons). The second term is the
decay into DM (assuming that this decay is kinematically allowed).
The factor of two between the decay into SM fermions and into DM
is a result of our choice of normalization of the Yukawa couplings.
The last term corresponds to decay into gluons. Since we have as-
sumed that gv = gu = gd = g`, we have included in the partial de-
cay widths � (�/a ! gg) only the contributions stemming from
top loops, which provide the by far largest corrections given that
yt � yb, etc. At the loop level the mediators can decay not only to
gluons but also to pairs of photons and other final states if these
are kinematically accessible. The decay rates � (�/a ! gg) are
however always larger than the other loop-induced partial widths,
and in consequence the total decay widths ��/a are well approx-
imated by the corresponding sum of the individual partial decay
widths involving DM, fermion or gluon pairs. Notice finally that if
m�/a > 2mt and gu & g� the total widths of �/a will typically be
dominated by the partial widths to top quarks.

3.1.1. LHC searches
Under the assumption of MFV, supplemented by gv = gu =

gd = g`, the most relevant couplings between DM and the
SM arising from (11) and (12) are those that involve top quarks.
Two main strategies have been exploited to search for scalar and
pseudoscalar interactions of this type using LHC data. The first
possibility consists in looking for a mono-jet plus missing energy
signal /ET + j, where the mediators that pair produce DM are
radiated from top-quark loops [36], while the second possibility
relies on detecting the top-quark decay products that arise from
the tree-level reaction /ET + t t̄ [37]. In the first paper [36] that
discussed the /ET + j signal the effects of DM fermions coupled to
heavy-quark loopswere characterized in terms of effective higher-
dimensional operators, i.e. with mediators being integrated out.
The effects of dynamical scalar and pseudoscalarmessengers in the
s-channel mediating interactions between the heavy quarks in the
loop and DM were computed in characterizing the LHC signatures
for DM searches in [38,33,39–41].

Final states involving top-quark pairs were considered in the
articles [42–45,39,41]. Searches for a /ET + bb̄ signal [37,42,45] also
provide an interesting avenue to probe (11) and (12), while the
constraints frommono-jet searches on the scalar and pseudoscalar
interactions involving the light quark flavors are very weak due to
the strong Yukawa suppression (as discussed in detail in [38,46]),
and thus are unlikely to be testable at the LHC. Scenarioswhere the
DM–SM interactions proceed primarily via gluons have also been
considered [47].

Predictingmono-jet cross sections in the simplifiedmodels (11)
and (12) is complicated by the fact that the highly energetic initial-
state and/or final-state particles involved in the process are able to
resolve the structure of the top-quark loops that generate the /ET +j
signal (see the left-hand side of Fig. 3). Integrating out the topquark
and describing the interactions by an effective operator of the form
�Ga

µ⌫G
a,µ⌫ (aGa

µ⌫ G̃
a,µ⌫) with Ga

µ⌫ the field strength tensor of QCD
and G̃a,µ⌫ = 1/2✏µ⌫�⇢Ga

�⇢ its dual, is in such a situation a poor
approximation [36,38]. Already in the LHC Run I environment the
mt ! 1 limit overestimates the exact cross sections by a factor
of 5 (40) for m� ' 10GeV (m� ' 1 TeV) [41]. Removing the top
quark as an active degree of freedom becomes even less justified at
13 (14) TeV, where the /ET and pT ,j selection requirements have to
be harsher than at (7) 8 TeV to differentiate the DM signal from the
SM background. In order to infer reliable bounds on (11) and (12),
one therefore has to calculate the mono-jet cross section keeping
the full top-quark mass dependence. Such calculations are now
publicly available at leading order (LO) in MCFM [38] and at LO plus

In general there will be also a scalar poten9al 
coupling the scalar to the Higgs. However, 
this minimal case, with MFV and assuming 
gu = gd = gl, is only a  4 param. model
                      mχ, mφ/a, gχ, gu,

Signal strength in DM produc9on also depends on the total width also given by this 4 param. 



v Higgs portals to DM
DM may predominantly couple to the SM particles through the SM Higgs. 
Some examples

I) The DM particle is a scalar singlet under the SM gauge group, which 
couples through a quartic interaction with the Higgs (direct Higgs portal) 
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where xf = m�/Tf 2 [20, 30] with Tf the freeze-out
temperature. For reasonable earlyUniverse parameters, the correct
relic abundance ⌦�h2 ' 0.11 occurs in the ballpark of

3 ⇥ 10�26 cm3/s = 2.57 ⇥ 10�9 GeV�2 = a + 3b/xf . (21)

Keep in mind that these equations require some modification
when the DM-mediator system is on resonance. Further, recall that
it is unknown whether or not DM is a thermal relic, or if the only
annihilation process in play in the early Universe proceeds through
the mediator considered in the simplified model. Therefore, while
it is appropriate to compare the sensitivity of experimental results
to the thermal cross section, this is not the only range of parameters
of theoretical interest.

3.1.3. Direct detection
In contrast to the situation discussed before, elastic scattering

of DM on nucleons induced by �/a exchange can be very well
described in terms of an EFT. Integrating out the mediators leads
to the expressions

O� = g�gvyqp
2m2

�

�̄� q̄q, Oa = g�gvyqp
2m2

a

�̄�5� q̄�5q, (22)

at tree level, aswell as contact terms consisting of four DMor quark
fields. Removing the top quark as an active degree of freedom
generates an effective interaction between DM and gluons. At the
one-loop level, one obtains

OG = ↵s g�gv

12⇡vm2
�

�̄�Ga
µ⌫G

a,µ⌫, OG̃ = ↵sg�gv

8⇡vm2
a

�̄�5�Ga
µ⌫ G̃

a,µ⌫, (23)

by employing the Shifman–Vainshtein–Zakharov relations [52].
At the bottom- and charm-quark threshold, one has to integrate
out the corresponding heavy quark by again applying (23). Note
that this matching procedure is crucial to obtain the correct
DM-nucleon scattering cross section associated with effective
spin-0 DM-quark interactions.

The DM scattering cross section with nuclei is then obtained
by calculating the nucleon matrix elements of the operators (22)
and (23) at a hadronic scale of the order of 1 GeV. Direct detection
provides relevant constraints only on the scalar mediator model
and not the pseudoscalar case, since only the operators O� and OG
lead to a spin-independent (SI) cross section, while for Oa and OG̃
the DM-nucleon scattering turns out to be spin-dependent (SD)
and momentum-suppressed.

The scalar interactions with the nuclear targets used for direct
detection are (to good approximation) isospin-conserving, so that
the elastic DM-nucleon cross section can be written as (N = n, p)

� SI
��N = µ2

��Nm
2
N

⇡

 
g�gv

vm2
�

!2

f 2N , (24)

where µ��N is the DM-nucleon reduced mass µ��N = m�mN/
(m� +mN) andmN ' 0.939 GeV is the average nucleon mass. The
form factor fN is given by

fN =
X

q=u,d,s

f qN + 2
9
f GN ' 0.3, (25)

where the numerical value has been obtained using f uN ' 0.017,
f dN ' 0.036, f sN ' 0.043 [53,54] and f GN = 1�P

q=u,d,s f
q
N ' 0.904.

Notice that the constraints arising from existing and future direct
limits on (24) can be evaded by assuming that � is not stable
on cosmological time scales, but lives long enough to escape the
ATLAS and CMS detectors. When comparing the bounds set by
direct detection and the LHC, this loophole should be kept in mind.

4. Higgs portal DM

DMmay predominantly couple to the SM particles through the
SM Higgs. There are three broad classes of models of this kind:

A. The DM particle is a scalar singlet under the SM gauge group,
which couples through a quartic interaction with the Higgs.
The collider phenomenology of this DM scenario has been
extensively studied in the literature (see for instance [55–61]).

B. The DM particle is a fermion singlet under the gauge sym-
metries of the SM, which couples to a scalar boson which it-
self mixes with the Higgs. This model class provides a specific
realization of the s-channel scalar mediator case discussed in
Section 3. Its implications for the LHC have been studied for ex-
ample in [62–65].

C. The DM particle itself may be a mixture of an electroweak sin-
glet and doublet [66–68], as in the MSSM where it has both
bino and higgsino components. Generically, this is referred to
as ‘‘singlet–doublet’’ DM [69].

The first two cases capture important features ofmodels [70,60,71]
where the SM is extended to be classically scale invariant [72–75]
with the aim of addressing the electroweak gauge hierarchy prob-
lem.

4.1. Scalar singlet DM

In the case where an additional real scalar singlet � is the DM
candidate, the Lagrangian of the scalar Higgs portal can be written
as

Lscalar,H � ����4 � �p�
2|H|2, (26)

where H denotes the usual SM Higgs doublet. Augmenting the La-
grangian with a discrete Z2 symmetry that takes � ! �� and
H ! H leads to stable DM, and in addition guarantees that there
is no singlet-Higgs mixing, which leaves the couplings of the SM
Higgs unaltered at tree level. The self-coupling �� of the scalar � is
in general irrelevant to determining how well the portal coupling
�p can be probed through LHC DM searches, and thus may be ig-
nored.

For mh > 2m� , the most obvious manifestation of the interac-
tions (26) is through their contributions to the invisible decay of
the Higgs. The corresponding decay width reads

� (h ! ��) = �2
pv

2

2⇡mh

 

1 � 4m2
�

m2
h

!1/2

, (27)

with mh the Higgs mass and v its VEV. In fact, both ATLAS [76]
and CMS [77] have already interpreted their Run I h ! invisible
searches in terms of the Higgs portal scenario (26). For DM candi-
dates with m� . 10 GeV these searches are competitive with or
even stronger than the SI results provided by direct detection ex-
periments.

When mh < 2m� , the Higgs cannot decay on-shell to a pair of
� particles, so that DM pair production necessarily has to proceed
off-shell. The cross section for this process is then suppressed by an
additional factor of �2

p aswell as the two-body phase space, leading
to a rate that rapidly diminishes withm� . This featuremakes a LHC
discovery challenging even at 14 TeV and high luminosity [61].

4.2. Fermion singlet DM

A simple model including both a real scalar mediator s and a
fermionDM singlet� , which couple through aHiggs portal is given
by

Lfermion,H � �µss3 � �ss4 � y� �̄�s � µps|H|2 � �ps2|H|2, (28)

Adding a discrete Z2 symmetry that takes χ→ −χ and H→H leads to stable DM, and in addi?on 
guarantees no singlet-Higgs mixing, which leaves SM Higgs couplings unaltered at tree level.

For mh > 2 mχ, the most obvious manifesta=on of the interac=ons is through 
their contribu=ons to the invisible decay of the Higgs.
Compe==ve results for light  DM < 10 GeV

The self-coupling λχ  plays no role in determining how  well 
the portal coupling λp can be probed via LHC DM searches.

For mh < 2mχ,  the Higgs cannot decay on-shell to  a pair of χ par?cles, so that DM pair 
produc?on has to proceed off-shell. The cross sec?on is then suppressed by an addi?onal 
factor of λp2 as well as the two-body phase space, è  rate that rapidly diminishes with mχ

No LHC reach
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where xf = m�/Tf 2 [20, 30] with Tf the freeze-out
temperature. For reasonable earlyUniverse parameters, the correct
relic abundance ⌦�h2 ' 0.11 occurs in the ballpark of

3 ⇥ 10�26 cm3/s = 2.57 ⇥ 10�9 GeV�2 = a + 3b/xf . (21)

Keep in mind that these equations require some modification
when the DM-mediator system is on resonance. Further, recall that
it is unknown whether or not DM is a thermal relic, or if the only
annihilation process in play in the early Universe proceeds through
the mediator considered in the simplified model. Therefore, while
it is appropriate to compare the sensitivity of experimental results
to the thermal cross section, this is not the only range of parameters
of theoretical interest.

3.1.3. Direct detection
In contrast to the situation discussed before, elastic scattering

of DM on nucleons induced by �/a exchange can be very well
described in terms of an EFT. Integrating out the mediators leads
to the expressions

O� = g�gvyqp
2m2

�

�̄� q̄q, Oa = g�gvyqp
2m2

a

�̄�5� q̄�5q, (22)

at tree level, aswell as contact terms consisting of four DMor quark
fields. Removing the top quark as an active degree of freedom
generates an effective interaction between DM and gluons. At the
one-loop level, one obtains

OG = ↵s g�gv

12⇡vm2
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a,µ⌫, OG̃ = ↵sg�gv

8⇡vm2
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a,µ⌫, (23)

by employing the Shifman–Vainshtein–Zakharov relations [52].
At the bottom- and charm-quark threshold, one has to integrate
out the corresponding heavy quark by again applying (23). Note
that this matching procedure is crucial to obtain the correct
DM-nucleon scattering cross section associated with effective
spin-0 DM-quark interactions.

The DM scattering cross section with nuclei is then obtained
by calculating the nucleon matrix elements of the operators (22)
and (23) at a hadronic scale of the order of 1 GeV. Direct detection
provides relevant constraints only on the scalar mediator model
and not the pseudoscalar case, since only the operators O� and OG
lead to a spin-independent (SI) cross section, while for Oa and OG̃
the DM-nucleon scattering turns out to be spin-dependent (SD)
and momentum-suppressed.

The scalar interactions with the nuclear targets used for direct
detection are (to good approximation) isospin-conserving, so that
the elastic DM-nucleon cross section can be written as (N = n, p)

� SI
��N = µ2

��Nm
2
N
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g�gv

vm2
�
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f 2N , (24)

where µ��N is the DM-nucleon reduced mass µ��N = m�mN/
(m� +mN) andmN ' 0.939 GeV is the average nucleon mass. The
form factor fN is given by

fN =
X

q=u,d,s

f qN + 2
9
f GN ' 0.3, (25)

where the numerical value has been obtained using f uN ' 0.017,
f dN ' 0.036, f sN ' 0.043 [53,54] and f GN = 1�P

q=u,d,s f
q
N ' 0.904.

Notice that the constraints arising from existing and future direct
limits on (24) can be evaded by assuming that � is not stable
on cosmological time scales, but lives long enough to escape the
ATLAS and CMS detectors. When comparing the bounds set by
direct detection and the LHC, this loophole should be kept in mind.

4. Higgs portal DM

DMmay predominantly couple to the SM particles through the
SM Higgs. There are three broad classes of models of this kind:

A. The DM particle is a scalar singlet under the SM gauge group,
which couples through a quartic interaction with the Higgs.
The collider phenomenology of this DM scenario has been
extensively studied in the literature (see for instance [55–61]).

B. The DM particle is a fermion singlet under the gauge sym-
metries of the SM, which couples to a scalar boson which it-
self mixes with the Higgs. This model class provides a specific
realization of the s-channel scalar mediator case discussed in
Section 3. Its implications for the LHC have been studied for ex-
ample in [62–65].

C. The DM particle itself may be a mixture of an electroweak sin-
glet and doublet [66–68], as in the MSSM where it has both
bino and higgsino components. Generically, this is referred to
as ‘‘singlet–doublet’’ DM [69].

The first two cases capture important features ofmodels [70,60,71]
where the SM is extended to be classically scale invariant [72–75]
with the aim of addressing the electroweak gauge hierarchy prob-
lem.

4.1. Scalar singlet DM

In the case where an additional real scalar singlet � is the DM
candidate, the Lagrangian of the scalar Higgs portal can be written
as

Lscalar,H � ����4 � �p�
2|H|2, (26)

where H denotes the usual SM Higgs doublet. Augmenting the La-
grangian with a discrete Z2 symmetry that takes � ! �� and
H ! H leads to stable DM, and in addition guarantees that there
is no singlet-Higgs mixing, which leaves the couplings of the SM
Higgs unaltered at tree level. The self-coupling �� of the scalar � is
in general irrelevant to determining how well the portal coupling
�p can be probed through LHC DM searches, and thus may be ig-
nored.

For mh > 2m� , the most obvious manifestation of the interac-
tions (26) is through their contributions to the invisible decay of
the Higgs. The corresponding decay width reads

� (h ! ��) = �2
pv

2

2⇡mh

 

1 � 4m2
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m2
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, (27)

with mh the Higgs mass and v its VEV. In fact, both ATLAS [76]
and CMS [77] have already interpreted their Run I h ! invisible
searches in terms of the Higgs portal scenario (26). For DM candi-
dates with m� . 10 GeV these searches are competitive with or
even stronger than the SI results provided by direct detection ex-
periments.

When mh < 2m� , the Higgs cannot decay on-shell to a pair of
� particles, so that DM pair production necessarily has to proceed
off-shell. The cross section for this process is then suppressed by an
additional factor of �2

p aswell as the two-body phase space, leading
to a rate that rapidly diminishes withm� . This featuremakes a LHC
discovery challenging even at 14 TeV and high luminosity [61].

4.2. Fermion singlet DM

A simple model including both a real scalar mediator s and a
fermionDM singlet� , which couple through aHiggs portal is given
by

Lfermion,H � �µss3 � �ss4 � y� �̄�s � µps|H|2 � �ps2|H|2, (28)
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where xf = m�/Tf 2 [20, 30] with Tf the freeze-out
temperature. For reasonable earlyUniverse parameters, the correct
relic abundance ⌦�h2 ' 0.11 occurs in the ballpark of

3 ⇥ 10�26 cm3/s = 2.57 ⇥ 10�9 GeV�2 = a + 3b/xf . (21)

Keep in mind that these equations require some modification
when the DM-mediator system is on resonance. Further, recall that
it is unknown whether or not DM is a thermal relic, or if the only
annihilation process in play in the early Universe proceeds through
the mediator considered in the simplified model. Therefore, while
it is appropriate to compare the sensitivity of experimental results
to the thermal cross section, this is not the only range of parameters
of theoretical interest.

3.1.3. Direct detection
In contrast to the situation discussed before, elastic scattering

of DM on nucleons induced by �/a exchange can be very well
described in terms of an EFT. Integrating out the mediators leads
to the expressions

O� = g�gvyqp
2m2

�

�̄� q̄q, Oa = g�gvyqp
2m2

a

�̄�5� q̄�5q, (22)

at tree level, aswell as contact terms consisting of four DMor quark
fields. Removing the top quark as an active degree of freedom
generates an effective interaction between DM and gluons. At the
one-loop level, one obtains

OG = ↵s g�gv

12⇡vm2
�

�̄�Ga
µ⌫G

a,µ⌫, OG̃ = ↵sg�gv

8⇡vm2
a

�̄�5�Ga
µ⌫ G̃

a,µ⌫, (23)

by employing the Shifman–Vainshtein–Zakharov relations [52].
At the bottom- and charm-quark threshold, one has to integrate
out the corresponding heavy quark by again applying (23). Note
that this matching procedure is crucial to obtain the correct
DM-nucleon scattering cross section associated with effective
spin-0 DM-quark interactions.

The DM scattering cross section with nuclei is then obtained
by calculating the nucleon matrix elements of the operators (22)
and (23) at a hadronic scale of the order of 1 GeV. Direct detection
provides relevant constraints only on the scalar mediator model
and not the pseudoscalar case, since only the operators O� and OG
lead to a spin-independent (SI) cross section, while for Oa and OG̃
the DM-nucleon scattering turns out to be spin-dependent (SD)
and momentum-suppressed.

The scalar interactions with the nuclear targets used for direct
detection are (to good approximation) isospin-conserving, so that
the elastic DM-nucleon cross section can be written as (N = n, p)

� SI
��N = µ2

��Nm
2
N

⇡

 
g�gv

vm2
�

!2

f 2N , (24)

where µ��N is the DM-nucleon reduced mass µ��N = m�mN/
(m� +mN) andmN ' 0.939 GeV is the average nucleon mass. The
form factor fN is given by

fN =
X

q=u,d,s

f qN + 2
9
f GN ' 0.3, (25)

where the numerical value has been obtained using f uN ' 0.017,
f dN ' 0.036, f sN ' 0.043 [53,54] and f GN = 1�P

q=u,d,s f
q
N ' 0.904.

Notice that the constraints arising from existing and future direct
limits on (24) can be evaded by assuming that � is not stable
on cosmological time scales, but lives long enough to escape the
ATLAS and CMS detectors. When comparing the bounds set by
direct detection and the LHC, this loophole should be kept in mind.

4. Higgs portal DM

DMmay predominantly couple to the SM particles through the
SM Higgs. There are three broad classes of models of this kind:

A. The DM particle is a scalar singlet under the SM gauge group,
which couples through a quartic interaction with the Higgs.
The collider phenomenology of this DM scenario has been
extensively studied in the literature (see for instance [55–61]).

B. The DM particle is a fermion singlet under the gauge sym-
metries of the SM, which couples to a scalar boson which it-
self mixes with the Higgs. This model class provides a specific
realization of the s-channel scalar mediator case discussed in
Section 3. Its implications for the LHC have been studied for ex-
ample in [62–65].

C. The DM particle itself may be a mixture of an electroweak sin-
glet and doublet [66–68], as in the MSSM where it has both
bino and higgsino components. Generically, this is referred to
as ‘‘singlet–doublet’’ DM [69].

The first two cases capture important features ofmodels [70,60,71]
where the SM is extended to be classically scale invariant [72–75]
with the aim of addressing the electroweak gauge hierarchy prob-
lem.

4.1. Scalar singlet DM

In the case where an additional real scalar singlet � is the DM
candidate, the Lagrangian of the scalar Higgs portal can be written
as

Lscalar,H � ����4 � �p�
2|H|2, (26)

where H denotes the usual SM Higgs doublet. Augmenting the La-
grangian with a discrete Z2 symmetry that takes � ! �� and
H ! H leads to stable DM, and in addition guarantees that there
is no singlet-Higgs mixing, which leaves the couplings of the SM
Higgs unaltered at tree level. The self-coupling �� of the scalar � is
in general irrelevant to determining how well the portal coupling
�p can be probed through LHC DM searches, and thus may be ig-
nored.

For mh > 2m� , the most obvious manifestation of the interac-
tions (26) is through their contributions to the invisible decay of
the Higgs. The corresponding decay width reads

� (h ! ��) = �2
pv

2

2⇡mh

 

1 � 4m2
�

m2
h

!1/2

, (27)

with mh the Higgs mass and v its VEV. In fact, both ATLAS [76]
and CMS [77] have already interpreted their Run I h ! invisible
searches in terms of the Higgs portal scenario (26). For DM candi-
dates with m� . 10 GeV these searches are competitive with or
even stronger than the SI results provided by direct detection ex-
periments.

When mh < 2m� , the Higgs cannot decay on-shell to a pair of
� particles, so that DM pair production necessarily has to proceed
off-shell. The cross section for this process is then suppressed by an
additional factor of �2

p aswell as the two-body phase space, leading
to a rate that rapidly diminishes withm� . This featuremakes a LHC
discovery challenging even at 14 TeV and high luminosity [61].

4.2. Fermion singlet DM

A simple model including both a real scalar mediator s and a
fermionDM singlet� , which couple through aHiggs portal is given
by

Lfermion,H � �µss3 � �ss4 � y� �̄�s � µps|H|2 � �ps2|H|2, (28)

II) The DM particle is a fermion singlet under the gauge symmetries of the SM, 
which couples to a scalar boson which itself mixes with the Higgs. 

Yχ àYukawa coupling in the dark sector    μp and λp à Higgs portal between DM and SM 
μs and λs play no important role in the DM pheno at the LHC (set to 0). Also set  <s>=0

To make contact with the scalar mediator model, aBer  EWSB and rotaGon to the mass basis
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where y� is a Yukawa coupling in the dark sector, while the µp
and �p terms provide the Higgs portal between the dark and the
SM sectors. The precise values of the Higgs potential parameters
µs and �s do not play an important role in the DM phenomenology
at the LHC and therefore all features relevant for our discussion can
be captured within the restricted framework µs = �s = 0.

In general the Higgs potential in (28) develops non-trivial VEVs
for both H and s, but in order to keep the expressions simple
it is assumed in the following that hsi = 0. The main physics
implications are unaffected by this assumption. As a result of the
portal coupling µp, the Higgs and the real scalar fields mix, giving
rise to the physical mass eigenstates h1 and h2:
✓
h1
h2

◆
=
✓

cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
h
s

◆
. (29)

The mixing angle is defined such that in the limit ✓ ! 0 the dark
sector is decoupled from the SM. Analytically, one has

tan(2✓) = 2vµp

m2
s + �pv2 � m2

h
, (30)

while the masses of h1 and h2 are given by mh1 ' mh and mh2 '
(m2

s + �pv
2)1/2. The state h1 can therefore be identified with the

bosonic resonance discovered at the LHC.
To make contact with the scalar mediator model described in

Section 3, we consider the Yukawa terms that follow from (28).
After electroweak symmetry breaking and rotation to the mass
eigenstate basis, one finds

L � � 1p
2

(cos ✓ h1 � sin ✓ h2)
X

f

yf f̄ f

� (sin ✓ h1 + cos ✓ h2) y� �̄� . (31)

Identifying h2 with the field � in (11), one sees that as far as
the couplings between h2 and the SM fermions are concerned,
the interactions (31) resemble those of the scalar mediator model
described in Section 3 with gu = gd = ge = gv = � sin ✓ . The
coupling betweenDMand themediator, called g� in (11), is instead
given by g� = y� cos ✓ .

Another important feature of (31) is that the effective Yukawa
coupling between h1 and the SM fermions is not yf but yf cos ✓ .
In fact, the universal suppression factor cos ✓ appears not only
in the fermion couplings but also the h1W+W� and h1ZZ tree-
level vertices as well as the loop-induced h1gg , h1� � , and h1� Z
couplings. The mixing angle and hence (28) is therefore subject to
the constraints that arise from the ATLAS and CMS measurements
of the signal strengths in Higgs production and decay. Global
fits [78,79] to the LHC Run I data find sin ✓ . 0.4. Constraints on
the mixing angle also derive from the oblique parameters T (aka
the ⇢ parameter) and S [63], but they are typically weaker than
those that follow from Higgs physics.

Like in the case of the scalar singlet DMmodel discussed before,
themodel (28) allows for invisible decays of the Higgs boson, if this
is kinematically possible, i.e.mh1 > 2m� . The corresponding decay
rate is

� (h1 ! ��̄) = y2� sin2 ✓ mh1

8⇡

 

1 � 4m2
�

m2
h1

!3/2

. (32)

After the replacements sin ✓ ! cos ✓ and mh1 ! mh2 the same
expression holds in the case of h2, if it is sufficiently heavy. In order
to determine from (32) the invisible Higgs branching ratio, one has
to keep in mind that all partial widths of h1 to SM particles are
suppressed by cos2 ✓ and that depending on the mass spectrum
also the decay h1 ! h2h2 may be allowed.

Turning our attention to the /ET signals, an important observa-
tion to make is that the phenomenology of the fermion singlet DM

scenario is generically richer than that of the scalarmediatormodel
(11). First of all, since the Lagrangian (28) leads to couplings be-
tween the scalars h1 and h2 to massive gauge bosons as well as DM
pairs, mono-W and mono-Z signals will arise at tree level. The rel-
evant diagrams are shown on the left-hand side in Fig. 4. The re-
sulting amplitudes for mono-W or mono-Z production at the LHC
take the following schematic form
A(pp ! /ET + W/Z) / y� sin(2✓)

⇥
 

1
s��̄ � m2

h1 + imh1�h1
� 1

s��̄ � m2
h2 + imh2�h2

!

, (33)

where s��̄ denotes the invariant mass of the DM pair and �h1 and
�h2 are the total decay widths of the scalars. Note that the con-
tributions from virtual h1/h2 exchange have opposite sign in (33).
This implies that the /ET + W/Z signal cross sections can depend
sensitively onmh2 andm� as well as the cuts imposed in the anal-
ysis. The destructive interference between the contributions of the
two scalar mediators is also at work for mono-jets and it is well-
known [62–64] that it can be phenomenologically relevant in di-
rect detection.

A second interesting consequence of (28) is that this Lagrangian
gives rise to a mono-Higgs signal [65,80]. Two examples of Feyn-
man graphs that provide a contribution are given on the right in
Fig. 4. Notice that while a /ET + h signal can also arise in the sim-
plified s-channel scalar mediator scenario discussed in Section 3,
the presence of the two scalar states h1 and h2 and the existence of
trilinear Higgs vertices such as h1h2

2 are likely to change the mono-
Higgs phenomenology of (28) compared to (11).

4.3. Singlet–doublet DM

Singlet–doublet DM scenarios are the simplest example of
models where the interactions between DM and the SM arise
from mixing of a singlet with electroweak multiplets. A fermion
singlet� and a pair of fermion doubletswith opposite hypercharge
denoted by 1 = ( 0

1 , �
1 )T and 2 = ( +

2 , 0
2 )T are introduced.

Assuming that the new fields are odd under a Z2 symmetry under
which the SM fields are even, the Lagrangian reads

Lfermion,SD = i
�
�̄ /@� +  ̄1 /D 1 +  ̄2 /D 2

�� 1
2
mS�

2 � mD 1 2

� y1�H 1 � y2�HÑ 2 + h.c., (34)
where Dµ denotes the covariant derivative. The model generalizes
the bino–higgsino sector of the MSSM in the decoupling limit. In
fact, the Yukawa couplings y1 and y2 are free parameters, whereas
in the MSSM they are related to the U(1)Y gauge coupling.

After electroweak symmetry breaking, singlet and doublets
mix. The physical spectrum consists of a pair of charged particles
(�+,��) with mass mD and three neutral eigenstates defined by
(�1,�2,�3)

T = U(� , 0
1 , 0

2 )T , whereU is the unitarymatrix that
diagonalizes the mass matrix

M =

0

BBBBBB@

mS
y1vp
2

y2vp
2

y1vp
2

0 mD

y2vp
2

mD 0

1

CCCCCCA
. (35)

The DM candidate is the lightest eigenstate �1, whose composition
in terms of gauge eigenstates is �1 = U11� + U12 

0
1 + U13 

0
2 . In

the singlet–doublet scenario, DM couples to the Higgs boson h and
the SMgauge bosons through its doublet components. The induced
interactions can be read off from
L � �h�̄i(c⇤

h�i�j PL + ch�i�j PR)�j � Zµ�̄i�
µ(cZ�i�j PL � c⇤

Z�i�j PR)�j
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where y� is a Yukawa coupling in the dark sector, while the µp
and �p terms provide the Higgs portal between the dark and the
SM sectors. The precise values of the Higgs potential parameters
µs and �s do not play an important role in the DM phenomenology
at the LHC and therefore all features relevant for our discussion can
be captured within the restricted framework µs = �s = 0.

In general the Higgs potential in (28) develops non-trivial VEVs
for both H and s, but in order to keep the expressions simple
it is assumed in the following that hsi = 0. The main physics
implications are unaffected by this assumption. As a result of the
portal coupling µp, the Higgs and the real scalar fields mix, giving
rise to the physical mass eigenstates h1 and h2:
✓
h1
h2

◆
=
✓

cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
h
s

◆
. (29)

The mixing angle is defined such that in the limit ✓ ! 0 the dark
sector is decoupled from the SM. Analytically, one has

tan(2✓) = 2vµp

m2
s + �pv2 � m2

h
, (30)

while the masses of h1 and h2 are given by mh1 ' mh and mh2 '
(m2

s + �pv
2)1/2. The state h1 can therefore be identified with the

bosonic resonance discovered at the LHC.
To make contact with the scalar mediator model described in

Section 3, we consider the Yukawa terms that follow from (28).
After electroweak symmetry breaking and rotation to the mass
eigenstate basis, one finds

L � � 1p
2

(cos ✓ h1 � sin ✓ h2)
X

f

yf f̄ f

� (sin ✓ h1 + cos ✓ h2) y� �̄� . (31)

Identifying h2 with the field � in (11), one sees that as far as
the couplings between h2 and the SM fermions are concerned,
the interactions (31) resemble those of the scalar mediator model
described in Section 3 with gu = gd = ge = gv = � sin ✓ . The
coupling betweenDMand themediator, called g� in (11), is instead
given by g� = y� cos ✓ .

Another important feature of (31) is that the effective Yukawa
coupling between h1 and the SM fermions is not yf but yf cos ✓ .
In fact, the universal suppression factor cos ✓ appears not only
in the fermion couplings but also the h1W+W� and h1ZZ tree-
level vertices as well as the loop-induced h1gg , h1� � , and h1� Z
couplings. The mixing angle and hence (28) is therefore subject to
the constraints that arise from the ATLAS and CMS measurements
of the signal strengths in Higgs production and decay. Global
fits [78,79] to the LHC Run I data find sin ✓ . 0.4. Constraints on
the mixing angle also derive from the oblique parameters T (aka
the ⇢ parameter) and S [63], but they are typically weaker than
those that follow from Higgs physics.

Like in the case of the scalar singlet DMmodel discussed before,
themodel (28) allows for invisible decays of the Higgs boson, if this
is kinematically possible, i.e.mh1 > 2m� . The corresponding decay
rate is

� (h1 ! ��̄) = y2� sin2 ✓ mh1

8⇡

 

1 � 4m2
�

m2
h1

!3/2

. (32)

After the replacements sin ✓ ! cos ✓ and mh1 ! mh2 the same
expression holds in the case of h2, if it is sufficiently heavy. In order
to determine from (32) the invisible Higgs branching ratio, one has
to keep in mind that all partial widths of h1 to SM particles are
suppressed by cos2 ✓ and that depending on the mass spectrum
also the decay h1 ! h2h2 may be allowed.

Turning our attention to the /ET signals, an important observa-
tion to make is that the phenomenology of the fermion singlet DM

scenario is generically richer than that of the scalarmediatormodel
(11). First of all, since the Lagrangian (28) leads to couplings be-
tween the scalars h1 and h2 to massive gauge bosons as well as DM
pairs, mono-W and mono-Z signals will arise at tree level. The rel-
evant diagrams are shown on the left-hand side in Fig. 4. The re-
sulting amplitudes for mono-W or mono-Z production at the LHC
take the following schematic form
A(pp ! /ET + W/Z) / y� sin(2✓)

⇥
 

1
s��̄ � m2

h1 + imh1�h1
� 1

s��̄ � m2
h2 + imh2�h2

!

, (33)

where s��̄ denotes the invariant mass of the DM pair and �h1 and
�h2 are the total decay widths of the scalars. Note that the con-
tributions from virtual h1/h2 exchange have opposite sign in (33).
This implies that the /ET + W/Z signal cross sections can depend
sensitively onmh2 andm� as well as the cuts imposed in the anal-
ysis. The destructive interference between the contributions of the
two scalar mediators is also at work for mono-jets and it is well-
known [62–64] that it can be phenomenologically relevant in di-
rect detection.

A second interesting consequence of (28) is that this Lagrangian
gives rise to a mono-Higgs signal [65,80]. Two examples of Feyn-
man graphs that provide a contribution are given on the right in
Fig. 4. Notice that while a /ET + h signal can also arise in the sim-
plified s-channel scalar mediator scenario discussed in Section 3,
the presence of the two scalar states h1 and h2 and the existence of
trilinear Higgs vertices such as h1h2

2 are likely to change the mono-
Higgs phenomenology of (28) compared to (11).

4.3. Singlet–doublet DM

Singlet–doublet DM scenarios are the simplest example of
models where the interactions between DM and the SM arise
from mixing of a singlet with electroweak multiplets. A fermion
singlet� and a pair of fermion doubletswith opposite hypercharge
denoted by 1 = ( 0

1 , �
1 )T and 2 = ( +

2 , 0
2 )T are introduced.

Assuming that the new fields are odd under a Z2 symmetry under
which the SM fields are even, the Lagrangian reads

Lfermion,SD = i
�
�̄ /@� +  ̄1 /D 1 +  ̄2 /D 2

�� 1
2
mS�

2 � mD 1 2

� y1�H 1 � y2�HÑ 2 + h.c., (34)
where Dµ denotes the covariant derivative. The model generalizes
the bino–higgsino sector of the MSSM in the decoupling limit. In
fact, the Yukawa couplings y1 and y2 are free parameters, whereas
in the MSSM they are related to the U(1)Y gauge coupling.

After electroweak symmetry breaking, singlet and doublets
mix. The physical spectrum consists of a pair of charged particles
(�+,��) with mass mD and three neutral eigenstates defined by
(�1,�2,�3)

T = U(� , 0
1 , 0

2 )T , whereU is the unitarymatrix that
diagonalizes the mass matrix

M =

0

BBBBBB@

mS
y1vp
2

y2vp
2

y1vp
2

0 mD

y2vp
2

mD 0

1

CCCCCCA
. (35)

The DM candidate is the lightest eigenstate �1, whose composition
in terms of gauge eigenstates is �1 = U11� + U12 

0
1 + U13 

0
2 . In

the singlet–doublet scenario, DM couples to the Higgs boson h and
the SMgauge bosons through its doublet components. The induced
interactions can be read off from
L � �h�̄i(c⇤

h�i�j PL + ch�i�j PR)�j � Zµ�̄i�
µ(cZ�i�j PL � c⇤

Z�i�j PR)�j

Iden2fying h2 with φ,  it follows gu=gd=ge=gv= −sinθ.  and  gχ=yχcosθ.

mh1 ≃mh  and 
mh2≃(m2

s+λpv2)1/2

The effecGve Yukawa coupling between h1 and the SM fermions is yf cosθ.  
Same, universal suppression factor cosθ appears in  h1W+W− & h1ZZ tree-level verGces as well 
as in loop-induced h1gg, h1γγ,  and h1γZ couplings è sinθ < 0.4 (Higgs precision meas.)

(Higgs portal through S)



II) The DM par,cle is a fermion singlet under the gauge symmetries of the SM, 
which couples to a scalar boson which itself mixes with the Higgs. 

Fermion singlet DM pheno through Higgs portal is generically richer than that of the
simplest scalar mediator model

Same as in scalar DM Higgs portal,  if kin. allowed, Higgs bosons can decay into DM

16 J. Abdallah et al. / Physics of the Dark Universe 9–10 (2015) 8–23

where y� is a Yukawa coupling in the dark sector, while the µp
and �p terms provide the Higgs portal between the dark and the
SM sectors. The precise values of the Higgs potential parameters
µs and �s do not play an important role in the DM phenomenology
at the LHC and therefore all features relevant for our discussion can
be captured within the restricted framework µs = �s = 0.

In general the Higgs potential in (28) develops non-trivial VEVs
for both H and s, but in order to keep the expressions simple
it is assumed in the following that hsi = 0. The main physics
implications are unaffected by this assumption. As a result of the
portal coupling µp, the Higgs and the real scalar fields mix, giving
rise to the physical mass eigenstates h1 and h2:
✓
h1
h2

◆
=
✓

cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
h
s

◆
. (29)

The mixing angle is defined such that in the limit ✓ ! 0 the dark
sector is decoupled from the SM. Analytically, one has

tan(2✓) = 2vµp

m2
s + �pv2 � m2

h
, (30)

while the masses of h1 and h2 are given by mh1 ' mh and mh2 '
(m2

s + �pv
2)1/2. The state h1 can therefore be identified with the

bosonic resonance discovered at the LHC.
To make contact with the scalar mediator model described in

Section 3, we consider the Yukawa terms that follow from (28).
After electroweak symmetry breaking and rotation to the mass
eigenstate basis, one finds

L � � 1p
2

(cos ✓ h1 � sin ✓ h2)
X

f

yf f̄ f

� (sin ✓ h1 + cos ✓ h2) y� �̄� . (31)

Identifying h2 with the field � in (11), one sees that as far as
the couplings between h2 and the SM fermions are concerned,
the interactions (31) resemble those of the scalar mediator model
described in Section 3 with gu = gd = ge = gv = � sin ✓ . The
coupling betweenDMand themediator, called g� in (11), is instead
given by g� = y� cos ✓ .

Another important feature of (31) is that the effective Yukawa
coupling between h1 and the SM fermions is not yf but yf cos ✓ .
In fact, the universal suppression factor cos ✓ appears not only
in the fermion couplings but also the h1W+W� and h1ZZ tree-
level vertices as well as the loop-induced h1gg , h1� � , and h1� Z
couplings. The mixing angle and hence (28) is therefore subject to
the constraints that arise from the ATLAS and CMS measurements
of the signal strengths in Higgs production and decay. Global
fits [78,79] to the LHC Run I data find sin ✓ . 0.4. Constraints on
the mixing angle also derive from the oblique parameters T (aka
the ⇢ parameter) and S [63], but they are typically weaker than
those that follow from Higgs physics.

Like in the case of the scalar singlet DMmodel discussed before,
themodel (28) allows for invisible decays of the Higgs boson, if this
is kinematically possible, i.e.mh1 > 2m� . The corresponding decay
rate is

� (h1 ! ��̄) = y2� sin2 ✓ mh1

8⇡

 

1 � 4m2
�

m2
h1

!3/2

. (32)

After the replacements sin ✓ ! cos ✓ and mh1 ! mh2 the same
expression holds in the case of h2, if it is sufficiently heavy. In order
to determine from (32) the invisible Higgs branching ratio, one has
to keep in mind that all partial widths of h1 to SM particles are
suppressed by cos2 ✓ and that depending on the mass spectrum
also the decay h1 ! h2h2 may be allowed.

Turning our attention to the /ET signals, an important observa-
tion to make is that the phenomenology of the fermion singlet DM

scenario is generically richer than that of the scalarmediatormodel
(11). First of all, since the Lagrangian (28) leads to couplings be-
tween the scalars h1 and h2 to massive gauge bosons as well as DM
pairs, mono-W and mono-Z signals will arise at tree level. The rel-
evant diagrams are shown on the left-hand side in Fig. 4. The re-
sulting amplitudes for mono-W or mono-Z production at the LHC
take the following schematic form
A(pp ! /ET + W/Z) / y� sin(2✓)

⇥
 

1
s��̄ � m2

h1 + imh1�h1
� 1

s��̄ � m2
h2 + imh2�h2

!

, (33)

where s��̄ denotes the invariant mass of the DM pair and �h1 and
�h2 are the total decay widths of the scalars. Note that the con-
tributions from virtual h1/h2 exchange have opposite sign in (33).
This implies that the /ET + W/Z signal cross sections can depend
sensitively onmh2 andm� as well as the cuts imposed in the anal-
ysis. The destructive interference between the contributions of the
two scalar mediators is also at work for mono-jets and it is well-
known [62–64] that it can be phenomenologically relevant in di-
rect detection.

A second interesting consequence of (28) is that this Lagrangian
gives rise to a mono-Higgs signal [65,80]. Two examples of Feyn-
man graphs that provide a contribution are given on the right in
Fig. 4. Notice that while a /ET + h signal can also arise in the sim-
plified s-channel scalar mediator scenario discussed in Section 3,
the presence of the two scalar states h1 and h2 and the existence of
trilinear Higgs vertices such as h1h2

2 are likely to change the mono-
Higgs phenomenology of (28) compared to (11).

4.3. Singlet–doublet DM

Singlet–doublet DM scenarios are the simplest example of
models where the interactions between DM and the SM arise
from mixing of a singlet with electroweak multiplets. A fermion
singlet� and a pair of fermion doubletswith opposite hypercharge
denoted by 1 = ( 0

1 , �
1 )T and 2 = ( +

2 , 0
2 )T are introduced.

Assuming that the new fields are odd under a Z2 symmetry under
which the SM fields are even, the Lagrangian reads

Lfermion,SD = i
�
�̄ /@� +  ̄1 /D 1 +  ̄2 /D 2

�� 1
2
mS�

2 � mD 1 2

� y1�H 1 � y2�HÑ 2 + h.c., (34)
where Dµ denotes the covariant derivative. The model generalizes
the bino–higgsino sector of the MSSM in the decoupling limit. In
fact, the Yukawa couplings y1 and y2 are free parameters, whereas
in the MSSM they are related to the U(1)Y gauge coupling.

After electroweak symmetry breaking, singlet and doublets
mix. The physical spectrum consists of a pair of charged particles
(�+,��) with mass mD and three neutral eigenstates defined by
(�1,�2,�3)

T = U(� , 0
1 , 0

2 )T , whereU is the unitarymatrix that
diagonalizes the mass matrix

M =

0

BBBBBB@

mS
y1vp
2

y2vp
2

y1vp
2

0 mD

y2vp
2

mD 0

1

CCCCCCA
. (35)

The DM candidate is the lightest eigenstate �1, whose composition
in terms of gauge eigenstates is �1 = U11� + U12 

0
1 + U13 

0
2 . In

the singlet–doublet scenario, DM couples to the Higgs boson h and
the SMgauge bosons through its doublet components. The induced
interactions can be read off from
L � �h�̄i(c⇤

h�i�j PL + ch�i�j PR)�j � Zµ�̄i�
µ(cZ�i�j PL � c⇤

Z�i�j PR)�j

A>er replacing sinθ→cosθ and mh1→ mh2 the same 
expression holds for h2, if it is sufficiently heavy. 
All parFal widths of h1to SM parFcles are cos2θ 
suppressed & the decay h1→h2h2may be allowed.

v  Tree level couplings of h1 & h 2 to W, Z pairs è mono-V signals with interes,ng behavior
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where y� is a Yukawa coupling in the dark sector, while the µp
and �p terms provide the Higgs portal between the dark and the
SM sectors. The precise values of the Higgs potential parameters
µs and �s do not play an important role in the DM phenomenology
at the LHC and therefore all features relevant for our discussion can
be captured within the restricted framework µs = �s = 0.

In general the Higgs potential in (28) develops non-trivial VEVs
for both H and s, but in order to keep the expressions simple
it is assumed in the following that hsi = 0. The main physics
implications are unaffected by this assumption. As a result of the
portal coupling µp, the Higgs and the real scalar fields mix, giving
rise to the physical mass eigenstates h1 and h2:
✓
h1
h2

◆
=
✓

cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
h
s

◆
. (29)

The mixing angle is defined such that in the limit ✓ ! 0 the dark
sector is decoupled from the SM. Analytically, one has

tan(2✓) = 2vµp

m2
s + �pv2 � m2

h
, (30)

while the masses of h1 and h2 are given by mh1 ' mh and mh2 '
(m2

s + �pv
2)1/2. The state h1 can therefore be identified with the

bosonic resonance discovered at the LHC.
To make contact with the scalar mediator model described in

Section 3, we consider the Yukawa terms that follow from (28).
After electroweak symmetry breaking and rotation to the mass
eigenstate basis, one finds

L � � 1p
2

(cos ✓ h1 � sin ✓ h2)
X

f

yf f̄ f

� (sin ✓ h1 + cos ✓ h2) y� �̄� . (31)

Identifying h2 with the field � in (11), one sees that as far as
the couplings between h2 and the SM fermions are concerned,
the interactions (31) resemble those of the scalar mediator model
described in Section 3 with gu = gd = ge = gv = � sin ✓ . The
coupling betweenDMand themediator, called g� in (11), is instead
given by g� = y� cos ✓ .

Another important feature of (31) is that the effective Yukawa
coupling between h1 and the SM fermions is not yf but yf cos ✓ .
In fact, the universal suppression factor cos ✓ appears not only
in the fermion couplings but also the h1W+W� and h1ZZ tree-
level vertices as well as the loop-induced h1gg , h1� � , and h1� Z
couplings. The mixing angle and hence (28) is therefore subject to
the constraints that arise from the ATLAS and CMS measurements
of the signal strengths in Higgs production and decay. Global
fits [78,79] to the LHC Run I data find sin ✓ . 0.4. Constraints on
the mixing angle also derive from the oblique parameters T (aka
the ⇢ parameter) and S [63], but they are typically weaker than
those that follow from Higgs physics.

Like in the case of the scalar singlet DMmodel discussed before,
themodel (28) allows for invisible decays of the Higgs boson, if this
is kinematically possible, i.e.mh1 > 2m� . The corresponding decay
rate is

� (h1 ! ��̄) = y2� sin2 ✓ mh1

8⇡

 

1 � 4m2
�

m2
h1

!3/2

. (32)

After the replacements sin ✓ ! cos ✓ and mh1 ! mh2 the same
expression holds in the case of h2, if it is sufficiently heavy. In order
to determine from (32) the invisible Higgs branching ratio, one has
to keep in mind that all partial widths of h1 to SM particles are
suppressed by cos2 ✓ and that depending on the mass spectrum
also the decay h1 ! h2h2 may be allowed.

Turning our attention to the /ET signals, an important observa-
tion to make is that the phenomenology of the fermion singlet DM

scenario is generically richer than that of the scalarmediatormodel
(11). First of all, since the Lagrangian (28) leads to couplings be-
tween the scalars h1 and h2 to massive gauge bosons as well as DM
pairs, mono-W and mono-Z signals will arise at tree level. The rel-
evant diagrams are shown on the left-hand side in Fig. 4. The re-
sulting amplitudes for mono-W or mono-Z production at the LHC
take the following schematic form
A(pp ! /ET + W/Z) / y� sin(2✓)

⇥
 

1
s��̄ � m2

h1 + imh1�h1
� 1

s��̄ � m2
h2 + imh2�h2

!

, (33)

where s��̄ denotes the invariant mass of the DM pair and �h1 and
�h2 are the total decay widths of the scalars. Note that the con-
tributions from virtual h1/h2 exchange have opposite sign in (33).
This implies that the /ET + W/Z signal cross sections can depend
sensitively onmh2 andm� as well as the cuts imposed in the anal-
ysis. The destructive interference between the contributions of the
two scalar mediators is also at work for mono-jets and it is well-
known [62–64] that it can be phenomenologically relevant in di-
rect detection.

A second interesting consequence of (28) is that this Lagrangian
gives rise to a mono-Higgs signal [65,80]. Two examples of Feyn-
man graphs that provide a contribution are given on the right in
Fig. 4. Notice that while a /ET + h signal can also arise in the sim-
plified s-channel scalar mediator scenario discussed in Section 3,
the presence of the two scalar states h1 and h2 and the existence of
trilinear Higgs vertices such as h1h2

2 are likely to change the mono-
Higgs phenomenology of (28) compared to (11).

4.3. Singlet–doublet DM

Singlet–doublet DM scenarios are the simplest example of
models where the interactions between DM and the SM arise
from mixing of a singlet with electroweak multiplets. A fermion
singlet� and a pair of fermion doubletswith opposite hypercharge
denoted by 1 = ( 0

1 , �
1 )T and 2 = ( +

2 , 0
2 )T are introduced.

Assuming that the new fields are odd under a Z2 symmetry under
which the SM fields are even, the Lagrangian reads

Lfermion,SD = i
�
�̄ /@� +  ̄1 /D 1 +  ̄2 /D 2

�� 1
2
mS�

2 � mD 1 2

� y1�H 1 � y2�HÑ 2 + h.c., (34)
where Dµ denotes the covariant derivative. The model generalizes
the bino–higgsino sector of the MSSM in the decoupling limit. In
fact, the Yukawa couplings y1 and y2 are free parameters, whereas
in the MSSM they are related to the U(1)Y gauge coupling.

After electroweak symmetry breaking, singlet and doublets
mix. The physical spectrum consists of a pair of charged particles
(�+,��) with mass mD and three neutral eigenstates defined by
(�1,�2,�3)

T = U(� , 0
1 , 0

2 )T , whereU is the unitarymatrix that
diagonalizes the mass matrix

M =

0

BBBBBB@

mS
y1vp
2

y2vp
2

y1vp
2

0 mD

y2vp
2

mD 0

1

CCCCCCA
. (35)

The DM candidate is the lightest eigenstate �1, whose composition
in terms of gauge eigenstates is �1 = U11� + U12 

0
1 + U13 

0
2 . In

the singlet–doublet scenario, DM couples to the Higgs boson h and
the SMgauge bosons through its doublet components. The induced
interactions can be read off from
L � �h�̄i(c⇤

h�i�j PL + ch�i�j PR)�j � Zµ�̄i�
µ(cZ�i�j PL � c⇤

Z�i�j PR)�j

 Opposite sign èMET+W/Z cross secFons can 
depend sensiFvely on mh2 and mχ 
DestrucFve interference between the two scalar 
mediators is also at work for mono-jets, with 
relevant consequences in direct detecFon.

v The presence of the two scalar states h1 and h2  allowing for the trilinear s-h1-h2 verFx  can 
change the mono-Higgs phenomenology compared to the simplified scalar mediator case

v Higgs portals to DM (cont’d)



III) The DM par'cle itself may be a mixture of an electroweak singlet and doublet 
as in the MSSM where it has both bino and higgsino components, or in the NMSSM 
where it can be  bino-higgsino or singlino-higgsino. 
     Generically, this is referred to as ‘‘singlet–doublet’’ DM.  
 -- If in the MSSM  (NMSSM), the addi2onal Higgs doublet (and singlet) mix with the Higgs and 

one should be close to alignment (decoupling) to be in agreement with LHC Higgs data --

Consider a fermion singlet χ and a pair of fermion doublets with opposite hypercharge 

denoted by ψ1=(ψ1
0, ψ1

−)T and ψ2=(ψ2
+, ψ2

0)T , such that the new fields are odd under a Z2

symmetry under which the SM fields are even  (MSSM in decoupling limit, y1,2, free param)
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where y� is a Yukawa coupling in the dark sector, while the µp
and �p terms provide the Higgs portal between the dark and the
SM sectors. The precise values of the Higgs potential parameters
µs and �s do not play an important role in the DM phenomenology
at the LHC and therefore all features relevant for our discussion can
be captured within the restricted framework µs = �s = 0.

In general the Higgs potential in (28) develops non-trivial VEVs
for both H and s, but in order to keep the expressions simple
it is assumed in the following that hsi = 0. The main physics
implications are unaffected by this assumption. As a result of the
portal coupling µp, the Higgs and the real scalar fields mix, giving
rise to the physical mass eigenstates h1 and h2:
✓
h1
h2

◆
=
✓

cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
h
s

◆
. (29)

The mixing angle is defined such that in the limit ✓ ! 0 the dark
sector is decoupled from the SM. Analytically, one has

tan(2✓) = 2vµp

m2
s + �pv2 � m2

h
, (30)

while the masses of h1 and h2 are given by mh1 ' mh and mh2 '
(m2

s + �pv
2)1/2. The state h1 can therefore be identified with the

bosonic resonance discovered at the LHC.
To make contact with the scalar mediator model described in

Section 3, we consider the Yukawa terms that follow from (28).
After electroweak symmetry breaking and rotation to the mass
eigenstate basis, one finds

L � � 1p
2

(cos ✓ h1 � sin ✓ h2)
X

f

yf f̄ f

� (sin ✓ h1 + cos ✓ h2) y� �̄� . (31)

Identifying h2 with the field � in (11), one sees that as far as
the couplings between h2 and the SM fermions are concerned,
the interactions (31) resemble those of the scalar mediator model
described in Section 3 with gu = gd = ge = gv = � sin ✓ . The
coupling betweenDMand themediator, called g� in (11), is instead
given by g� = y� cos ✓ .

Another important feature of (31) is that the effective Yukawa
coupling between h1 and the SM fermions is not yf but yf cos ✓ .
In fact, the universal suppression factor cos ✓ appears not only
in the fermion couplings but also the h1W+W� and h1ZZ tree-
level vertices as well as the loop-induced h1gg , h1� � , and h1� Z
couplings. The mixing angle and hence (28) is therefore subject to
the constraints that arise from the ATLAS and CMS measurements
of the signal strengths in Higgs production and decay. Global
fits [78,79] to the LHC Run I data find sin ✓ . 0.4. Constraints on
the mixing angle also derive from the oblique parameters T (aka
the ⇢ parameter) and S [63], but they are typically weaker than
those that follow from Higgs physics.

Like in the case of the scalar singlet DMmodel discussed before,
themodel (28) allows for invisible decays of the Higgs boson, if this
is kinematically possible, i.e.mh1 > 2m� . The corresponding decay
rate is

� (h1 ! ��̄) = y2� sin2 ✓ mh1

8⇡

 

1 � 4m2
�

m2
h1

!3/2

. (32)

After the replacements sin ✓ ! cos ✓ and mh1 ! mh2 the same
expression holds in the case of h2, if it is sufficiently heavy. In order
to determine from (32) the invisible Higgs branching ratio, one has
to keep in mind that all partial widths of h1 to SM particles are
suppressed by cos2 ✓ and that depending on the mass spectrum
also the decay h1 ! h2h2 may be allowed.

Turning our attention to the /ET signals, an important observa-
tion to make is that the phenomenology of the fermion singlet DM

scenario is generically richer than that of the scalarmediatormodel
(11). First of all, since the Lagrangian (28) leads to couplings be-
tween the scalars h1 and h2 to massive gauge bosons as well as DM
pairs, mono-W and mono-Z signals will arise at tree level. The rel-
evant diagrams are shown on the left-hand side in Fig. 4. The re-
sulting amplitudes for mono-W or mono-Z production at the LHC
take the following schematic form
A(pp ! /ET + W/Z) / y� sin(2✓)

⇥
 

1
s��̄ � m2

h1 + imh1�h1
� 1

s��̄ � m2
h2 + imh2�h2

!

, (33)

where s��̄ denotes the invariant mass of the DM pair and �h1 and
�h2 are the total decay widths of the scalars. Note that the con-
tributions from virtual h1/h2 exchange have opposite sign in (33).
This implies that the /ET + W/Z signal cross sections can depend
sensitively onmh2 andm� as well as the cuts imposed in the anal-
ysis. The destructive interference between the contributions of the
two scalar mediators is also at work for mono-jets and it is well-
known [62–64] that it can be phenomenologically relevant in di-
rect detection.

A second interesting consequence of (28) is that this Lagrangian
gives rise to a mono-Higgs signal [65,80]. Two examples of Feyn-
man graphs that provide a contribution are given on the right in
Fig. 4. Notice that while a /ET + h signal can also arise in the sim-
plified s-channel scalar mediator scenario discussed in Section 3,
the presence of the two scalar states h1 and h2 and the existence of
trilinear Higgs vertices such as h1h2

2 are likely to change the mono-
Higgs phenomenology of (28) compared to (11).

4.3. Singlet–doublet DM

Singlet–doublet DM scenarios are the simplest example of
models where the interactions between DM and the SM arise
from mixing of a singlet with electroweak multiplets. A fermion
singlet� and a pair of fermion doubletswith opposite hypercharge
denoted by 1 = ( 0

1 , �
1 )T and 2 = ( +

2 , 0
2 )T are introduced.

Assuming that the new fields are odd under a Z2 symmetry under
which the SM fields are even, the Lagrangian reads

Lfermion,SD = i
�
�̄ /@� +  ̄1 /D 1 +  ̄2 /D 2

�� 1
2
mS�

2 � mD 1 2

� y1�H 1 � y2�HÑ 2 + h.c., (34)
where Dµ denotes the covariant derivative. The model generalizes
the bino–higgsino sector of the MSSM in the decoupling limit. In
fact, the Yukawa couplings y1 and y2 are free parameters, whereas
in the MSSM they are related to the U(1)Y gauge coupling.

After electroweak symmetry breaking, singlet and doublets
mix. The physical spectrum consists of a pair of charged particles
(�+,��) with mass mD and three neutral eigenstates defined by
(�1,�2,�3)

T = U(� , 0
1 , 0

2 )T , whereU is the unitarymatrix that
diagonalizes the mass matrix

M =

0

BBBBBB@

mS
y1vp
2

y2vp
2

y1vp
2

0 mD

y2vp
2

mD 0

1

CCCCCCA
. (35)

The DM candidate is the lightest eigenstate �1, whose composition
in terms of gauge eigenstates is �1 = U11� + U12 

0
1 + U13 

0
2 . In

the singlet–doublet scenario, DM couples to the Higgs boson h and
the SMgauge bosons through its doublet components. The induced
interactions can be read off from
L � �h�̄i(c⇤

h�i�j PL + ch�i�j PR)�j � Zµ�̄i�
µ(cZ�i�j PL � c⇤

Z�i�j PR)�j
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where y� is a Yukawa coupling in the dark sector, while the µp
and �p terms provide the Higgs portal between the dark and the
SM sectors. The precise values of the Higgs potential parameters
µs and �s do not play an important role in the DM phenomenology
at the LHC and therefore all features relevant for our discussion can
be captured within the restricted framework µs = �s = 0.

In general the Higgs potential in (28) develops non-trivial VEVs
for both H and s, but in order to keep the expressions simple
it is assumed in the following that hsi = 0. The main physics
implications are unaffected by this assumption. As a result of the
portal coupling µp, the Higgs and the real scalar fields mix, giving
rise to the physical mass eigenstates h1 and h2:
✓
h1
h2

◆
=
✓

cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
h
s

◆
. (29)

The mixing angle is defined such that in the limit ✓ ! 0 the dark
sector is decoupled from the SM. Analytically, one has

tan(2✓) = 2vµp

m2
s + �pv2 � m2

h
, (30)

while the masses of h1 and h2 are given by mh1 ' mh and mh2 '
(m2

s + �pv
2)1/2. The state h1 can therefore be identified with the

bosonic resonance discovered at the LHC.
To make contact with the scalar mediator model described in

Section 3, we consider the Yukawa terms that follow from (28).
After electroweak symmetry breaking and rotation to the mass
eigenstate basis, one finds

L � � 1p
2

(cos ✓ h1 � sin ✓ h2)
X

f

yf f̄ f

� (sin ✓ h1 + cos ✓ h2) y� �̄� . (31)

Identifying h2 with the field � in (11), one sees that as far as
the couplings between h2 and the SM fermions are concerned,
the interactions (31) resemble those of the scalar mediator model
described in Section 3 with gu = gd = ge = gv = � sin ✓ . The
coupling betweenDMand themediator, called g� in (11), is instead
given by g� = y� cos ✓ .

Another important feature of (31) is that the effective Yukawa
coupling between h1 and the SM fermions is not yf but yf cos ✓ .
In fact, the universal suppression factor cos ✓ appears not only
in the fermion couplings but also the h1W+W� and h1ZZ tree-
level vertices as well as the loop-induced h1gg , h1� � , and h1� Z
couplings. The mixing angle and hence (28) is therefore subject to
the constraints that arise from the ATLAS and CMS measurements
of the signal strengths in Higgs production and decay. Global
fits [78,79] to the LHC Run I data find sin ✓ . 0.4. Constraints on
the mixing angle also derive from the oblique parameters T (aka
the ⇢ parameter) and S [63], but they are typically weaker than
those that follow from Higgs physics.

Like in the case of the scalar singlet DMmodel discussed before,
themodel (28) allows for invisible decays of the Higgs boson, if this
is kinematically possible, i.e.mh1 > 2m� . The corresponding decay
rate is

� (h1 ! ��̄) = y2� sin2 ✓ mh1

8⇡

 

1 � 4m2
�

m2
h1

!3/2

. (32)

After the replacements sin ✓ ! cos ✓ and mh1 ! mh2 the same
expression holds in the case of h2, if it is sufficiently heavy. In order
to determine from (32) the invisible Higgs branching ratio, one has
to keep in mind that all partial widths of h1 to SM particles are
suppressed by cos2 ✓ and that depending on the mass spectrum
also the decay h1 ! h2h2 may be allowed.

Turning our attention to the /ET signals, an important observa-
tion to make is that the phenomenology of the fermion singlet DM

scenario is generically richer than that of the scalarmediatormodel
(11). First of all, since the Lagrangian (28) leads to couplings be-
tween the scalars h1 and h2 to massive gauge bosons as well as DM
pairs, mono-W and mono-Z signals will arise at tree level. The rel-
evant diagrams are shown on the left-hand side in Fig. 4. The re-
sulting amplitudes for mono-W or mono-Z production at the LHC
take the following schematic form
A(pp ! /ET + W/Z) / y� sin(2✓)

⇥
 

1
s��̄ � m2

h1 + imh1�h1
� 1

s��̄ � m2
h2 + imh2�h2

!

, (33)

where s��̄ denotes the invariant mass of the DM pair and �h1 and
�h2 are the total decay widths of the scalars. Note that the con-
tributions from virtual h1/h2 exchange have opposite sign in (33).
This implies that the /ET + W/Z signal cross sections can depend
sensitively onmh2 andm� as well as the cuts imposed in the anal-
ysis. The destructive interference between the contributions of the
two scalar mediators is also at work for mono-jets and it is well-
known [62–64] that it can be phenomenologically relevant in di-
rect detection.

A second interesting consequence of (28) is that this Lagrangian
gives rise to a mono-Higgs signal [65,80]. Two examples of Feyn-
man graphs that provide a contribution are given on the right in
Fig. 4. Notice that while a /ET + h signal can also arise in the sim-
plified s-channel scalar mediator scenario discussed in Section 3,
the presence of the two scalar states h1 and h2 and the existence of
trilinear Higgs vertices such as h1h2

2 are likely to change the mono-
Higgs phenomenology of (28) compared to (11).

4.3. Singlet–doublet DM

Singlet–doublet DM scenarios are the simplest example of
models where the interactions between DM and the SM arise
from mixing of a singlet with electroweak multiplets. A fermion
singlet� and a pair of fermion doubletswith opposite hypercharge
denoted by 1 = ( 0

1 , �
1 )T and 2 = ( +

2 , 0
2 )T are introduced.

Assuming that the new fields are odd under a Z2 symmetry under
which the SM fields are even, the Lagrangian reads

Lfermion,SD = i
�
�̄ /@� +  ̄1 /D 1 +  ̄2 /D 2

�� 1
2
mS�

2 � mD 1 2

� y1�H 1 � y2�HÑ 2 + h.c., (34)
where Dµ denotes the covariant derivative. The model generalizes
the bino–higgsino sector of the MSSM in the decoupling limit. In
fact, the Yukawa couplings y1 and y2 are free parameters, whereas
in the MSSM they are related to the U(1)Y gauge coupling.

After electroweak symmetry breaking, singlet and doublets
mix. The physical spectrum consists of a pair of charged particles
(�+,��) with mass mD and three neutral eigenstates defined by
(�1,�2,�3)

T = U(� , 0
1 , 0

2 )T , whereU is the unitarymatrix that
diagonalizes the mass matrix

M =

0

BBBBBB@

mS
y1vp
2

y2vp
2

y1vp
2

0 mD

y2vp
2

mD 0

1

CCCCCCA
. (35)

The DM candidate is the lightest eigenstate �1, whose composition
in terms of gauge eigenstates is �1 = U11� + U12 

0
1 + U13 

0
2 . In

the singlet–doublet scenario, DM couples to the Higgs boson h and
the SMgauge bosons through its doublet components. The induced
interactions can be read off from
L � �h�̄i(c⇤

h�i�j PL + ch�i�j PR)�j � Zµ�̄i�
µ(cZ�i�j PL � c⇤

Z�i�j PR)�j

AOer electroweak symmetry breaking, singlet and doublets mix.

The physical spectrum: 

 (χ+, χ−) with mass mD 

(χ1, χ2, χ3)T=U (χ, ψ1
0, ψ2

0)T

U is the unitary matrix diagonalizing :
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where y� is a Yukawa coupling in the dark sector, while the µp
and �p terms provide the Higgs portal between the dark and the
SM sectors. The precise values of the Higgs potential parameters
µs and �s do not play an important role in the DM phenomenology
at the LHC and therefore all features relevant for our discussion can
be captured within the restricted framework µs = �s = 0.

In general the Higgs potential in (28) develops non-trivial VEVs
for both H and s, but in order to keep the expressions simple
it is assumed in the following that hsi = 0. The main physics
implications are unaffected by this assumption. As a result of the
portal coupling µp, the Higgs and the real scalar fields mix, giving
rise to the physical mass eigenstates h1 and h2:
✓
h1
h2

◆
=
✓

cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
h
s

◆
. (29)

The mixing angle is defined such that in the limit ✓ ! 0 the dark
sector is decoupled from the SM. Analytically, one has

tan(2✓) = 2vµp

m2
s + �pv2 � m2

h
, (30)

while the masses of h1 and h2 are given by mh1 ' mh and mh2 '
(m2

s + �pv
2)1/2. The state h1 can therefore be identified with the

bosonic resonance discovered at the LHC.
To make contact with the scalar mediator model described in

Section 3, we consider the Yukawa terms that follow from (28).
After electroweak symmetry breaking and rotation to the mass
eigenstate basis, one finds

L � � 1p
2

(cos ✓ h1 � sin ✓ h2)
X

f

yf f̄ f

� (sin ✓ h1 + cos ✓ h2) y� �̄� . (31)

Identifying h2 with the field � in (11), one sees that as far as
the couplings between h2 and the SM fermions are concerned,
the interactions (31) resemble those of the scalar mediator model
described in Section 3 with gu = gd = ge = gv = � sin ✓ . The
coupling betweenDMand themediator, called g� in (11), is instead
given by g� = y� cos ✓ .

Another important feature of (31) is that the effective Yukawa
coupling between h1 and the SM fermions is not yf but yf cos ✓ .
In fact, the universal suppression factor cos ✓ appears not only
in the fermion couplings but also the h1W+W� and h1ZZ tree-
level vertices as well as the loop-induced h1gg , h1� � , and h1� Z
couplings. The mixing angle and hence (28) is therefore subject to
the constraints that arise from the ATLAS and CMS measurements
of the signal strengths in Higgs production and decay. Global
fits [78,79] to the LHC Run I data find sin ✓ . 0.4. Constraints on
the mixing angle also derive from the oblique parameters T (aka
the ⇢ parameter) and S [63], but they are typically weaker than
those that follow from Higgs physics.

Like in the case of the scalar singlet DMmodel discussed before,
themodel (28) allows for invisible decays of the Higgs boson, if this
is kinematically possible, i.e.mh1 > 2m� . The corresponding decay
rate is

� (h1 ! ��̄) = y2� sin2 ✓ mh1

8⇡

 

1 � 4m2
�

m2
h1

!3/2

. (32)

After the replacements sin ✓ ! cos ✓ and mh1 ! mh2 the same
expression holds in the case of h2, if it is sufficiently heavy. In order
to determine from (32) the invisible Higgs branching ratio, one has
to keep in mind that all partial widths of h1 to SM particles are
suppressed by cos2 ✓ and that depending on the mass spectrum
also the decay h1 ! h2h2 may be allowed.

Turning our attention to the /ET signals, an important observa-
tion to make is that the phenomenology of the fermion singlet DM

scenario is generically richer than that of the scalarmediatormodel
(11). First of all, since the Lagrangian (28) leads to couplings be-
tween the scalars h1 and h2 to massive gauge bosons as well as DM
pairs, mono-W and mono-Z signals will arise at tree level. The rel-
evant diagrams are shown on the left-hand side in Fig. 4. The re-
sulting amplitudes for mono-W or mono-Z production at the LHC
take the following schematic form
A(pp ! /ET + W/Z) / y� sin(2✓)

⇥
 

1
s��̄ � m2

h1 + imh1�h1
� 1

s��̄ � m2
h2 + imh2�h2

!

, (33)

where s��̄ denotes the invariant mass of the DM pair and �h1 and
�h2 are the total decay widths of the scalars. Note that the con-
tributions from virtual h1/h2 exchange have opposite sign in (33).
This implies that the /ET + W/Z signal cross sections can depend
sensitively onmh2 andm� as well as the cuts imposed in the anal-
ysis. The destructive interference between the contributions of the
two scalar mediators is also at work for mono-jets and it is well-
known [62–64] that it can be phenomenologically relevant in di-
rect detection.

A second interesting consequence of (28) is that this Lagrangian
gives rise to a mono-Higgs signal [65,80]. Two examples of Feyn-
man graphs that provide a contribution are given on the right in
Fig. 4. Notice that while a /ET + h signal can also arise in the sim-
plified s-channel scalar mediator scenario discussed in Section 3,
the presence of the two scalar states h1 and h2 and the existence of
trilinear Higgs vertices such as h1h2

2 are likely to change the mono-
Higgs phenomenology of (28) compared to (11).

4.3. Singlet–doublet DM

Singlet–doublet DM scenarios are the simplest example of
models where the interactions between DM and the SM arise
from mixing of a singlet with electroweak multiplets. A fermion
singlet� and a pair of fermion doubletswith opposite hypercharge
denoted by 1 = ( 0

1 , �
1 )T and 2 = ( +

2 , 0
2 )T are introduced.

Assuming that the new fields are odd under a Z2 symmetry under
which the SM fields are even, the Lagrangian reads

Lfermion,SD = i
�
�̄ /@� +  ̄1 /D 1 +  ̄2 /D 2

�� 1
2
mS�

2 � mD 1 2

� y1�H 1 � y2�HÑ 2 + h.c., (34)
where Dµ denotes the covariant derivative. The model generalizes
the bino–higgsino sector of the MSSM in the decoupling limit. In
fact, the Yukawa couplings y1 and y2 are free parameters, whereas
in the MSSM they are related to the U(1)Y gauge coupling.

After electroweak symmetry breaking, singlet and doublets
mix. The physical spectrum consists of a pair of charged particles
(�+,��) with mass mD and three neutral eigenstates defined by
(�1,�2,�3)

T = U(� , 0
1 , 0

2 )T , whereU is the unitarymatrix that
diagonalizes the mass matrix

M =

0

BBBBBB@

mS
y1vp
2

y2vp
2

y1vp
2

0 mD

y2vp
2

mD 0

1

CCCCCCA
. (35)

The DM candidate is the lightest eigenstate �1, whose composition
in terms of gauge eigenstates is �1 = U11� + U12 

0
1 + U13 

0
2 . In

the singlet–doublet scenario, DM couples to the Higgs boson h and
the SMgauge bosons through its doublet components. The induced
interactions can be read off from
L � �h�̄i(c⇤

h�i�j PL + ch�i�j PR)�j � Zµ�̄i�
µ(cZ�i�j PL � c⇤

Z�i�j PR)�j

 The DM par2cle is

 the lightest eigenstate

χ1=U11 χ+U12 ψ1
0+U13ψ2

0.

v Higgs portals to DM (cont’d)



In the singlet–doublet scenario, DM couples to the Higgs boson h and the SM gauge bosons 
via its doublet components
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where y� is a Yukawa coupling in the dark sector, while the µp
and �p terms provide the Higgs portal between the dark and the
SM sectors. The precise values of the Higgs potential parameters
µs and �s do not play an important role in the DM phenomenology
at the LHC and therefore all features relevant for our discussion can
be captured within the restricted framework µs = �s = 0.

In general the Higgs potential in (28) develops non-trivial VEVs
for both H and s, but in order to keep the expressions simple
it is assumed in the following that hsi = 0. The main physics
implications are unaffected by this assumption. As a result of the
portal coupling µp, the Higgs and the real scalar fields mix, giving
rise to the physical mass eigenstates h1 and h2:
✓
h1
h2

◆
=
✓

cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
h
s

◆
. (29)

The mixing angle is defined such that in the limit ✓ ! 0 the dark
sector is decoupled from the SM. Analytically, one has

tan(2✓) = 2vµp

m2
s + �pv2 � m2

h
, (30)

while the masses of h1 and h2 are given by mh1 ' mh and mh2 '
(m2

s + �pv
2)1/2. The state h1 can therefore be identified with the

bosonic resonance discovered at the LHC.
To make contact with the scalar mediator model described in

Section 3, we consider the Yukawa terms that follow from (28).
After electroweak symmetry breaking and rotation to the mass
eigenstate basis, one finds

L � � 1p
2

(cos ✓ h1 � sin ✓ h2)
X

f

yf f̄ f

� (sin ✓ h1 + cos ✓ h2) y� �̄� . (31)

Identifying h2 with the field � in (11), one sees that as far as
the couplings between h2 and the SM fermions are concerned,
the interactions (31) resemble those of the scalar mediator model
described in Section 3 with gu = gd = ge = gv = � sin ✓ . The
coupling betweenDMand themediator, called g� in (11), is instead
given by g� = y� cos ✓ .

Another important feature of (31) is that the effective Yukawa
coupling between h1 and the SM fermions is not yf but yf cos ✓ .
In fact, the universal suppression factor cos ✓ appears not only
in the fermion couplings but also the h1W+W� and h1ZZ tree-
level vertices as well as the loop-induced h1gg , h1� � , and h1� Z
couplings. The mixing angle and hence (28) is therefore subject to
the constraints that arise from the ATLAS and CMS measurements
of the signal strengths in Higgs production and decay. Global
fits [78,79] to the LHC Run I data find sin ✓ . 0.4. Constraints on
the mixing angle also derive from the oblique parameters T (aka
the ⇢ parameter) and S [63], but they are typically weaker than
those that follow from Higgs physics.

Like in the case of the scalar singlet DMmodel discussed before,
themodel (28) allows for invisible decays of the Higgs boson, if this
is kinematically possible, i.e.mh1 > 2m� . The corresponding decay
rate is

� (h1 ! ��̄) = y2� sin2 ✓ mh1

8⇡

 

1 � 4m2
�

m2
h1

!3/2

. (32)

After the replacements sin ✓ ! cos ✓ and mh1 ! mh2 the same
expression holds in the case of h2, if it is sufficiently heavy. In order
to determine from (32) the invisible Higgs branching ratio, one has
to keep in mind that all partial widths of h1 to SM particles are
suppressed by cos2 ✓ and that depending on the mass spectrum
also the decay h1 ! h2h2 may be allowed.

Turning our attention to the /ET signals, an important observa-
tion to make is that the phenomenology of the fermion singlet DM

scenario is generically richer than that of the scalarmediatormodel
(11). First of all, since the Lagrangian (28) leads to couplings be-
tween the scalars h1 and h2 to massive gauge bosons as well as DM
pairs, mono-W and mono-Z signals will arise at tree level. The rel-
evant diagrams are shown on the left-hand side in Fig. 4. The re-
sulting amplitudes for mono-W or mono-Z production at the LHC
take the following schematic form
A(pp ! /ET + W/Z) / y� sin(2✓)

⇥
 

1
s��̄ � m2

h1 + imh1�h1
� 1

s��̄ � m2
h2 + imh2�h2

!

, (33)

where s��̄ denotes the invariant mass of the DM pair and �h1 and
�h2 are the total decay widths of the scalars. Note that the con-
tributions from virtual h1/h2 exchange have opposite sign in (33).
This implies that the /ET + W/Z signal cross sections can depend
sensitively onmh2 andm� as well as the cuts imposed in the anal-
ysis. The destructive interference between the contributions of the
two scalar mediators is also at work for mono-jets and it is well-
known [62–64] that it can be phenomenologically relevant in di-
rect detection.

A second interesting consequence of (28) is that this Lagrangian
gives rise to a mono-Higgs signal [65,80]. Two examples of Feyn-
man graphs that provide a contribution are given on the right in
Fig. 4. Notice that while a /ET + h signal can also arise in the sim-
plified s-channel scalar mediator scenario discussed in Section 3,
the presence of the two scalar states h1 and h2 and the existence of
trilinear Higgs vertices such as h1h2

2 are likely to change the mono-
Higgs phenomenology of (28) compared to (11).

4.3. Singlet–doublet DM

Singlet–doublet DM scenarios are the simplest example of
models where the interactions between DM and the SM arise
from mixing of a singlet with electroweak multiplets. A fermion
singlet� and a pair of fermion doubletswith opposite hypercharge
denoted by 1 = ( 0

1 , �
1 )T and 2 = ( +

2 , 0
2 )T are introduced.

Assuming that the new fields are odd under a Z2 symmetry under
which the SM fields are even, the Lagrangian reads

Lfermion,SD = i
�
�̄ /@� +  ̄1 /D 1 +  ̄2 /D 2

�� 1
2
mS�

2 � mD 1 2

� y1�H 1 � y2�HÑ 2 + h.c., (34)
where Dµ denotes the covariant derivative. The model generalizes
the bino–higgsino sector of the MSSM in the decoupling limit. In
fact, the Yukawa couplings y1 and y2 are free parameters, whereas
in the MSSM they are related to the U(1)Y gauge coupling.

After electroweak symmetry breaking, singlet and doublets
mix. The physical spectrum consists of a pair of charged particles
(�+,��) with mass mD and three neutral eigenstates defined by
(�1,�2,�3)

T = U(� , 0
1 , 0

2 )T , whereU is the unitarymatrix that
diagonalizes the mass matrix

M =

0

BBBBBB@

mS
y1vp
2

y2vp
2

y1vp
2

0 mD

y2vp
2

mD 0

1

CCCCCCA
. (35)

The DM candidate is the lightest eigenstate �1, whose composition
in terms of gauge eigenstates is �1 = U11� + U12 

0
1 + U13 

0
2 . In

the singlet–doublet scenario, DM couples to the Higgs boson h and
the SMgauge bosons through its doublet components. The induced
interactions can be read off from
L � �h�̄i(c⇤

h�i�j PL + ch�i�j PR)�j � Zµ�̄i�
µ(cZ�i�j PL � c⇤

Z�i�j PR)�j
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.

� gp
2
(Ui3W�

µ �̄i�
µPL�+ � U⇤

i2W
�
µ �̄i�

µPR�+ + h.c.), (36)

where i, j = 1, 3 and

cZ�i�j = g
4 cos ✓w

(Ui3U⇤
j3 � Ui2U⇤

j2),

ch�i�j = 1p
2
(y1Ui2Uj1 + y2Ui3Uj1),

(37)

with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh

4⇡

 

1 � 4m2
�1

m2
h

!3/2 ��ch�1�1

��2 . (38)

Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ

6⇡

 

1 � 4m2
�1

m2
Z

!3/2 ��cZ�1�1

��2 , (39)

if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]

Lfermion,V � Vµ �̄� µ(gV
� � gA

��5)�

+
X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (40)

Lscalar,V � ig'Vµ('⇤@µ' � '@µ'⇤)
+

X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV

� , gV
u , gV

d , gV
`

 
, (42)

while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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where i, j = 1, 3 and
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4 cos ✓w

(Ui3U⇤
j3 � Ui2U⇤

j2),

ch�i�j = 1p
2
(y1Ui2Uj1 + y2Ui3Uj1),

(37)

with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh

4⇡

 

1 � 4m2
�1

m2
h

!3/2 ��ch�1�1

��2 . (38)

Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ

6⇡

 

1 � 4m2
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Z

!3/2 ��cZ�1�1

��2 , (39)

if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]

Lfermion,V � Vµ �̄� µ(gV
� � gA

��5)�

+
X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (40)

Lscalar,V � ig'Vµ('⇤@µ' � '@µ'⇤)
+

X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV

� , gV
u , gV

d , gV
`

 
, (42)

while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.

DM can annihilate to SM fermions via s-channel Higgs or Z-boson exchange and 
to bosons again through a Higgs or a Z boson in the s-channel or via χi or χ+ in the t-channel. 
Higgs (Z-boson) exchange leads to SI (SD) DM nucleon scaDering.

Same as other Higgs portal cases:
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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where i, j = 1, 3 and

cZ�i�j = g
4 cos ✓w

(Ui3U⇤
j3 � Ui2U⇤

j2),

ch�i�j = 1p
2
(y1Ui2Uj1 + y2Ui3Uj1),

(37)

with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh

4⇡

 

1 � 4m2
�1

m2
h

!3/2 ��ch�1�1

��2 . (38)

Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ
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if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]

Lfermion,V � Vµ �̄� µ(gV
� � gA

��5)�

+
X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (40)

Lscalar,V � ig'Vµ('⇤@µ' � '@µ'⇤)
+

X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV

� , gV
u , gV

d , gV
`

 
, (42)

while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.

 Also invisible Z decays (< 3MeV from LEP) 
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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where i, j = 1, 3 and

cZ�i�j = g
4 cos ✓w

(Ui3U⇤
j3 � Ui2U⇤

j2),

ch�i�j = 1p
2
(y1Ui2Uj1 + y2Ui3Uj1),

(37)

with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh

4⇡

 

1 � 4m2
�1

m2
h

!3/2 ��ch�1�1

��2 . (38)

Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ

6⇡

 

1 � 4m2
�1

m2
Z

!3/2 ��cZ�1�1

��2 , (39)

if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]

Lfermion,V � Vµ �̄� µ(gV
� � gA

��5)�

+
X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (40)

Lscalar,V � ig'Vµ('⇤@µ' � '@µ'⇤)
+

X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV

� , gV
u , gV

d , gV
`

 
, (42)

while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.

if kin. 
allowed

Besides the above, since model has 2 neutral &1 charged fermions in addiKon to the DM one,
LHC searches for electroweak Drell–Yan producKon allow to set bounds on the new fermions 
arising in scalar-doublet scenario:
Produc'on modes: qq̄ →χiχj & qq̄ →χ+χ−via Z boson or qq̄(ʹ)→χ±χi via W-boson exchange
         or gluon–gluon fusion gg→χiχi via  an intermediate Higgs produced via a top-quark loop

     MET plus jets & MET plus leptons signals, e.g. pp→χ± χ2,3→W±χ1Zχ1 è  2l or 3l plus MET

v Higgs portals to DM (cont’d)



Model Building: s- Channel Mediators
v Vector s-channel mediators (spin-1 mediators)

Simplest ways to add a new mediator to the SM is by extending its gauge symmetry by a new 
U(1)ʹ, which is spontaneously broken such that the mediator obtains a mass MV

Depending on whether DM is a Dirac fermion χ or a complex scalar φ,
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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where i, j = 1, 3 and

cZ�i�j = g
4 cos ✓w

(Ui3U⇤
j3 � Ui2U⇤

j2),

ch�i�j = 1p
2
(y1Ui2Uj1 + y2Ui3Uj1),

(37)

with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh

4⇡

 

1 � 4m2
�1

m2
h

!3/2 ��ch�1�1

��2 . (38)

Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ

6⇡

 

1 � 4m2
�1

m2
Z

!3/2 ��cZ�1�1

��2 , (39)

if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]

Lfermion,V � Vµ �̄� µ(gV
� � gA

��5)�

+
X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (40)

Lscalar,V � ig'Vµ('⇤@µ' � '@µ'⇤)
+

X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV

� , gV
u , gV

d , gV
`

 
, (42)

while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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where i, j = 1, 3 and

cZ�i�j = g
4 cos ✓w

(Ui3U⇤
j3 � Ui2U⇤

j2),

ch�i�j = 1p
2
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(37)

with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh

4⇡

 

1 � 4m2
�1

m2
h

!3/2 ��ch�1�1
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Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ
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1 � 4m2
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Z

!3/2 ��cZ�1�1

��2 , (39)

if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]

Lfermion,V � Vµ �̄� µ(gV
� � gA

��5)�

+
X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (40)

Lscalar,V � ig'Vµ('⇤@µ' � '@µ'⇤)
+

X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV

� , gV
u , gV

d , gV
`

 
, (42)

while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
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d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.

q, l and ν denote all quarks, charged leptons and neutrinos, respecEvely. 
Under the MFV assumpEon the couplings of V to the SM fermions will be flavor 

independent, but they can depend on chirality ( gf
A  non -zero)

For Majorana DM, the vector coupling gχ
V vanishes, while a real scalar 

cannot have any CP-conserving interactions with V.
Simplified models assume either purely vector or axial vector mediators with 6 param.

mχ,MV,gχ,guV,gdV,glV       or       mχ,MV,gχA,guA,gdA,glA

In pracEce, pure axial vector case is hard to build consistent with SM Yukawa int. and MFV 



v Vector s-channel mediators: details of the new U(1)’

                                             Dark Higgs sector: 

• Best way to give mass to vector mediator is by addi2onal Higgs field Φ  with  
non-zero VeV

• Dark Higgs can mix with the SM Higgs leading to Higgs portal scenario II)

• Mass of Dark Higgs close to MV , hence most likely to be  included in LHC pheno

IF DM is chiral, the dark Higgs is responsible for the DM mass 

Perturbativity constrains the DM mass with respect the mediator one 

Mχ ≲√4π ΜV /gA
χ 

while EW precision measurements require 

MV ≳ 2 TeV
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Moreover, if the theory is chiral, i.e. if gA
� 6= 0, the dark

Higgs will also be responsible for generating the DM mass. In
order for the Yukawa interaction ��̄� to be gauge invariant, we
have to require that the U(1)0 charge of the left-handed and the
right-handed component of the DM field differ by exactly qL �
qR = q� . Consequently, the axialvector coupling of DM to the
mediator will necessarily be proportional to q� . The longitudinal
component of V (i.e. the would-be Goldstone mode) then couples
to � with a coupling strength proportional to gA

�m�/MV . Requiring
this interaction to remain perturbative gives the bound

m� .
p4⇡
gA
�

MV , (44)

implying that the DM mass cannot be raised arbitrarily compared
to the mediator mass.

A similar consideration also applies in the visible sector. If the
axialvector couplings to the SM states gA

f are non-zero, the only
way to have SM Yukawa couplings is if the SM Higgs doublet H
carries a charge qH under the new gauge group. This charge must
satisfy g 0qH = �gA

u = gA
d = gA

e (where g 0 is the gauge coupling of
the U(1)0) in order for quark and charged lepton masses to be con-
sistent with the U(1)0 symmetry. However, having qH 6= 0 gener-
ically implies corrections to electroweak precision measurements,
so that one must require MV & 2 TeV for consistency with low-
energy data.

5.1.2. Mixing with SM gauge bosons
As soon as there are fermions charged under both the SM gauge

group and the new U(1)0, loop effects will induce mixing between
the new vector mediator and the neutral SM gauge bosons, in
particular kinetic mixing of the form

Lkinetic �
✏

2
F 0µ⌫

Bµ⌫, (45)

where F 0µ⌫ = @µV⌫ � @⌫Vµ and Bµ⌫ = @µB⌫ � @⌫Bµ denote the
U(1)0 and U(1)Y field strength tensors. Parametrically, this mixing
is given by

✏ ⇠
X

q

(gA
q )2

16⇡2 ⇠ 10�2 (gA
q )2. (46)

If MV is too close to the Z-boson mass MZ , this mixing can
lead to conflicts with electroweak precision observables [89,84,
90,91]. For example, the correction to the ⇢ parameter, �⇢ =
M2

W/(M2
Z cos2 ✓w) � 1, can be estimated to be

�⇢ ⇠ ✏2 M2
Z

M2
V � M2

Z
. (47)

Requiring�⇢ . 10�3 [92] then implies gA
q . 1 andMV & 100 GeV.

5.2. Phenomenological aspects

The first observation is that in models with s-channels
mediators, the possibility for such particles to decay back to the
SM is unavoidably present. This can show up as di-jets [86] or
di-leptons at the LHC. Indeed the leptonic couplings gV

` and gA
`

are very tightly constrained by searches for di-lepton resonances
[87,88]. If the quark couplings of the mediator are equally small, it
becomes very difficult to have sizable interactions between the SM
andDMand therewould typically be no observable DMsignals.We
therefore focus on the casewhere the quark couplings of the vector
mediator are much larger than the lepton couplings, for example
because the SM quarks are charged under the new U(1)0 while

couplings to leptons only arise at loop-level (a so-called leptophobic
Z 0 boson).

For such a set-up to be theoretically consistent wemust require
additional fermions charged under the U(1)0 and the SM gauge
group to cancel anomalies. Themasses of these additional fermions
are expected to be roughly of the order of MV , so they can often
be neglected in phenomenology, unless the mass of the vector
mediator is taken to be small compared to the typical energy
scales of the collider. Indeed, it is possible to construct anomaly-
free models with no direct couplings to leptons (for example
in the context of a baryonic Z 0 boson [93,94]). In this case, the
leptonic couplings will not give a relevant contribution to the DM
phenomenology of themodel and one can simply set gV

` = gA
` = 0.

5.2.1. Collider searches
If the vectormediator is kinematically accessible at the LHC, the

resulting phenomenology depends crucially on its decay pattern.
For arbitrary vector and axialvector couplings, one finds in the case
of Dirac DM the following expression for the total width:
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Here the sum extends over all fermions i that are above threshold,
while Ni

c = 3 for quarks and Ni
c = 1 for leptons and DM.

There are several important conclusions that can be drawn from
(48). The first one concerns the maximal size that the couplings
can take to be consistent with �V/MV < 1, which is a necessary
requirement in order for a perturbative description of themediator
to be valid. Assuming thatMV � mi and setting for simplicity gV

q =
gV
� = g and gV

` = gA
i = 0, one finds that �V/MV ' 0.5g2. This

implies that one has to have g . 1.4 in order for the width of the
mediator to be smaller than its mass and values of g significantly
below unity for the NWA (which calls for �V/MV . 0.25) to be
applicable.

In cases where the NWA can be used, production and decay
factorize such that for instance � (pp ! Z + ��̄) = � (pp !
Z + V ) ⇥ Br(V ! ��̄). The resulting LHC phenomenology is thus
determined to first approximation by the leading decay mode of
the vector mediator. Considering a situation with MV � mi and
gV
` = gA

i = 0, one finds that decays into quarks dominate if
gV
� /gV

q . 4, while invisible decays dominate if gV
� /gV

q & 4. For
gV
� /gV

q ' 4 both decay channels have comparable branching ratios.
If invisible decays dominate, the strongest collider constraints are
expected from searches for /ET in association with SM particles. To
illustrate this case, we discuss mono-jet searches below. If, on the
other hand, the invisible branching ratio is small,we expectmost of
themediators produced at the LHC to decay back into SM particles.
In this case, strong constraints can be expected from searches for
heavy resonances, and we focus on di-jet resonances.

Mono-Jets
LHC searches for /ET plus jet signals place strong constraints

on the interactions between quarks and DM mediated by a
vector mediator [20,21,14,95,40,96–98]. The corresponding cross
sections can be calculated at next-to-leading order (NLO) in
MCFM [38] and at NLO plus parton shower in the POWHEG BOX [46].
Some of the relevant diagrams are shown in Fig. 5. If the mediator
is too heavy to be produced on-shell at the LHC and assuming
equal vector couplings of the mediator to all quarks as well as
gV
` = gA

i = 0, themono-jet cross section at the LHC is proportional
to (gV

q )2 (gV
� )2. The same scaling applies if the mediator is forced
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Moreover, if the theory is chiral, i.e. if gA
� 6= 0, the dark

Higgs will also be responsible for generating the DM mass. In
order for the Yukawa interaction ��̄� to be gauge invariant, we
have to require that the U(1)0 charge of the left-handed and the
right-handed component of the DM field differ by exactly qL �
qR = q� . Consequently, the axialvector coupling of DM to the
mediator will necessarily be proportional to q� . The longitudinal
component of V (i.e. the would-be Goldstone mode) then couples
to � with a coupling strength proportional to gA

�m�/MV . Requiring
this interaction to remain perturbative gives the bound

m� .
p4⇡
gA
�

MV , (44)

implying that the DM mass cannot be raised arbitrarily compared
to the mediator mass.

A similar consideration also applies in the visible sector. If the
axialvector couplings to the SM states gA

f are non-zero, the only
way to have SM Yukawa couplings is if the SM Higgs doublet H
carries a charge qH under the new gauge group. This charge must
satisfy g 0qH = �gA

u = gA
d = gA

e (where g 0 is the gauge coupling of
the U(1)0) in order for quark and charged lepton masses to be con-
sistent with the U(1)0 symmetry. However, having qH 6= 0 gener-
ically implies corrections to electroweak precision measurements,
so that one must require MV & 2 TeV for consistency with low-
energy data.

5.1.2. Mixing with SM gauge bosons
As soon as there are fermions charged under both the SM gauge

group and the new U(1)0, loop effects will induce mixing between
the new vector mediator and the neutral SM gauge bosons, in
particular kinetic mixing of the form

Lkinetic �
✏

2
F 0µ⌫

Bµ⌫, (45)

where F 0µ⌫ = @µV⌫ � @⌫Vµ and Bµ⌫ = @µB⌫ � @⌫Bµ denote the
U(1)0 and U(1)Y field strength tensors. Parametrically, this mixing
is given by

✏ ⇠
X

q

(gA
q )2

16⇡2 ⇠ 10�2 (gA
q )2. (46)

If MV is too close to the Z-boson mass MZ , this mixing can
lead to conflicts with electroweak precision observables [89,84,
90,91]. For example, the correction to the ⇢ parameter, �⇢ =
M2

W/(M2
Z cos2 ✓w) � 1, can be estimated to be

�⇢ ⇠ ✏2 M2
Z

M2
V � M2

Z
. (47)

Requiring�⇢ . 10�3 [92] then implies gA
q . 1 andMV & 100 GeV.

5.2. Phenomenological aspects

The first observation is that in models with s-channels
mediators, the possibility for such particles to decay back to the
SM is unavoidably present. This can show up as di-jets [86] or
di-leptons at the LHC. Indeed the leptonic couplings gV

` and gA
`

are very tightly constrained by searches for di-lepton resonances
[87,88]. If the quark couplings of the mediator are equally small, it
becomes very difficult to have sizable interactions between the SM
andDMand therewould typically be no observable DMsignals.We
therefore focus on the casewhere the quark couplings of the vector
mediator are much larger than the lepton couplings, for example
because the SM quarks are charged under the new U(1)0 while

couplings to leptons only arise at loop-level (a so-called leptophobic
Z 0 boson).

For such a set-up to be theoretically consistent wemust require
additional fermions charged under the U(1)0 and the SM gauge
group to cancel anomalies. Themasses of these additional fermions
are expected to be roughly of the order of MV , so they can often
be neglected in phenomenology, unless the mass of the vector
mediator is taken to be small compared to the typical energy
scales of the collider. Indeed, it is possible to construct anomaly-
free models with no direct couplings to leptons (for example
in the context of a baryonic Z 0 boson [93,94]). In this case, the
leptonic couplings will not give a relevant contribution to the DM
phenomenology of themodel and one can simply set gV

` = gA
` = 0.

5.2.1. Collider searches
If the vectormediator is kinematically accessible at the LHC, the

resulting phenomenology depends crucially on its decay pattern.
For arbitrary vector and axialvector couplings, one finds in the case
of Dirac DM the following expression for the total width:
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Here the sum extends over all fermions i that are above threshold,
while Ni

c = 3 for quarks and Ni
c = 1 for leptons and DM.

There are several important conclusions that can be drawn from
(48). The first one concerns the maximal size that the couplings
can take to be consistent with �V/MV < 1, which is a necessary
requirement in order for a perturbative description of themediator
to be valid. Assuming thatMV � mi and setting for simplicity gV

q =
gV
� = g and gV

` = gA
i = 0, one finds that �V/MV ' 0.5g2. This

implies that one has to have g . 1.4 in order for the width of the
mediator to be smaller than its mass and values of g significantly
below unity for the NWA (which calls for �V/MV . 0.25) to be
applicable.

In cases where the NWA can be used, production and decay
factorize such that for instance � (pp ! Z + ��̄) = � (pp !
Z + V ) ⇥ Br(V ! ��̄). The resulting LHC phenomenology is thus
determined to first approximation by the leading decay mode of
the vector mediator. Considering a situation with MV � mi and
gV
` = gA

i = 0, one finds that decays into quarks dominate if
gV
� /gV

q . 4, while invisible decays dominate if gV
� /gV

q & 4. For
gV
� /gV

q ' 4 both decay channels have comparable branching ratios.
If invisible decays dominate, the strongest collider constraints are
expected from searches for /ET in association with SM particles. To
illustrate this case, we discuss mono-jet searches below. If, on the
other hand, the invisible branching ratio is small,we expectmost of
themediators produced at the LHC to decay back into SM particles.
In this case, strong constraints can be expected from searches for
heavy resonances, and we focus on di-jet resonances.

Mono-Jets
LHC searches for /ET plus jet signals place strong constraints

on the interactions between quarks and DM mediated by a
vector mediator [20,21,14,95,40,96–98]. The corresponding cross
sections can be calculated at next-to-leading order (NLO) in
MCFM [38] and at NLO plus parton shower in the POWHEG BOX [46].
Some of the relevant diagrams are shown in Fig. 5. If the mediator
is too heavy to be produced on-shell at the LHC and assuming
equal vector couplings of the mediator to all quarks as well as
gV
` = gA

i = 0, themono-jet cross section at the LHC is proportional
to (gV

q )2 (gV
� )2. The same scaling applies if the mediator is forced
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Moreover, if the theory is chiral, i.e. if gA
� 6= 0, the dark

Higgs will also be responsible for generating the DM mass. In
order for the Yukawa interaction ��̄� to be gauge invariant, we
have to require that the U(1)0 charge of the left-handed and the
right-handed component of the DM field differ by exactly qL �
qR = q� . Consequently, the axialvector coupling of DM to the
mediator will necessarily be proportional to q� . The longitudinal
component of V (i.e. the would-be Goldstone mode) then couples
to � with a coupling strength proportional to gA

�m�/MV . Requiring
this interaction to remain perturbative gives the bound

m� .
p
4⇡
gA
�

MV , (44)

implying that the DM mass cannot be raised arbitrarily compared
to the mediator mass.

A similar consideration also applies in the visible sector. If the
axialvector couplings to the SM states gA

f are non-zero, the only
way to have SM Yukawa couplings is if the SM Higgs doublet H
carries a charge qH under the new gauge group. This charge must
satisfy g 0qH = �gA

u = gA
d = gA

e (where g 0 is the gauge coupling of
the U(1)0) in order for quark and charged lepton masses to be con-
sistent with the U(1)0 symmetry. However, having qH 6= 0 gener-
ically implies corrections to electroweak precision measurements,
so that one must require MV & 2 TeV for consistency with low-
energy data.

5.1.2. Mixing with SM gauge bosons
As soon as there are fermions charged under both the SM gauge

group and the new U(1)0, loop effects will induce mixing between
the new vector mediator and the neutral SM gauge bosons, in
particular kinetic mixing of the form

Lkinetic � ✏

2
F 0µ⌫Bµ⌫, (45)

where F 0
µ⌫ = @µV⌫ � @⌫Vµ and Bµ⌫ = @µB⌫ � @⌫Bµ denote the

U(1)0 and U(1)Y field strength tensors. Parametrically, this mixing
is given by

✏ ⇠
X

q

(gA
q )2

16⇡2 ⇠ 10�2 (gA
q )2. (46)

If MV is too close to the Z-boson mass MZ , this mixing can
lead to conflicts with electroweak precision observables [89,84,
90,91]. For example, the correction to the ⇢ parameter, �⇢ =
M2

W/(M2
Z cos2 ✓w) � 1, can be estimated to be

�⇢ ⇠ ✏2 M2
Z

M2
V � M2

Z
. (47)

Requiring�⇢ . 10�3 [92] then implies gA
q . 1 andMV & 100 GeV.

5.2. Phenomenological aspects

The first observation is that in models with s-channels
mediators, the possibility for such particles to decay back to the
SM is unavoidably present. This can show up as di-jets [86] or
di-leptons at the LHC. Indeed the leptonic couplings gV

` and gA
`

are very tightly constrained by searches for di-lepton resonances
[87,88]. If the quark couplings of the mediator are equally small, it
becomes very difficult to have sizable interactions between the SM
andDMand therewould typically be no observable DMsignals.We
therefore focus on the casewhere the quark couplings of the vector
mediator are much larger than the lepton couplings, for example
because the SM quarks are charged under the new U(1)0 while

couplings to leptons only arise at loop-level (a so-called leptophobic
Z 0 boson).

For such a set-up to be theoretically consistent wemust require
additional fermions charged under the U(1)0 and the SM gauge
group to cancel anomalies. Themasses of these additional fermions
are expected to be roughly of the order of MV , so they can often
be neglected in phenomenology, unless the mass of the vector
mediator is taken to be small compared to the typical energy
scales of the collider. Indeed, it is possible to construct anomaly-
free models with no direct couplings to leptons (for example
in the context of a baryonic Z 0 boson [93,94]). In this case, the
leptonic couplings will not give a relevant contribution to the DM
phenomenology of themodel and one can simply set gV

` = gA
` = 0.

5.2.1. Collider searches
If the vectormediator is kinematically accessible at the LHC, the

resulting phenomenology depends crucially on its decay pattern.
For arbitrary vector and axialvector couplings, one finds in the case
of Dirac DM the following expression for the total width:
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Here the sum extends over all fermions i that are above threshold,
while Ni

c = 3 for quarks and Ni
c = 1 for leptons and DM.

There are several important conclusions that can be drawn from
(48). The first one concerns the maximal size that the couplings
can take to be consistent with �V/MV < 1, which is a necessary
requirement in order for a perturbative description of themediator
to be valid. Assuming thatMV � mi and setting for simplicity gV

q =
gV
� = g and gV

` = gA
i = 0, one finds that �V/MV ' 0.5g2. This

implies that one has to have g . 1.4 in order for the width of the
mediator to be smaller than its mass and values of g significantly
below unity for the NWA (which calls for �V/MV . 0.25) to be
applicable.

In cases where the NWA can be used, production and decay
factorize such that for instance � (pp ! Z + ��̄) = � (pp !
Z + V ) ⇥ Br(V ! ��̄). The resulting LHC phenomenology is thus
determined to first approximation by the leading decay mode of
the vector mediator. Considering a situation with MV � mi and
gV
` = gA

i = 0, one finds that decays into quarks dominate if
gV
� /gV

q . 4, while invisible decays dominate if gV
� /gV

q & 4. For
gV
� /gV

q ' 4 both decay channels have comparable branching ratios.
If invisible decays dominate, the strongest collider constraints are
expected from searches for /ET in association with SM particles. To
illustrate this case, we discuss mono-jet searches below. If, on the
other hand, the invisible branching ratio is small,we expectmost of
themediators produced at the LHC to decay back into SM particles.
In this case, strong constraints can be expected from searches for
heavy resonances, and we focus on di-jet resonances.

Mono-Jets
LHC searches for /ET plus jet signals place strong constraints

on the interactions between quarks and DM mediated by a
vector mediator [20,21,14,95,40,96–98]. The corresponding cross
sections can be calculated at next-to-leading order (NLO) in
MCFM [38] and at NLO plus parton shower in the POWHEG BOX [46].
Some of the relevant diagrams are shown in Fig. 5. If the mediator
is too heavy to be produced on-shell at the LHC and assuming
equal vector couplings of the mediator to all quarks as well as
gV
` = gA

i = 0, themono-jet cross section at the LHC is proportional
to (gV

q )2 (gV
� )2. The same scaling applies if the mediator is forced

Where F’μν and Bμν are U(1)ʹand U(1)Y field strength tensors
Precision measurements imply gq

A ≲1 and MV ≳ 100 GeV

In S-channel mediator models, mediators decay back in SM par?cles and would show up in 
di-jets and di-lepton searches.   Di-leptons are ?ghtly constrained by LHC. If quark-mediator
couplings were also small, then SM- DM interac?ons would be too small to be observed. 

We shall assume that SM quarks are charged under the new U(1)’ but lepton couplings only 
arise at loop level (Leptophilic Z’).  
Addi?onal fermions charged under U(1)’ will be needed for Anomaly Cancella?on,  but one 
can arrange scenarios that will not change the DM pheno



Model Building: T- Channel Flavoured Mediators
For fermionic DM, the mediator can be a colored scalar or a vector par7cle Φ.
The scalar case connects with the squarks in Supersymmetry and has an easy UV comple7on

Given the interac7on: Φχq, either Φ or χ need ot carry color charge to be in a MFV case
We consider the scalar to be colored in analogy to SUSY.
The mediator can couple to up (down)-right handed quarks  or leK handed quarks,
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velocity, both of which lead to a suppression of 10�3 or more), and
can therefore be neglected.

Substituting the expressions for the effective couplings into the
formulas for the DM-nucleon scattering cross sections, we obtain

� SI
��N = 1.4 ⇥ 10�37 cm2 gV

� g
V
q

⇣µ��N

1 GeV

⌘2
✓
300 GeV

MV

◆4

, (53)

� SD
��N = 4.7 ⇥ 10�39 cm2 gA

�g
A
q

⇣µ��N

1 GeV

⌘2
✓
300 GeV

MV

◆4

. (54)

Crucially, SI interactions receive a coherent enhancement propor-
tional to the square of the target nucleus mass, leading to very
strong constraints from direct detection experiments unless the
DM mass is very small. Consequently, the estimates above imply
that for gq ' 1, SI interactions are sensitive to mediator masses
of up to MV ' 30 TeV, while SD interactions only probe mediator
masses up to around MV ' 700 GeV. This should be contrasted
with the constraints arising from the LHC, which are close to iden-
tical for vector and axialvector mediators.

5.2.3. Annihilation
Two processes contribute to DM annihilation in the early Uni-

verse: annihilation of DM into SM fermions and (provided MV
. m� ) direct annihilation into pairs of mediators, which subse-
quently decay into SM states. For the first process, the annihilation
cross section is given by
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where �V is the total decay width of the vector mediator as given
in (48). For m� ' MV/2 the annihilation rate receives a resonant
enhancement, leading to a very efficient depletion of DM.

An important observation is that for gV
� = 0, the annihilation

cross section is helicity-suppressed. Formb ⌧ m� < mt the factor
m2

q/m
2
� can be very small, such that it is important to also include

the p-wave contribution for calculating the DM relic abundance.
Including terms up to second order in the DM velocity v, we obtain
for the special case gV

q = gV
� = 0 the expression
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Finally, the annihilation cross section for direct annihilation into
pairs of mediators is given by

(�v)(��̄ ! VV ) = (m2
� � M2
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We note that for the coupling strengths and mass ranges
typically considered in the context of LHC DM searches, it is easily

possible to achieve sufficiently large annihilation cross sections
to deplete the DM abundance in the early Universe. In fact, the
generic prediction in large regions of parameter space would be
that the DM particle is underproduced. In this case, the observed
DM relic abundance can still be reproduced if one assumes an
initial particle–antiparticle asymmetry in the dark sector, such that
only the symmetric component annihilates away and the final DM
abundance is set by the initial asymmetry.

6. t-channel flavored mediator

If the DM is a fermion � , the mediator can be a colored scalar
or a vector particle �. We focus on the scalar case, which makes
contact with the MSSM and is easier to embed into a UV-complete
theory. A coupling of the form ��̄q requires either� or � to carry a
flavor index in order to be consistentwithMFV.We choose the case
where the colored scalar � carries the flavor index (much like in
the MSSM case, where the colored scalar quarks come in the same
flavors as the SM quarks). This class of models has been considered
previously in [103–108,16], while models where � carries the
flavor index have been studied in [109–111].

There are variations where the mediator couples to right-
handed up-type quarks, right-handed down-type quarks, or
left-handed quark doublets. For definiteness, we discuss the right-
handed up-type case (the other cases are obtained in a similar
fashion). In this case, there are three mediators �i = �

ũ, c̃, t̃
 
,

which couple to the SM and DM via the interaction

Lfermion,ũ �
X

i=1,2,3

g�⇤
i �̄PRui + h.c. (58)

Note that MFV requires both the masses M1,2,3 of the three
mediators to be equal and universal couplings g = g1,2,3 between
the mediators and their corresponding quarks ui = {u, c, t}. This
universality can however be broken by allowing for corrections to
(58) and the mediator masses which involve a single insertion of
the flavor spurion Yu ÑYu. Because of the large top-quark Yukawa
coupling, in this way the mass of the third mediator and its
coupling can be split from the other two. In practice this means
that the generic parameter space is five-dimensional:
�
m� , M1,2, M3, g1,2, g3

 
. (59)

These simplified models are very similar to the existing ones for
squark searches [112], and results can often be translated from
one to the other with relatively little work. Note that most studies
will involve g1,2 together with M1,2 or g3 together with M3. So
specific applicationswill often have a smaller dimensional space of
relevant parameters. In the discussion below, we restrict attention
to the parameter space with g1,2, M1,2, and m� . For models where
g3 andM3 are relevant, see [113,114,111,115].

6.1. Collider constraints

Given the masses and couplings, the widths of the mediators
are calculable. One finds

� (�i ! � ūi) = g2
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(60)

x
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velocity, both of which lead to a suppression of 10�3 or more), and
can therefore be neglected.

Substituting the expressions for the effective couplings into the
formulas for the DM-nucleon scattering cross sections, we obtain

� SI
��N = 1.4 ⇥ 10�37 cm2 gV
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1 GeV
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. (54)

Crucially, SI interactions receive a coherent enhancement propor-
tional to the square of the target nucleus mass, leading to very
strong constraints from direct detection experiments unless the
DM mass is very small. Consequently, the estimates above imply
that for gq ' 1, SI interactions are sensitive to mediator masses
of up to MV ' 30 TeV, while SD interactions only probe mediator
masses up to around MV ' 700 GeV. This should be contrasted
with the constraints arising from the LHC, which are close to iden-
tical for vector and axialvector mediators.

5.2.3. Annihilation
Two processes contribute to DM annihilation in the early Uni-

verse: annihilation of DM into SM fermions and (provided MV
. m� ) direct annihilation into pairs of mediators, which subse-
quently decay into SM states. For the first process, the annihilation
cross section is given by
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where �V is the total decay width of the vector mediator as given
in (48). For m� ' MV/2 the annihilation rate receives a resonant
enhancement, leading to a very efficient depletion of DM.

An important observation is that for gV
� = 0, the annihilation

cross section is helicity-suppressed. Formb ⌧ m� < mt the factor
m2

q/m
2
� can be very small, such that it is important to also include

the p-wave contribution for calculating the DM relic abundance.
Including terms up to second order in the DM velocity v, we obtain
for the special case gV

q = gV
� = 0 the expression
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Finally, the annihilation cross section for direct annihilation into
pairs of mediators is given by
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We note that for the coupling strengths and mass ranges
typically considered in the context of LHC DM searches, it is easily

possible to achieve sufficiently large annihilation cross sections
to deplete the DM abundance in the early Universe. In fact, the
generic prediction in large regions of parameter space would be
that the DM particle is underproduced. In this case, the observed
DM relic abundance can still be reproduced if one assumes an
initial particle–antiparticle asymmetry in the dark sector, such that
only the symmetric component annihilates away and the final DM
abundance is set by the initial asymmetry.

6. t-channel flavored mediator

If the DM is a fermion � , the mediator can be a colored scalar
or a vector particle �. We focus on the scalar case, which makes
contact with the MSSM and is easier to embed into a UV-complete
theory. A coupling of the form ��̄q requires either� or � to carry a
flavor index in order to be consistentwithMFV.We choose the case
where the colored scalar � carries the flavor index (much like in
the MSSM case, where the colored scalar quarks come in the same
flavors as the SM quarks). This class of models has been considered
previously in [103–108,16], while models where � carries the
flavor index have been studied in [109–111].

There are variations where the mediator couples to right-
handed up-type quarks, right-handed down-type quarks, or
left-handed quark doublets. For definiteness, we discuss the right-
handed up-type case (the other cases are obtained in a similar
fashion). In this case, there are three mediators �i = �

ũ, c̃, t̃
 
,

which couple to the SM and DM via the interaction

Lfermion,ũ �
X

i=1,2,3

g�⇤
i �̄PRui + h.c. (58)

Note that MFV requires both the masses M1,2,3 of the three
mediators to be equal and universal couplings g = g1,2,3 between
the mediators and their corresponding quarks ui = {u, c, t}. This
universality can however be broken by allowing for corrections to
(58) and the mediator masses which involve a single insertion of
the flavor spurion Yu ÑYu. Because of the large top-quark Yukawa
coupling, in this way the mass of the third mediator and its
coupling can be split from the other two. In practice this means
that the generic parameter space is five-dimensional:
�
m� , M1,2, M3, g1,2, g3

 
. (59)

These simplified models are very similar to the existing ones for
squark searches [112], and results can often be translated from
one to the other with relatively little work. Note that most studies
will involve g1,2 together with M1,2 or g3 together with M3. So
specific applicationswill often have a smaller dimensional space of
relevant parameters. In the discussion below, we restrict attention
to the parameter space with g1,2, M1,2, and m� . For models where
g3 andM3 are relevant, see [113,114,111,115].

6.1. Collider constraints

Given the masses and couplings, the widths of the mediators
are calculable. One finds
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velocity, both of which lead to a suppression of 10�3 or more), and
can therefore be neglected.

Substituting the expressions for the effective couplings into the
formulas for the DM-nucleon scattering cross sections, we obtain

� SI
��N = 1.4 ⇥ 10�37 cm2 gV

� g
V
q

⇣µ��N

1 GeV

⌘2
✓
300 GeV

MV

◆4

, (53)

� SD
��N = 4.7 ⇥ 10�39 cm2 gA

�g
A
q

⇣µ��N

1 GeV
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300 GeV

MV

◆4

. (54)

Crucially, SI interactions receive a coherent enhancement propor-
tional to the square of the target nucleus mass, leading to very
strong constraints from direct detection experiments unless the
DM mass is very small. Consequently, the estimates above imply
that for gq ' 1, SI interactions are sensitive to mediator masses
of up to MV ' 30 TeV, while SD interactions only probe mediator
masses up to around MV ' 700 GeV. This should be contrasted
with the constraints arising from the LHC, which are close to iden-
tical for vector and axialvector mediators.

5.2.3. Annihilation
Two processes contribute to DM annihilation in the early Uni-

verse: annihilation of DM into SM fermions and (provided MV
. m� ) direct annihilation into pairs of mediators, which subse-
quently decay into SM states. For the first process, the annihilation
cross section is given by
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where �V is the total decay width of the vector mediator as given
in (48). For m� ' MV/2 the annihilation rate receives a resonant
enhancement, leading to a very efficient depletion of DM.

An important observation is that for gV
� = 0, the annihilation

cross section is helicity-suppressed. Formb ⌧ m� < mt the factor
m2

q/m
2
� can be very small, such that it is important to also include

the p-wave contribution for calculating the DM relic abundance.
Including terms up to second order in the DM velocity v, we obtain
for the special case gV
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� = 0 the expression
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Finally, the annihilation cross section for direct annihilation into
pairs of mediators is given by
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We note that for the coupling strengths and mass ranges
typically considered in the context of LHC DM searches, it is easily

possible to achieve sufficiently large annihilation cross sections
to deplete the DM abundance in the early Universe. In fact, the
generic prediction in large regions of parameter space would be
that the DM particle is underproduced. In this case, the observed
DM relic abundance can still be reproduced if one assumes an
initial particle–antiparticle asymmetry in the dark sector, such that
only the symmetric component annihilates away and the final DM
abundance is set by the initial asymmetry.

6. t-channel flavored mediator

If the DM is a fermion � , the mediator can be a colored scalar
or a vector particle �. We focus on the scalar case, which makes
contact with the MSSM and is easier to embed into a UV-complete
theory. A coupling of the form ��̄q requires either� or � to carry a
flavor index in order to be consistentwithMFV.We choose the case
where the colored scalar � carries the flavor index (much like in
the MSSM case, where the colored scalar quarks come in the same
flavors as the SM quarks). This class of models has been considered
previously in [103–108,16], while models where � carries the
flavor index have been studied in [109–111].

There are variations where the mediator couples to right-
handed up-type quarks, right-handed down-type quarks, or
left-handed quark doublets. For definiteness, we discuss the right-
handed up-type case (the other cases are obtained in a similar
fashion). In this case, there are three mediators �i = �

ũ, c̃, t̃
 
,

which couple to the SM and DM via the interaction

Lfermion,ũ �
X

i=1,2,3

g�⇤
i �̄PRui + h.c. (58)

Note that MFV requires both the masses M1,2,3 of the three
mediators to be equal and universal couplings g = g1,2,3 between
the mediators and their corresponding quarks ui = {u, c, t}. This
universality can however be broken by allowing for corrections to
(58) and the mediator masses which involve a single insertion of
the flavor spurion Yu ÑYu. Because of the large top-quark Yukawa
coupling, in this way the mass of the third mediator and its
coupling can be split from the other two. In practice this means
that the generic parameter space is five-dimensional:
�
m� , M1,2, M3, g1,2, g3

 
. (59)

These simplified models are very similar to the existing ones for
squark searches [112], and results can often be translated from
one to the other with relatively little work. Note that most studies
will involve g1,2 together with M1,2 or g3 together with M3. So
specific applicationswill often have a smaller dimensional space of
relevant parameters. In the discussion below, we restrict attention
to the parameter space with g1,2, M1,2, and m� . For models where
g3 andM3 are relevant, see [113,114,111,115].

6.1. Collider constraints

Given the masses and couplings, the widths of the mediators
are calculable. One finds
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MFV requires both equal masses M 1,2,3  of the mediators, and universal couplings g=g1,2,3  
between the mediators and their corresponding quarks ui= {u,c,t}.
This universality can be broken by allowing for correc7ons  that split the  mass of the third 
mediator (govern by the large top Yukawa coupling ) from the other.

The generic parameter space is  mχ,M1,2,M3,g1,2,g3
 
In general these simplified models are very similar to those with squarks and studies
 consider  independently cases with light quark superpartners or stops/sbottoms
(3 parameters space)



Mono-object searches for DM
 The most model-independent searches for dark matter at the LHC.

The targeted interac-on is pp→ χχ+X,
 where the X represents the “mono” system of observable par-cles 

recoiling against the DM pair χχ, that is iden-fyed as missing transverse momentum

X can be  a system composed of jets, photons, weak bosons (γ, W, Ζ), 
Higgs bosons, or heavy flavor quarks (b and t)



Mono-object searches for DM

Sensitivity of mono-boson searches  (W,Z,H) to this model is low,  UNLESS we 
consider the effects of the Higgs portal (upper middle diagram or right diagrams). 

With the MFV assumption, however,  the top and bottom quarks can play an 
important role in the phenomenology.

dark matter benchmark models for early lhc run-2 searches:
report of the atlas/cms dark matter forum 39

f/a

g

g

t(b)

c

c̄

t̄(b̄)
Figure 2.22: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with tt̄ (or bb̄).

the pMSSM) privilege the coupling of spin-0 mediators to down
generation quarks. This assumption motivates the study of final
states involving b-quarks as a complementary search to the tt̄+DM
models, to directly probe the b-quark coupling. An example of such
a model can be found in Ref. [BFG15] and can be obtained by re-
placing top quarks with b quarks in Fig. 2.22. Note that, because
of the kinematics features of b quark production relative to heavy t
quark production, a bb̄+DM final state may only yield one experi-
mentally visible b quark, leading to a mono-b signature in a model
that conserves b flavor.

Dedicated implementations of these models for the work of
this Forum are available at LO+PS accuracy, even though the state
of the art is set to improve on a timescale beyond that for early
Run-2 DM searches as detailed in Section 4.1.5. The studies in this
Section have been produced using a leading order UFO model
within MadGraph5_aMC@NLO 2.2.2 [Alw+14; All+14; Deg+12]
using pythia 8 for the parton shower.

2.2.3.1 Parameter scan

The parameter scan for the dedicated tt̄+/ET searches has been stud-
ied in detail to target the production mechanism of DM associated
with heavy flavor quarks, and shares many details of the scan for
the scalar model with a gluon radiation. The benchmark points
scanning the model parameters have been selected to ensure that
the kinematic features of the parameter space are sufficiently rep-
resented. Detailed studies were performed to identify points in the
m

c

, m
f,a, g

c

, gq (and G
f,a) parameter space that differ significantly

from each other in terms of expected detector acceptance. Because
missing transverse momentum is the key observable for searches,
the mediator pT spectra is taken to represent the main kinemat-
ics of a model. Another consideration in determining the set of
benchmarks is to focus on the parameter space where we expect
the searches to be sensitive during the 2015 LHC run. Based on a
projected integrated luminosity of 30 fb�1 expected for 2015, we
disregard model points with a cross section times branching ratio
smaller than 0.1 fb, corresponding to a minimum of one expected
event assuming a 0.1% efficiency times acceptance.

The kinematics is most dependent on the masses m
c

and m
f,a.

Figure 2.23 and 2.24 show typical dependencies for scalar and

Scalar and Pseudoscalar mediator, s-channel

Monojet search

 mχ,mφ/a, gχ, gu,

32 atlas+cms dark matter forum
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Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

complex phenomenology with respect to what considered in this
Section (for a more complete discussion, see Refs. [BFG15; HR15]).
In the interest of simplicity, we do not study models including
those interactions in this report as early Run-2 benchmark models,
but we give an example of a model of this kind in Appendix A.4.

Relative to the vector and axial-vector models discussed above,
the scalar models are distinguished by the special consequences
of the MFV assumption: the very narrow width of the mediator
and its extreme sensitivity to which decays are kinematically avail-
able, and the loop-induced coupling to gluons. The interaction
Lagrangians are

L
f

= g
c

fc̄c +
fp
2 Â

i

⇣

guyu
i ūiui + gdyd

i d̄idi + g`y`i ¯̀ i`i

⌘

, (2.6)

La = ig
c

ac̄g5c +
iap

2 Â
i

⇣

guyu
i ūig5ui + gdyd

i d̄ig5di+

g`y`i ¯̀ ig5`i

⌘

. (2.7)

where f and a are respectively the scalar and pseudoscalar media-
tors, and the Yukawa couplings y f

i are normalized to the Higgs vev
as y f

i =
p

2m f
i /v.

The couplings to fermions are proportional to the SM Higgs
couplings, yet one is still allowed to adjust an overall strength of the
coupling to charged leptons and the relative couplings of u- and d-
type quarks. As in the preceding sections, for the sake of simplicity
and straightforward comparison, we reduce the couplings to the
SM fermions to a single universal parameter gq ⌘ gu = gd = g`.
Unlike the vector and axial-vector models, the scalar mediators are
allowed to couple to leptons.4 4 This contribution plays no role

for most of the parameter space
considered. The choice to allow
lepton couplings follows Refs. [BFG15;
Har+15].

The relative discovery and exclusion power of each search can
be compared in this framework. However, we again emphasize the
importance of searching the full set of allowed channels in case vio-
lations of these simplifying assumptions lead to significant modifi-
cations of the decay rates that unexpectedly favor different channels
than the mix obtained under our assumptions. The coupling g

c

parametrizes the entire dependence on the structure between the
mediator and the dark sector.
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Fig. 3. Left: Two examples of one-loop diagrams with an exchange of a �/a mediator that provide the dominant contribution to a mono-jet signature. Right: A tree-level
graph that leads to a /ET + t t̄ signal.

parton shower (LOPS) in the POWHEG BOX [41]. Given that the /ET +
t t̄ (bb̄) signals arise in the context of (11) and (12) at tree level (see
the right-hand side of Fig. 3), event generation through programs
like MadGraph5 [48] is possible, and UFO model files [49] from
different groups [39–41] are available for this purpose.

Since (11) and (12) is a simplified DM model, it is possible
that the mediator can decay into additional states present in the
full theory that we have neglected. For example, �/a may decay
into new charged particles which themselves eventually decay
into DM, but with additional visible particles that would move the
event out of the selection criteria of the mono-jet or similar /ET
searches. Another possibility is that the mediator can also decay
invisibly into other particles of the dark sector. In either case, the
expressions for ��/a as given in (14) and (15) are lower bounds
on the total decay-width of the mediators. To understand how the
actual value of ��/a influences the LHC sensitivity, one has to recall
that for m�/a ⌧ p

ŝ (where
p
ŝ is some characteristic fraction of

the center-of-mass energy of the collider in question) and m�/a >
2m� , DM-pair production proceeds dominantly via an on-shell
mediator. If the narrow width approximation (NWA) is applicable,
the mono-jet cross section factorizes into a product of on-shell
production of �/a times its branching ratio into ��̄ , i.e. � (pp !
/ET + j) = � (pp ! �/a + j) Br(�/a ! ��̄). One can draw three
conclusions from this result. First, in the parameter region where
m�/a > 2m� and ��/a ⌧ m�/a, a change in ��/a will simply lead to
a rescaling of the cross section, namely � (pp ! /ET + j) / 1/��/a.
This implies in particular that kinematic distributions of simple /ET
signals will to first approximation be unaltered under variations of
��/a. Second, for parameter choices where the partial decay width
to �̄� DM pairs is dominant, the cross section scales as � (pp !
/ET + j) / g2

v . If the partial decay width to SM particles gives the
largest contribution to ��/a, one has instead � (pp ! /ET + j) /
g2
� . Third, the scaling � (pp ! /ET + j) / g2

�g
2
v only holds for

off-shell production, which occurs form�/a < 2m� . Notice that for
m�/a . 2m� , the total decay width of �/a will have a non-trivial
impact on the constraints that the LHC can set, since the amount of
off-shell production depends sensitively on ��/a.

Similarly, the total decay width effect is non-trivial when the
mediator can decay into other particles in the invisible sector
beyond the cosmologically stable DM. To apply the simplified
models framework to these scenarios, it was proposed in [39,40]
to treat the mediator width as an independent parameter in the
simplified model characterization.

We now turn to the constraints on these models from non-
collider experiments: thermal relic abundance, indirect detection,
and direct detection. The first two results can be considered
together, as they depend on the same set of annihilation cross
sections.

3.1.2. Thermal cross sections
The thermally-average annihilation of DM through the spin-0

mediators can be calculated from the simplified model (11) and
(12). The resulting cross sections for annihilation into SM fermions
are given by

(�v)(��̄ ! � ! f f̄ ) = Nc
3g2

�g
2
v y

2
f m�T

8⇡
⇥
(m2

� � 4m2
� )2 + m2

�� 2
�

⇤

⇥
 

1 � m2
f

m2
�

!3/2

, (17)

(�v)(��̄ ! a ! f f̄ ) = Nc
g2
�g

2
v y

2
f m

2
�

4⇡
⇥
(m2

a � 4m2
� )2 + m2

a�
2
a
⇤

⇥
 

1 � m2
f

m2
�

!1/2

, (18)

where T denotes the DM temperature. Notably, scalar mediators
do not have a temperature-independent contribution to their
annihilation cross section, while pseudoscalars do. As T / v2

(where v is the DM velocity), there is no velocity-independent
annihilation through scalars. In the Universe today v ' 1.3 ⇥
10�3c , so there are no non-trivial constraints on DM annihilation
from indirect detection in the scalarmediatormodel (see, however,
Refs. [50,51]).

The parameter space of the pseudoscalar model, on the other
hand, can be constrained by indirect detection. Most constraints
from indirect detection arewritten in terms of a single annihilation
channel, and so the constraints for the full simplified model
(with multiple annihilation channels open) require some minor
modifications of the available results. In the case at hand, good
estimates can be obtained by considering the most massive
fermion into which the DM can annihilate (bottom and top quarks
if they are accessible), as they dominate the annihilation cross
section. Note that, away from resonance, the total width �a
entering in (18) is relatively unimportant for obtaining the correct
indirect detection constraints.

The thermal relic calculation requires the same input cross
sections as indirect detection. Here, the cross sections are summed
over all kinematically available final states, and can be written as

h�vi = a + bT . (19)

If the DM particles are Dirac fermions, one has to include a factor
of 1/2 in the averaging, because Dirac fermions are not their own
anti-particles. In the Majorana case no such factor needs to be
taken into account. The thermal relic abundance of DM is then

⌦�h2 = 0.11
7.88 ⇥ 10�11xf GeV�2

a + 3b/xf
, (20)
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Fig. 3. Left: Two examples of one-loop diagrams with an exchange of a �/a mediator that provide the dominant contribution to a mono-jet signature. Right: A tree-level
graph that leads to a /ET + t t̄ signal.

parton shower (LOPS) in the POWHEG BOX [41]. Given that the /ET +
t t̄ (bb̄) signals arise in the context of (11) and (12) at tree level (see
the right-hand side of Fig. 3), event generation through programs
like MadGraph5 [48] is possible, and UFO model files [49] from
different groups [39–41] are available for this purpose.

Since (11) and (12) is a simplified DM model, it is possible
that the mediator can decay into additional states present in the
full theory that we have neglected. For example, �/a may decay
into new charged particles which themselves eventually decay
into DM, but with additional visible particles that would move the
event out of the selection criteria of the mono-jet or similar /ET
searches. Another possibility is that the mediator can also decay
invisibly into other particles of the dark sector. In either case, the
expressions for ��/a as given in (14) and (15) are lower bounds
on the total decay-width of the mediators. To understand how the
actual value of ��/a influences the LHC sensitivity, one has to recall
that for m�/a ⌧ p

ŝ (where
p
ŝ is some characteristic fraction of

the center-of-mass energy of the collider in question) and m�/a >
2m� , DM-pair production proceeds dominantly via an on-shell
mediator. If the narrow width approximation (NWA) is applicable,
the mono-jet cross section factorizes into a product of on-shell
production of �/a times its branching ratio into ��̄ , i.e. � (pp !
/ET + j) = � (pp ! �/a + j) Br(�/a ! ��̄). One can draw three
conclusions from this result. First, in the parameter region where
m�/a > 2m� and ��/a ⌧ m�/a, a change in ��/a will simply lead to
a rescaling of the cross section, namely � (pp ! /ET + j) / 1/��/a.
This implies in particular that kinematic distributions of simple /ET
signals will to first approximation be unaltered under variations of
��/a. Second, for parameter choices where the partial decay width
to �̄� DM pairs is dominant, the cross section scales as � (pp !
/ET + j) / g2

v . If the partial decay width to SM particles gives the
largest contribution to ��/a, one has instead � (pp ! /ET + j) /
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off-shell production, which occurs form�/a < 2m� . Notice that for
m�/a . 2m� , the total decay width of �/a will have a non-trivial
impact on the constraints that the LHC can set, since the amount of
off-shell production depends sensitively on ��/a.

Similarly, the total decay width effect is non-trivial when the
mediator can decay into other particles in the invisible sector
beyond the cosmologically stable DM. To apply the simplified
models framework to these scenarios, it was proposed in [39,40]
to treat the mediator width as an independent parameter in the
simplified model characterization.

We now turn to the constraints on these models from non-
collider experiments: thermal relic abundance, indirect detection,
and direct detection. The first two results can be considered
together, as they depend on the same set of annihilation cross
sections.

3.1.2. Thermal cross sections
The thermally-average annihilation of DM through the spin-0

mediators can be calculated from the simplified model (11) and
(12). The resulting cross sections for annihilation into SM fermions
are given by

(�v)(��̄ ! � ! f f̄ ) = Nc
3g2

�g
2
v y

2
f m�T

8⇡
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f
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, (17)

(�v)(��̄ ! a ! f f̄ ) = Nc
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�g

2
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2
f m

2
�

4⇡
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a � 4m2
� )2 + m2

a�
2
a
⇤

⇥
 

1 � m2
f

m2
�

!1/2

, (18)

where T denotes the DM temperature. Notably, scalar mediators
do not have a temperature-independent contribution to their
annihilation cross section, while pseudoscalars do. As T / v2

(where v is the DM velocity), there is no velocity-independent
annihilation through scalars. In the Universe today v ' 1.3 ⇥
10�3c , so there are no non-trivial constraints on DM annihilation
from indirect detection in the scalarmediatormodel (see, however,
Refs. [50,51]).

The parameter space of the pseudoscalar model, on the other
hand, can be constrained by indirect detection. Most constraints
from indirect detection arewritten in terms of a single annihilation
channel, and so the constraints for the full simplified model
(with multiple annihilation channels open) require some minor
modifications of the available results. In the case at hand, good
estimates can be obtained by considering the most massive
fermion into which the DM can annihilate (bottom and top quarks
if they are accessible), as they dominate the annihilation cross
section. Note that, away from resonance, the total width �a
entering in (18) is relatively unimportant for obtaining the correct
indirect detection constraints.

The thermal relic calculation requires the same input cross
sections as indirect detection. Here, the cross sections are summed
over all kinematically available final states, and can be written as

h�vi = a + bT . (19)

If the DM particles are Dirac fermions, one has to include a factor
of 1/2 in the averaging, because Dirac fermions are not their own
anti-particles. In the Majorana case no such factor needs to be
taken into account. The thermal relic abundance of DM is then

⌦�h2 = 0.11
7.88 ⇥ 10�11xf GeV�2

a + 3b/xf
, (20)
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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where i, j = 1, 3 and

cZ�i�j = g
4 cos ✓w

(Ui3U⇤
j3 � Ui2U⇤

j2),

ch�i�j = 1p
2
(y1Ui2Uj1 + y2Ui3Uj1),

(37)

with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh

4⇡

 

1 � 4m2
�1

m2
h

!3/2 ��ch�1�1

��2 . (38)

Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ

6⇡

 

1 � 4m2
�1

m2
Z

!3/2 ��cZ�1�1

��2 , (39)

if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]

Lfermion,V � Vµ �̄� µ(gV
� � gA

��5)�

+
X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (40)

Lscalar,V � ig'Vµ('⇤@µ' � '@µ'⇤)
+

X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV

� , gV
u , gV

d , gV
`

 
, (42)

while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.

Mono-V search
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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where i, j = 1, 3 and
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j2),

ch�i�j = 1p
2
(y1Ui2Uj1 + y2Ui3Uj1),

(37)

with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh

4⇡

 

1 � 4m2
�1

m2
h

!3/2 ��ch�1�1

��2 . (38)

Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ

6⇡

 

1 � 4m2
�1

m2
Z

!3/2 ��cZ�1�1

��2 , (39)

if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]

Lfermion,V � Vµ �̄� µ(gV
� � gA

��5)�

+
X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (40)

Lscalar,V � ig'Vµ('⇤@µ' � '@µ'⇤)
+

X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV

� , gV
u , gV

d , gV
`

 
, (42)

while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.

Mono-Higgs search

Top (bottom) pair search
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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(37)

with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh

4⇡

 

1 � 4m2
�1

m2
h

!3/2 ��ch�1�1

��2 . (38)

Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ

6⇡

 

1 � 4m2
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m2
Z

!3/2 ��cZ�1�1

��2 , (39)

if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]

Lfermion,V � Vµ �̄� µ(gV
� � gA

��5)�

+
X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (40)

Lscalar,V � ig'Vµ('⇤@µ' � '@µ'⇤)
+

X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV

� , gV
u , gV

d , gV
`

 
, (42)

while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh

4⇡
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Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ
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if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]
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+
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where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
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alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
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while, in the latter case, the corresponding set is
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� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.



Spin-zero Mediator Total Width

We set gq = gχ = 1. Contrary to the vector and axial-
vector models, these values lead to Γmin/mmed<∼0.1, 
ensuring the narrow width approximaCon is applicable.
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Figure 2.20: Minimal width as a func-
tion of mediator mass for scalar and
pseudo-scalar mediator assuming cou-
plings of 1. The total width is shown
as solid lines for Dark Matter masses
of m

c

=10 GeV, 30 GeV, 100 GeV and
300 GeV in black, red, brown and
green, respectively. The individual
contributions from Dark Matter are
indicated by dotted lines with the
same colors. The contribution from all
quarks but top is shown as magenta
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3.1. Fermionic DM

MFV dictates that the coupling of a scalar to the SM fermions
will be proportional to the fermion masses. However, it allows
these couplings to be scaled by separate factors for the up-type
quarks, down-type quarks, and the charged leptons. Assuming that
DM is a Dirac fermion � , which couples to the SM only through a
scalar � or pseudoscalar a, the most general tree-level Lagrangians
compatible with the MFV assumption are [23,35]:
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Here the sums run over the three SM families and we are using
Yukawa couplings yfi normalized as yfi = p

2mf
i /v with v the Higgs

VEV. We parameterize the DM-mediator coupling by g� , rather
than by a Yukawa coupling y� = p

2m�/v, since the DMparticle�
most likely receives its mass from other (unknown) mechanisms,
rather than electroweak symmetry breaking.

The most general Lagrangians including new scalars or pseu-
doscalars will have a potential containing interactions with the SM
Higgs field h. As stated above,we choose to take amoreminimal set
of possible interactions, and leave the discussions of the couplings
in the Higgs sector to the section on Higgs portal DM. Given this
simplification, the minimal set of parameters under consideration
is
�
m� , m�/a, g� , gu, gd, g`

 
. (13)

The simplest choice of couplings is gu = gd = g`, which is re-
alized in singlet scalar extensions of the SM (see Section 4.2). If
one extends the SM Higgs sector to a two-Higgs-doublet model,
one can obtain other coupling patterns such as gu / cot� and
gd / ge / tan� with tan� denoting the ratio of VEVs of the two
Higgs doublets. The case gu 6= gd 6= g` requires additional scalars,
whose masses could be rather heavy. For simplicity, we will use
universal couplings gv = gu = gd = g` in the remainder of this
section, though one should bear in mind that finding ways to test
this assumption experimentally would be very useful.

The signal strength in DMpair production does not only depend
on themassesm� andm�/a and the couplings gi, but also on the to-
tal decaywidth of themediator �/a. In theminimalmodel as spec-
ified by (11) and (12), the widths for the mediators are given by:
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The first term in each width corresponds to the decay into SM
fermions (the sum runs over all kinematically accessible fermions,
Nc = 3 for quarks and Nc = 1 for leptons). The second term is the
decay into DM (assuming that this decay is kinematically allowed).
The factor of two between the decay into SM fermions and into DM
is a result of our choice of normalization of the Yukawa couplings.
The last term corresponds to decay into gluons. Since we have as-
sumed that gv = gu = gd = g`, we have included in the partial de-
cay widths � (�/a ! gg) only the contributions stemming from
top loops, which provide the by far largest corrections given that
yt � yb, etc. At the loop level the mediators can decay not only to
gluons but also to pairs of photons and other final states if these
are kinematically accessible. The decay rates � (�/a ! gg) are
however always larger than the other loop-induced partial widths,
and in consequence the total decay widths ��/a are well approx-
imated by the corresponding sum of the individual partial decay
widths involving DM, fermion or gluon pairs. Notice finally that if
m�/a > 2mt and gu & g� the total widths of �/a will typically be
dominated by the partial widths to top quarks.

3.1.1. LHC searches
Under the assumption of MFV, supplemented by gv = gu =

gd = g`, the most relevant couplings between DM and the
SM arising from (11) and (12) are those that involve top quarks.
Two main strategies have been exploited to search for scalar and
pseudoscalar interactions of this type using LHC data. The first
possibility consists in looking for a mono-jet plus missing energy
signal /ET + j, where the mediators that pair produce DM are
radiated from top-quark loops [36], while the second possibility
relies on detecting the top-quark decay products that arise from
the tree-level reaction /ET + t t̄ [37]. In the first paper [36] that
discussed the /ET + j signal the effects of DM fermions coupled to
heavy-quark loopswere characterized in terms of effective higher-
dimensional operators, i.e. with mediators being integrated out.
The effects of dynamical scalar and pseudoscalarmessengers in the
s-channel mediating interactions between the heavy quarks in the
loop and DM were computed in characterizing the LHC signatures
for DM searches in [38,33,39–41].

Final states involving top-quark pairs were considered in the
articles [42–45,39,41]. Searches for a /ET + bb̄ signal [37,42,45] also
provide an interesting avenue to probe (11) and (12), while the
constraints frommono-jet searches on the scalar and pseudoscalar
interactions involving the light quark flavors are very weak due to
the strong Yukawa suppression (as discussed in detail in [38,46]),
and thus are unlikely to be testable at the LHC. Scenarioswhere the
DM–SM interactions proceed primarily via gluons have also been
considered [47].

Predictingmono-jet cross sections in the simplifiedmodels (11)
and (12) is complicated by the fact that the highly energetic initial-
state and/or final-state particles involved in the process are able to
resolve the structure of the top-quark loops that generate the /ET +j
signal (see the left-hand side of Fig. 3). Integrating out the topquark
and describing the interactions by an effective operator of the form
�Ga

µ⌫G
a,µ⌫ (aGa

µ⌫ G̃
a,µ⌫) with Ga

µ⌫ the field strength tensor of QCD
and G̃a,µ⌫ = 1/2✏µ⌫�⇢Ga

�⇢ its dual, is in such a situation a poor
approximation [36,38]. Already in the LHC Run I environment the
mt ! 1 limit overestimates the exact cross sections by a factor
of 5 (40) for m� ' 10GeV (m� ' 1 TeV) [41]. Removing the top
quark as an active degree of freedom becomes even less justified at
13 (14) TeV, where the /ET and pT ,j selection requirements have to
be harsher than at (7) 8 TeV to differentiate the DM signal from the
SM background. In order to infer reliable bounds on (11) and (12),
one therefore has to calculate the mono-jet cross section keeping
the full top-quark mass dependence. Such calculations are now
publicly available at leading order (LO) in MCFM [38] and at LO plus
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Figure 2.1: Representative Feynman
diagram showing the pair production
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The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and g

c

. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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q(x) denotes the Heaviside step function, and b f =

r

1 � 4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = g

c

= 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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As mentioned before, when no additional visible 
or invisible decays contribute to the width of the 
mediator, the minimal width is fixed by the 
choices of couplings gq and gχ.  
For arbitrary vector and axial vector couplings

Spin-one Mediator Total Width

v
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Moreover, if the theory is chiral, i.e. if gA
� 6= 0, the dark

Higgs will also be responsible for generating the DM mass. In
order for the Yukawa interaction ��̄� to be gauge invariant, we
have to require that the U(1)0 charge of the left-handed and the
right-handed component of the DM field differ by exactly qL �
qR = q� . Consequently, the axialvector coupling of DM to the
mediator will necessarily be proportional to q� . The longitudinal
component of V (i.e. the would-be Goldstone mode) then couples
to � with a coupling strength proportional to gA

�m�/MV . Requiring
this interaction to remain perturbative gives the bound

m� .
p
4⇡
gA
�

MV , (44)

implying that the DM mass cannot be raised arbitrarily compared
to the mediator mass.

A similar consideration also applies in the visible sector. If the
axialvector couplings to the SM states gA

f are non-zero, the only
way to have SM Yukawa couplings is if the SM Higgs doublet H
carries a charge qH under the new gauge group. This charge must
satisfy g 0qH = �gA

u = gA
d = gA

e (where g 0 is the gauge coupling of
the U(1)0) in order for quark and charged lepton masses to be con-
sistent with the U(1)0 symmetry. However, having qH 6= 0 gener-
ically implies corrections to electroweak precision measurements,
so that one must require MV & 2 TeV for consistency with low-
energy data.

5.1.2. Mixing with SM gauge bosons
As soon as there are fermions charged under both the SM gauge

group and the new U(1)0, loop effects will induce mixing between
the new vector mediator and the neutral SM gauge bosons, in
particular kinetic mixing of the form

Lkinetic � ✏

2
F 0µ⌫Bµ⌫, (45)

where F 0
µ⌫ = @µV⌫ � @⌫Vµ and Bµ⌫ = @µB⌫ � @⌫Bµ denote the

U(1)0 and U(1)Y field strength tensors. Parametrically, this mixing
is given by

✏ ⇠
X

q

(gA
q )2

16⇡2 ⇠ 10�2 (gA
q )2. (46)

If MV is too close to the Z-boson mass MZ , this mixing can
lead to conflicts with electroweak precision observables [89,84,
90,91]. For example, the correction to the ⇢ parameter, �⇢ =
M2

W/(M2
Z cos2 ✓w) � 1, can be estimated to be

�⇢ ⇠ ✏2 M2
Z

M2
V � M2

Z
. (47)

Requiring�⇢ . 10�3 [92] then implies gA
q . 1 andMV & 100 GeV.

5.2. Phenomenological aspects

The first observation is that in models with s-channels
mediators, the possibility for such particles to decay back to the
SM is unavoidably present. This can show up as di-jets [86] or
di-leptons at the LHC. Indeed the leptonic couplings gV

` and gA
`

are very tightly constrained by searches for di-lepton resonances
[87,88]. If the quark couplings of the mediator are equally small, it
becomes very difficult to have sizable interactions between the SM
andDMand therewould typically be no observable DMsignals.We
therefore focus on the casewhere the quark couplings of the vector
mediator are much larger than the lepton couplings, for example
because the SM quarks are charged under the new U(1)0 while

couplings to leptons only arise at loop-level (a so-called leptophobic
Z 0 boson).

For such a set-up to be theoretically consistent wemust require
additional fermions charged under the U(1)0 and the SM gauge
group to cancel anomalies. Themasses of these additional fermions
are expected to be roughly of the order of MV , so they can often
be neglected in phenomenology, unless the mass of the vector
mediator is taken to be small compared to the typical energy
scales of the collider. Indeed, it is possible to construct anomaly-
free models with no direct couplings to leptons (for example
in the context of a baryonic Z 0 boson [93,94]). In this case, the
leptonic couplings will not give a relevant contribution to the DM
phenomenology of themodel and one can simply set gV

` = gA
` = 0.

5.2.1. Collider searches
If the vectormediator is kinematically accessible at the LHC, the

resulting phenomenology depends crucially on its decay pattern.
For arbitrary vector and axialvector couplings, one finds in the case
of Dirac DM the following expression for the total width:

�V = MV

12⇡

X

i=f ,�

Ni
c

✓
1 � 4m2

i

M2
V

◆1/2

⇥

(gV

i )2 + (gA
i )2 + m2

i

M2
V

�
2(gV

i )2 � 4(gA
i )2

��
. (48)

Here the sum extends over all fermions i that are above threshold,
while Ni

c = 3 for quarks and Ni
c = 1 for leptons and DM.

There are several important conclusions that can be drawn from
(48). The first one concerns the maximal size that the couplings
can take to be consistent with �V/MV < 1, which is a necessary
requirement in order for a perturbative description of themediator
to be valid. Assuming thatMV � mi and setting for simplicity gV

q =
gV
� = g and gV

` = gA
i = 0, one finds that �V/MV ' 0.5g2. This

implies that one has to have g . 1.4 in order for the width of the
mediator to be smaller than its mass and values of g significantly
below unity for the NWA (which calls for �V/MV . 0.25) to be
applicable.

In cases where the NWA can be used, production and decay
factorize such that for instance � (pp ! Z + ��̄) = � (pp !
Z + V ) ⇥ Br(V ! ��̄). The resulting LHC phenomenology is thus
determined to first approximation by the leading decay mode of
the vector mediator. Considering a situation with MV � mi and
gV
` = gA

i = 0, one finds that decays into quarks dominate if
gV
� /gV

q . 4, while invisible decays dominate if gV
� /gV

q & 4. For
gV
� /gV

q ' 4 both decay channels have comparable branching ratios.
If invisible decays dominate, the strongest collider constraints are
expected from searches for /ET in association with SM particles. To
illustrate this case, we discuss mono-jet searches below. If, on the
other hand, the invisible branching ratio is small,we expectmost of
themediators produced at the LHC to decay back into SM particles.
In this case, strong constraints can be expected from searches for
heavy resonances, and we focus on di-jet resonances.

Mono-Jets
LHC searches for /ET plus jet signals place strong constraints

on the interactions between quarks and DM mediated by a
vector mediator [20,21,14,95,40,96–98]. The corresponding cross
sections can be calculated at next-to-leading order (NLO) in
MCFM [38] and at NLO plus parton shower in the POWHEG BOX [46].
Some of the relevant diagrams are shown in Fig. 5. If the mediator
is too heavy to be produced on-shell at the LHC and assuming
equal vector couplings of the mediator to all quarks as well as
gV
` = gA

i = 0, themono-jet cross section at the LHC is proportional
to (gV

q )2 (gV
� )2. The same scaling applies if the mediator is forced

The sum extends over all fermions I that 
are above threshold, while Nci=3 for quarks 
and Nci=1 for leptons and DM.

We set gq = gχ = 1 and  assume no mediator 
coupling to leptons. Such a coupling would have a 
minor effect in increasing the mediator width, but 
would set strong constraints from Drell-Yan process 

Later on we  will take gq=0.25 to avoid di-jet bounds



Assuming MV ≫ mi   and se.ng for simplicity gqV= gχV= g and glV = giA=0 
è ΓV/MV ≃0.5g2   hence g < 1.4 for a perturbaCve despriCon
And much smaller for a Narrow Width ApproximaCon (ΓV/MV<10.25) to be applicable

When NWA can be used, producCon & decay factorizes σ(pp→Z+χχ̄) = σ(pp→Z+V)×Br(V→χ χ̄). 
The resulCng LHC phenomenology is determined by the leading decay mode of the mediator. 

Considering glV = giA=0 on has

v decays into quarks dominate if gχV/giV≲ 4  è strong constraints from di-jet resonances.
v invisible decays dominate if gχV/giV ≳ 4 è strongest collider signal in MET + SM parCcles 
v have comparable branching raCons for gχV/giV ≃ 4

Spin one- Mediator Total Width and collider searches

For a perturbative description to be valid ΓV/MV<1 è maximum size of couplings

Scaling laws as a funcCon of the mediator couplings can be obtained depending on 
the mediator and DM parCcle masses can render the producCon cross secCons 
invariant under rescaling of one of the couplings or the couplings raCo.
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up to 500 GeV (but the 5 TeV mediator point is retained) leading to
a total of 24 benchmark points. However for these searches we rec-
ommend to generate and simulate scalar and pseudoscalar models
separately, as the kinematics differs due to the different coupling of
the mediator to the final state top quarks in the two cases, as shown
in Figs. 2.23 and 2.24.

Similar studies were performed in the bb̄ case. It was found that
they show the same weak dependence of the kinematics of the
event on the mediator width. The same benchmark parameters of
the tt̄ case could then be chosen.

2.3 Colored scalar mediator, t-channel exchange

The preceding sections address models with a Dirac fermion cou-
pled to the SM through exchange of a neutral spin-0 or spin-1 par-
ticle in an s-channel process. A t-channel process may couple the
SM and DM directly, leading to a different phenomenology. For
completeness, we examine a model where c is a Standard Model
(SM) singlet, a Dirac fermion; the mediating particle, labeled f, is
a charged scalar color triplet and the SM particle is a quark. Such
models have been studied in Refs. [AWZ14; PVZ14; BB13; DiF+13;
Cha+14; Bel+12]. However, these models have not been studied as
extensively as others in this Forum.

Following the example of Ref. [PVZ14], the interaction La-
grangian is written as

Lint = g Â
i=1,2

(f(i),LQ̄(i),L + f(i),u,Rū(i),R + f(i),d,Rd̄(i),R)c (2.12)

where Q(i),L, u(i),R and d(i),R are the SM quarks of the i-th gen-
eration and f(i),L, f(i),u,R and f(i),d,R are the corresponding me-
diators, which (unlike the s-channel mediators) must be heavier
than c. These mediators have SM gauge representations under
(SU(3), SU(2))Y of (3, 2)�1/6, (3, 1)2/3 and (3, 1)�1/3 respectively.
Variations of the model previously studied in the literature include
coupling to the left-handed quarks only [Cha+14; Bus+14c], to the
f(i),u,R [DiF+13] or f(i),d,R [PVZ14; Abd+14], or some combina-
tion [BB13; AWZ14].

The minimal width of each mediator is expressed, using the
example of decay to an up quark, as

G(f(i) ! ū(i)c) =
g2
(i)

16pM3
f(i)

(M2
f(i)

� m2
u(i)

� m2
c

)

⇥
q

(M2
f(i)

� (mu(i) + m
c

)2)(M2
f(i)

� (mu(i) � m
c

)2) ,

(2.13)

18 atlas+cms dark matter forum

V, A(Mmed)

q̄

q

c̄(m
c

)

c(m
c

)g

gq gDM

Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, m

c

, g
c

, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ

q̄g

µq + g
c

Z0
µ

c̄g

µ

c (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ

q̄g

µ

g

5q + g
c

Z0
µ

c̄g

µ

g

5
c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and g

c

. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:

GV
min =

g2
c

Mmed

12p

 

1 +
2m2

c

M2
med

!

bDMq(Mmed � 2m
c

) (2.3)

+ Â
q

3g2
qMmed

12p

 

1 +
2m2

q

M2
med

!

bqq(Mmed � 2mq),

GA
min =

g2
c

Mmed

12p

b

3
DMq(Mmed � 2m

c

) (2.4)

+ Â
q

3g2
qMmed

12p

b

3
qq(Mmed � 2mq) .

q(x) denotes the Heaviside step function, and b f =

r

1 � 4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = g

c

= 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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neutralino, except for two distinct points: the c is a Dirac fermion
and the coupling g is not limited to be weak scale (g ⌧ 1). In the
MSSM, most of these processes are sub-dominant, even if reso-
nantly enhanced, because the production is proportional to weak
couplings. In the more general theories considered here, g is free
to take on large values of order 1 or more, and thus diagrams ne-
glected in MSSM simulation can occur at a much higher rate here.
While constraints from SUSY jets+/ET analyses on MSSM mod-
els can be recast to apply to the specific model in this report, DM
searches should also directly test their sensitivity to the MSSM
benchmark models.
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Figure 2.27: Leading order mono-jet
t-channel processes, adapted from
[PVZ14].

The state of the art calculation for these models is LO and
they can be interfaced with a parton shower program. The stud-
ies in this Section use a LO model implementation within Mad-
Graph5_aMC@NLO v2.2.3, but no parton shower could be em-
ployed in the time-frame of the conclusions of this Forum. Further
implementation details can be found in Section 4.1.3.
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t-channel processes, adapted from
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Feynman diagram can be 
Constructed by replacing a final-

state gluon in with a γ,W,Z boson, 
but radia2on of electroweak 

bosons directly from the mediator 
also leads to a 

mono-boson signature.
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velocity, both of which lead to a suppression of 10�3 or more), and
can therefore be neglected.

Substituting the expressions for the effective couplings into the
formulas for the DM-nucleon scattering cross sections, we obtain

� SI
��N = 1.4 ⇥ 10�37 cm2 gV

� g
V
q

⇣µ��N

1 GeV

⌘2
✓
300 GeV

MV

◆4

, (53)

� SD
��N = 4.7 ⇥ 10�39 cm2 gA

�g
A
q

⇣µ��N

1 GeV

⌘2
✓
300 GeV

MV

◆4

. (54)

Crucially, SI interactions receive a coherent enhancement propor-
tional to the square of the target nucleus mass, leading to very
strong constraints from direct detection experiments unless the
DM mass is very small. Consequently, the estimates above imply
that for gq ' 1, SI interactions are sensitive to mediator masses
of up to MV ' 30 TeV, while SD interactions only probe mediator
masses up to around MV ' 700 GeV. This should be contrasted
with the constraints arising from the LHC, which are close to iden-
tical for vector and axialvector mediators.

5.2.3. Annihilation
Two processes contribute to DM annihilation in the early Uni-

verse: annihilation of DM into SM fermions and (provided MV
. m� ) direct annihilation into pairs of mediators, which subse-
quently decay into SM states. For the first process, the annihilation
cross section is given by

(�v)(��̄ ! V ! qq̄)

= 3m2
�

2⇡
⇥
(M2

V � 4m2
� )2 + � 2

V M
2
V
⇤
 

1 � 4m2
q

M2
V

!1/2

⇥
(

(gV
� )2

"

(gV
q )2

 

2 + m2
q

M2
V

!

+ 2 (gA
q )2

 

1 � m2
q

M2
V

!#

+ (gA
q )2(gA

� )2
m2

q

M2
V

(4m2
� � M2

V )2

M4
V

)

, (55)

where �V is the total decay width of the vector mediator as given
in (48). For m� ' MV/2 the annihilation rate receives a resonant
enhancement, leading to a very efficient depletion of DM.

An important observation is that for gV
� = 0, the annihilation

cross section is helicity-suppressed. Formb ⌧ m� < mt the factor
m2

q/m
2
� can be very small, such that it is important to also include

the p-wave contribution for calculating the DM relic abundance.
Including terms up to second order in the DM velocity v, we obtain
for the special case gV

q = gV
� = 0 the expression

(�v)(��̄ ! V ! qq̄)

= (gA
q )2(gA

� )2 m2
�

2⇡
⇥
(M2

V � 4m2
� )2 + � 2

V M
2
V
⇤
 

1 � 4m2
q

M2
V

!1/2

⇥
(
3m2

q

M2
V

(4m2
� � M2

V )2

M4
V

+
 

1 � m2
q

M2
V

!

v2

)

. (56)

Finally, the annihilation cross section for direct annihilation into
pairs of mediators is given by

(�v)(��̄ ! VV ) = (m2
� � M2

V )3/2

4⇡ m�M2
V (M2

V � 2m2
� )2

⇥
⇣
8(gA

� )2(gV
� )2m2

� + ⇥
(gA

� )4 � 6(gA
� )2(gV

� )2 + (gV
� )4

⇤
M2

V

⌘
. (57)

We note that for the coupling strengths and mass ranges
typically considered in the context of LHC DM searches, it is easily

possible to achieve sufficiently large annihilation cross sections
to deplete the DM abundance in the early Universe. In fact, the
generic prediction in large regions of parameter space would be
that the DM particle is underproduced. In this case, the observed
DM relic abundance can still be reproduced if one assumes an
initial particle–antiparticle asymmetry in the dark sector, such that
only the symmetric component annihilates away and the final DM
abundance is set by the initial asymmetry.

6. t-channel flavored mediator

If the DM is a fermion � , the mediator can be a colored scalar
or a vector particle �. We focus on the scalar case, which makes
contact with the MSSM and is easier to embed into a UV-complete
theory. A coupling of the form ��̄q requires either� or � to carry a
flavor index in order to be consistentwithMFV.We choose the case
where the colored scalar � carries the flavor index (much like in
the MSSM case, where the colored scalar quarks come in the same
flavors as the SM quarks). This class of models has been considered
previously in [103–108,16], while models where � carries the
flavor index have been studied in [109–111].

There are variations where the mediator couples to right-
handed up-type quarks, right-handed down-type quarks, or
left-handed quark doublets. For definiteness, we discuss the right-
handed up-type case (the other cases are obtained in a similar
fashion). In this case, there are three mediators �i = �

ũ, c̃, t̃
 
,

which couple to the SM and DM via the interaction

Lfermion,ũ �
X

i=1,2,3

g�⇤
i �̄PRui + h.c. (58)

Note that MFV requires both the masses M1,2,3 of the three
mediators to be equal and universal couplings g = g1,2,3 between
the mediators and their corresponding quarks ui = {u, c, t}. This
universality can however be broken by allowing for corrections to
(58) and the mediator masses which involve a single insertion of
the flavor spurion Yu ÑYu. Because of the large top-quark Yukawa
coupling, in this way the mass of the third mediator and its
coupling can be split from the other two. In practice this means
that the generic parameter space is five-dimensional:
�
m� , M1,2, M3, g1,2, g3

 
. (59)

These simplified models are very similar to the existing ones for
squark searches [112], and results can often be translated from
one to the other with relatively little work. Note that most studies
will involve g1,2 together with M1,2 or g3 together with M3. So
specific applicationswill often have a smaller dimensional space of
relevant parameters. In the discussion below, we restrict attention
to the parameter space with g1,2, M1,2, and m� . For models where
g3 andM3 are relevant, see [113,114,111,115].

6.1. Collider constraints

Given the masses and couplings, the widths of the mediators
are calculable. One finds

� (�i ! � ūi) = g2
i

16⇡M3
i
(M2

i � m2
ui � m2

� )

⇥
q
M4

i + m4
ui + m4

� � 2M2
i m2

ui � 2M2
i m2

� � 2m2
�m2

ui

=

8
>>><

>>>:

g2
i

16⇡
Mi

 

1 � m2
�

M2
i

!2

, Mi,m� � mui .

g2
i

16⇡
Mi, Mi � m� ,mui .

(60)

Unless the final-state quark ui is a top quark, 
the given limi7ng cases are always very good 
approxima7ons to the exact widths.

The  produc7on channels that lead MET plus jet signal are
 uū→χχ̄+g, ug→χχ̄+u and ūg→χχ̄+ū. 

Addi7onally, if the colored mediator ũ is sufficiently light it may be pair produced 
from both gg or uū ini7al states, leading to  a  MET  + 2 jets signature 

 If the DM par7cle is a Majorana fermion also the uu and ūū ini7al states contribute to the 
produc7on of mediator pairs. (A qq ini7al state gives a large enhancement at the LHC)

Squarks: The above is very similar to squark pair produc7on in SUSY (MSSM) with a 
decoupled gluino. One important difference is that in SUSY the coupling between the 
squarks and the neutralino χ is necessarily. The cross sec7on for squark pair produc7on through
t-channel exchange of DM is therefore negligible, 
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Mono-jet/s Searches at the LHC

Search for a jet with high transverse momentum pT recoiling against a DM pair, 
the latter which manifest itself as missing transverse momentum ET,miss

Ev
en

ts
 / 

G
eV

2−10

1−10

1

10

210

310

410

510

610
 (13 TeV)-135.9 fb

CMS Preliminary
monojet

Data

)+jetsννZ(

)+jetsνW(l

WW/WZ/ZZ

Top quark

+jetsγ(ll), γZ/

QCD

 = 125 GeV
H

Higgs invisible, m

 = 2.0 TeVmedAxial-vector, m

D
at

a 
/ P

re
d.

0.8
0.9

1
1.1
1.2

 [GeV]miss
TE

400 600 800 1000 1200 1400

σ
(D

at
a-

Pr
ed

.)

2−
0
2

(a) Mono-jet Emiss
T distribution [3] (b) Mono-jet event display. Jet (downward bars) is

balanced by Emiss
T (upward arrow), both 1TeV [4]

 [GeV]medm

200 400 600 800 1000 1200

 [
G

e
V

]
χ

m

0

50

100

150

200

250

300

350

400

450

500

χ

=2
m

m
ed

m

P
e
rt

u
rb

a
tiv

e
 li

m
it

ATLAS
-1=13 TeV, 36.1 fbs

Axial-vector mediator

Dirac DM

=0
l

g=1, 
χ

g=0.25, 
q

g

Observed 95% CL

theoσ 1±Observed 
Expected 95% CL

σ 1±Expected 
Relic density

(c) Mono-photon exclusion [6]

 [GeV]χm

10 210 310 410

]
2

-p
ro

to
n

) 
[c

m
χ

 (
S

D
σ

44−10

43−10

42−10

41−10

40−10

39−10

38−10

37−10

36−10

35−10

34−10 ATLAS
-1=13 TeV, 36.1 fbs

Exclusion at 90% CL

Axial-vector mediator

Dirac DM

=1
χ

g=0.25, 
q

g

Observed

PICO-60

LUX

(d) Mono-photon exclusion [6]

q

q̄
Z

0 h

A
�

�̄

(e) Mono-Higgs diagram

 [GeV]Z’m

500 1000 1500 2000 2500

 [
G

e
V

]
A

m

300

400

500

600

700

800

900

1000

h

 -
 m

Z
’

 =
 m

A

K
in

. 
lim

it 
: 
m

Observed limit

σ1±Expected limit 
-1s = 13 TeV, 3.2 fb 

ATLAS
-1 = 13 TeV, 36.1 fbs

, all limits at 95% CL
miss

T
h(bb) + E
Z’-2HDM

 = 100 GeV
χ

 = 0.8, m
Z

 = 1, gβtan

 = 300 GeV±H = mHm

(f) Mono-Higgs exclusion [7]

Figure 3: Mono-object analyses: mono-jet (top row), mono-photon (middle row), mono-Higgs (bottom
row).

3

Monojet ET,miss distribu2on

Ev
en

ts
 / 

G
eV

2−10

1−10

1

10

210

310

410

510

610
 (13 TeV)-135.9 fb

CMS Preliminary
monojet

Data

)+jetsννZ(

)+jetsνW(l

WW/WZ/ZZ

Top quark

+jetsγ(ll), γZ/

QCD

 = 125 GeV
H

Higgs invisible, m

 = 2.0 TeVmedAxial-vector, m

D
at

a 
/ P

re
d.

0.8
0.9

1
1.1
1.2

 [GeV]miss
TE

400 600 800 1000 1200 1400

σ
(D

at
a-

Pr
ed

.)

2−
0
2

(a) Mono-jet Emiss
T distribution [3] (b) Mono-jet event display. Jet (downward bars) is

balanced by Emiss
T (upward arrow), both 1TeV [4]

 [GeV]medm

200 400 600 800 1000 1200

 [
G

e
V

]
χ

m

0

50

100

150

200

250

300

350

400

450

500

χ

=2
m

m
ed

m

P
e
rt

u
rb

a
tiv

e
 li

m
it

ATLAS
-1=13 TeV, 36.1 fbs

Axial-vector mediator

Dirac DM

=0
l

g=1, 
χ

g=0.25, 
q

g

Observed 95% CL

theoσ 1±Observed 
Expected 95% CL

σ 1±Expected 
Relic density

(c) Mono-photon exclusion [6]

 [GeV]χm

10 210 310 410

]
2

-p
ro

to
n
) 

[c
m

χ
 (

S
D

σ

44−10

43−10

42−10

41−10

40−10

39−10

38−10

37−10

36−10

35−10

34−10 ATLAS
-1=13 TeV, 36.1 fbs

Exclusion at 90% CL

Axial-vector mediator

Dirac DM

=1
χ

g=0.25, 
q

g

Observed

PICO-60

LUX

(d) Mono-photon exclusion [6]

q

q̄
Z

0 h

A
�

�̄

(e) Mono-Higgs diagram

 [GeV]Z’m

500 1000 1500 2000 2500

 [
G

e
V

]
A

m

300

400

500

600

700

800

900

1000

h

 -
 m

Z
’

 =
 m

A

K
in

. 
lim

it 
: 
m

Observed limit

σ1±Expected limit 
-1s = 13 TeV, 3.2 fb 

ATLAS
-1 = 13 TeV, 36.1 fbs

, all limits at 95% CL
miss

T
h(bb) + E
Z’-2HDM

 = 100 GeV
χ

 = 0.8, m
Z

 = 1, gβtan

 = 300 GeV±H = mHm

(f) Mono-Higgs exclusion [7]

Figure 3: Mono-object analyses: mono-jet (top row), mono-photon (middle row), mono-Higgs (bottom
row).

3

Mono-jet event display. Jet (downward bars) is 
balanced by Etmiss (upward arrow), both 1TeV



Caveat: the probability to produce just one highly energe7c jet is rather low: 
Mono-jet searches therefore typically only impose a strict veto on events containing 

leptons, but do include events with several high pT jets.

Mono-jet/s Searches at the LHC  (cont’d)

v With increasing LHC center-of-mass energy searches become more and more inclusive. 
• ATLAS analysis allows up to 4 jets with pT > 30 GeV and pseudorapidity |η|< 2.8, while the 

leading (i.e.most energe7c) jet is required to have pT>250 GeV and|η|<2.4.
• CMS does not constrain the total number of jets at all and only requires that the leading jet 

sa7sfy pT>100 GeV and|η|<2.5.

v Is challenging to model distribu7ons with increasing number of jets and is necessary to 
use data-driven es7ma7on of backgrounds based on control regions

      e.g. pertinent background from pp àZ(àνν)+ jets can be inferred from analogous 
events in which the Z boson decays leptonically. 

v Detector effects (jet mismeasurement) also leads to events that appear to have 
unbalanced transverse momentum: such multi-jet backgrounds, however, are 
suppressed by requiring that the  pTmissvector does not point into the direction of any of 
the leading jets
    Background distribu7ons can be well described by these methods, but systema7c 
    uncertain7es remain a limi7ng factor,  hard to improve with more luminosity.
    BeZer understanding of EW correc7ons on the W+ jets to Z+ jets ra7o would be crucial
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Figure 7: Left: 95% CL exclusion contours in the m�–mA parameter plane. The solid (dashed) curve shows the
median of the observed (expected) limit, while the bands indicate the ±1� theory uncertainties in the observed
limit and ±1� range of the expected limit in the absence of a signal. The red curve corresponds to the expected
relic density. The region excluded due to perturbativity, defined by m� >

p
⇡/2 mA, is indicated by the hatched

area. Right: A comparison of the inferred limits to the constraints from direct detection experiments on the spin-
dependent WIMP–proton scattering cross section in the context of the Z0-like simplified model with axial-vector
couplings. Unlike in the m�–mA parameter plane, the limits are shown at 90% CL. The results from this analysis,
excluding the region to the left of the contour, are compared with limits from the XENON100 [96], LUX [97],
and PICO [98, 99] experiments. The comparison is model-dependent and solely valid in the context of this model,
assuming minimal mediator width and the coupling values gq = 1/4 and g� = 1.

9 Conclusions

In summary, results are reported from a search for new phenomena in events with an energetic jet and
large missing transverse momentum in proton–proton collisions at

p
s = 13 TeV at the LHC, based on

data corresponding to an integrated luminosity of 3.2 fb�1 collected by the ATLAS experiment in 2015.
The measurements are in agreement with the SM predictions.

The results are translated into model-independent 95% confidence-level upper limits on � ⇥ A ⇥ ✏ in the
range 553–19 fb, depending on the selection criteria considered. The results are presented in terms of
lower limits on the fundamental Planck scale, MD, versus the number of extra spatial dimensions in the
ADD LED model. Values of MD below 6.58 TeV at n = 2 and below 4.31 TeV at n = 6 are excluded
at 95% CL. Similarly, the results are interpreted in terms of the search for squark pair production in a
compressed supersymmetric scenario. In the case of stop and sbottom pair production with t̃1 ! c + �̃0

1
and b̃1 ! b + �̃0

1, respectively, squark masses below 323 GeV are excluded at 95% CL. In the case of
squark pair production with q̃ ! q + �̃0

1 (q = u, d, c, s) squark masses below 608 GeV are excluded.
Altogether, these results extend the exclusion from previous analyses at the LHC.

Finally, the results are interpreted in terms of upper limits on the pair-production cross section of WIMPs.
A simplified model is used with an axial-vector mediator, given couplings to fermions g� = 1 and
gq = 1/4, and considering Dirac fermions as dark matter candidates. Mediator masses below 1 TeV
are excluded at 95% CL for WIMP masses below 250 GeV. These results are translated, in a model-
dependent manner, into upper limits on spin-dependent contributions to the WIMP–nucleon elastic cross
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Vector  and axial vector mediators, s-channel

the observed and expected 95% CL exclusion limits as a function of the sbottom mass and the sbottom–
neutralino mass di↵erence for the b̃1 ! b + �̃0

1 decay channel. In the scenario with mb̃1
� m�̃0

1
⇠ mb, this

analysis extends the 95% CL exclusion limits up to a sbottom mass of 323 GeV. Similarly, Fig. 6 (right)
presents the observed and expected 95% CL exclusion limits as a function of the squark mass and the
squark–neutralino mass di↵erence for q̃! q+ �̃0

1 (q = u, d, c, s). In the compressed scenario with similar
squark and neutralino masses, squark masses below 608 GeV are excluded at 95% CL. These results
significantly extend previous exclusion limits [10, 93, 94].
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ATLAS Collaboration at

p
s = 8 TeV [10].

8.3 Weakly interacting massive particles

The results are translated into exclusion limits on the WIMP pair-production, assuming the exchange
of an axial-vector mediator in the s-channel. For on-shell WIMP pair-production, where mA > 2m�,
typical A⇥ ✏ values for the signal models with a 1 TeV mediator range from 25% to 2% for IM1 and IM7
selections, respectively.

The e↵ect of experimental uncertainties related to jet and Emiss
T scales and resolutions is found to be sim-

ilar to the e↵ect in the ADD model. The uncertainty related to the modeling of the initial- and final-state
radiation translates into ±20% uncertainty in the acceptance and is neglected for the cross section. The
choice of di↵erent PDF sets results in up to ±20% uncertainty in the acceptance and ±10% uncertainty
in the cross section. Varying the renormalization and factorization scales introduces ±5% variations of
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(left) the decay channel b̃1 ! b+�̃0

1 and (right) q̃! q+�̃0
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indicate the range of observed limits corresponding to ±1� variations of the NLO SUSY cross-section predictions.
The shaded area around the expected limit indicates the expected ±1� ranges of limits in the absence of a signal.

the cross section and a ±3% change in the acceptance. In addition, the uncertainty in the integrated
luminosity is included.

Figure 7 (left) shows the observed and expected 95% CL exclusion limits in the m�–mA parameter plane
for a simplified model with an axial-vector mediator, Dirac WIMPs, and couplings gq = 1/4 and g� = 1.
A minimal mediator width is assumed. In addition, observed limits are shown using ±1� theoretical
uncertainties in the signal cross sections. In the on-shell regime, the models with mediator masses up
to 1 TeV are excluded. This analysis loses sensitivity to the models in the o↵-shell regime, where the
decay into a pair of WIMPs is kinematically suppressed. The perturbative unitarity is violated in the
parameter region defined by m� >

p
⇡/2 mA [95]. The masses corresponding to the correct relic density

as measured by the Planck and WMAP satellites [35, 36], in the absence of any interaction other than the
one considered, are indicated in the figure as a line that crosses the excluded region at mA ⇠ 880 GeV and
m� ⇠ 270 GeV. The region towards lower WIMP masses or higher mediator masses corresponds to dark
matter overproduction. On the opposite side of the curve, other WIMP production mechanisms need to
exist in order to explain the observed dark matter relic density.

In Fig. 7 (right) the results are translated into 90% CL exclusion limits on the spin-dependent WIMP–
proton scattering cross section as a function of the WIMP mass, following the prescriptions explained
in Refs. [41, 42], and are compared to results from the direct-detection experiments XENON100 [96],
LUX [97], and PICO [98, 99]. This comparison is model-dependent and solely valid in the context of
this particular Z0-like model. In this case, stringent limits on the scattering cross section of the order of
10�42 cm2 up to WIMP masses of about 300 GeV are inferred from this analysis, and complement the re-
sults from direct-detection experiments for m� < 10 GeV. The loss of sensitivity in models where WIMPs
are produced o↵-shell is expressed by the turn of the exclusion line, reaching back to low WIMP masses
and intercepting the exclusion lines from the direct-detection experiments at around m� = 80 GeV.
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5.5 Nonthermal dark matter interpretation 17

Figure 11: Exclusion limits at 95% CL on the µ = s/sth in the mmed–mDM plane assuming vector
(left) and axial-vector (right) mediators. The solid (dotted) red (blue) line shows the contour
for the observed (expected) exclusion. The solid contours around the observed limit and the
dashed contours around the expected limit represent one standard deviation due to theoretical
uncertainties in the signal cross section and the combination of the statistical and experimental
systematic uncertainties, respectively. Constraints from the Planck satellite experiment [86] are
shown with the dark blue contours. DM is overabundant in the shaded area.
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Figure 13: Exclusion limits at 90% CL in the mDM vs. sSI/SD plane for vector (left) and axial-
vector (right) mediator models. The solid red (dotted black) line shows the contour for the
observed (expected) exclusion in this search. Limits from CDMSLite [89], LUX [90], PandaX-
II [91], and CRESST-II [92] experiments are shown for the vector mediator. Limits from Pi-
casso [93], PICO-60 [94], IceCube [95], and Super-Kamiokande [96] experiments are shown for
the axial-vector mediator.

 [GeV]DMm
10 210

/s
)

3
 v

 >
 (c

m
σ<

31−10

30−10

29−10

28−10

27−10

26−10

25−10

CMS exp. 90% CL

CMS obs. 90% CL

FermiLAT

 (13 TeV)-135.9 fb

CMS Preliminary

Pseudoscalar med, Dirac DM
 = 1

DM
 = 1, g

q
g

Figure 14: For the pseudoscalar mediator, limits are compared to the the velocity averaged DM
annihilation cross section upper limits from Fermi-LAT [88]. There are no comparable limits
from direct detection experiments as the scattering cross section between DM particles and SM
quarks is suppressed at nonrelativistic velocities for a pseudoscalar mediator [97, 98].

18 5 Results and interpretation

 [GeV]DMm
1 10 210 310

]2
 [c

m
D

M
-n

uc
le

on
SI

σ

47−10

46−10

45−10

44−10

43−10

42−10

41−10

40−10

39−10

38−10

37−10

36−10

35−10

34−10

33−10

32−10

31−10

CMS exp. 90% CL

CMS obs. 90% CL

LUX

CDMSLite

Panda-X II

CRESST-II

 (13 TeV)-135.9 fb

CMSPreliminary
 = 1

DM
 = 0.25, g

q
Vector med, Dirac DM, g

 [GeV]DMm
1 10 210 310

]2
 [c

m
DM

-p
ro

to
n

SD
σ

45−10

44−10

43−10

42−10

41−10

40−10

39−10

38−10

37−10

36−10

35−10

34−10

33−10

32−10

31−10

30−10

29−10

28−10

CMS exp. 90% CL
CMS obs. 90% CL
PICO-60
Picasso

bIceCube b
tIceCube t
bSuper-K b

 (13 TeV)-135.9 fb

CMSPreliminary
 = 1

DM
 = 0.25, g

q
Axial med, Dirac DM, g

Figure 13: Exclusion limits at 90% CL in the mDM vs. sSI/SD plane for vector (left) and axial-
vector (right) mediator models. The solid red (dotted black) line shows the contour for the
observed (expected) exclusion in this search. Limits from CDMSLite [89], LUX [90], PandaX-
II [91], and CRESST-II [92] experiments are shown for the vector mediator. Limits from Pi-
casso [93], PICO-60 [94], IceCube [95], and Super-Kamiokande [96] experiments are shown for
the axial-vector mediator.

 [GeV]DMm
10 210

/s
)

3
 v

 >
 (c

m
σ<

31−10

30−10

29−10

28−10

27−10

26−10

25−10

CMS exp. 90% CL

CMS obs. 90% CL

FermiLAT

 (13 TeV)-135.9 fb

CMS Preliminary

Pseudoscalar med, Dirac DM
 = 1

DM
 = 1, g

q
g

Figure 14: For the pseudoscalar mediator, limits are compared to the the velocity averaged DM
annihilation cross section upper limits from Fermi-LAT [88]. There are no comparable limits
from direct detection experiments as the scattering cross section between DM particles and SM
quarks is suppressed at nonrelativistic velocities for a pseudoscalar mediator [97, 98].

5.5 Nonthermal dark matter interpretation 17

Figure 11: Exclusion limits at 95% CL on the µ = s/sth in the mmed–mDM plane assuming vector
(left) and axial-vector (right) mediators. The solid (dotted) red (blue) line shows the contour
for the observed (expected) exclusion. The solid contours around the observed limit and the
dashed contours around the expected limit represent one standard deviation due to theoretical
uncertainties in the signal cross section and the combination of the statistical and experimental
systematic uncertainties, respectively. Constraints from the Planck satellite experiment [86] are
shown with the dark blue contours. DM is overabundant in the shaded area.
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Mono-V (γ,Z,W) Searches at the LHC

Similar to mono-jet, DM is produced with  a vector boson radiated off a quark in the ini=al state

The corresponding cross sec=on is significantly smaller than for QCD radia=on,      

BUT, 

the process is much cleaner & can therefore be searched for with higher sensi=vity. 

If  DM couples directly to a pair of gauge bosons, mono-V processes 
may in fact be the dominant way in which DM is produced at the LHC.

Mono-Photon

• Mono-photon searches are among the conceptually simplest searches for DM
• Require only the presence of a high pT photon and no isolated leptons.

 Although both detector effects (for example electron or jet misidentification) and 
beam-induced events can potentially fake mono-photon events, background levels 
are typically very low and  experimental sensitivity is limited only by statistics



v

stringent expected limits to be set than in any of the inclusive signal regions.

The results are presented for both the axial-vector and vector mediators using di↵erent couplings to show
the complementarity to the direct searches in X + Emiss

T events and the searches looking for the mediator,
such as dijet or dilepton resonance searches, as recommended in Ref. [74]. Four models are considered
with di↵erent mediators and di↵erent couplings to quarks, to DM particles, and to leptons, and these
models are summarised in Table 8. As the choices of mediators and of couplings only a↵ect the signal
cross section and not the acceptance for signal events, the events generated for the axial-vector mediator
with gq = 0.25, g� =1 and g` = 0 (model A1), described in Section 3, can be re-scaled in order to obtain
results for the other three models.

When placing limits in specific models, the signal-related systematic uncertainties estimated as described
in Section 8 a↵ecting A ⇥ ✏ (PDF, scales, initial- and final-state radiation) are included in the statistical
analysis, while the uncertainties a↵ecting the cross section (PDF, scales) are indicated as bands around
the observed limits and written as �theo.

Simplified models with explicit mediators are valid for all values of momentum transfer in pp colli-
sions [10]. Figure 4 (top left) shows the observed and expected contours corresponding to a 95% CL
exclusion as a function of mmed and m� for the simplified model A1. The region of the plane under the
limit curves is excluded. The region not allowed due to perturbative unitarity violation is to the left of the
line defined by m� =

p
⇡/2mmed [75]. The line corresponding to the DM thermal relic abundance meas-

ured by the Planck collaboration [76] is also indicated in the figure; it is obtained as detailed in Ref. [74].
Figure 4 (top right) shows the contours for the A2 model, while Figure 4 (bottom left) and (bottom right)
show the contours for the V1 and V2 models, respectively. The search excludes mediator masses below
the values reported in Table 8 for � masses below the values reported in the same table. The limits for
the model A1 are more stringent than the limits obtained with the 2015 data only [17], which excluded
mediator masses below 710 GeV for � masses below 150 GeV.

Table 8: Observed limits at 95% CL on the mediator mass and the DM particle mass for the four models considered.
The mediators and couplings to quarks, to dark-matter particles and to leptons are specified for each model.

Model Mediator gq g� g` Limit on mmed [GeV] Limit on m� [GeV]
for low m� reaching as high as

A1 axial-vector 0.25 1 0 1200 340
A2 axial-vector 0.1 1 0.1 750 230
V1 vector 0.25 1 0 1200 480
V2 vector 0.1 1 0.01 750 320

Figure 5 (left) shows the contours corresponding to a 90% CL exclusion translated into the plane of
�–proton spin-dependent (SD) scattering cross sections vs. m� for the axial-vector mediator model A1.
Bounds on the �–proton cross section are obtained following the procedure described in Ref. [77], as-
suming that the axial-vector mediator with couplings as in A1 is solely responsible for both collider �
pair production and for �–proton scattering. In this plane, a comparison with the result from direct DM
searches [78, 79] is possible. The limit placed in this search extends to arbitrarily low values of m�, as
the acceptance at lower mass values is the same as the one at the lowest m� value shown here. The search
provides stringent limits on the scattering cross section of the order of 10�42cm2 up to m� masses of about
300 GeV. These results allow complementary limits to be set on the �–proton scattering cross section in
the low DM mass region where the direct DM search experiments have less sensitivity due to the very
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low energy recoils that such low-mass dark-matter particles would induce. Figure 5 (right) shows the
limit contours in the plane of the �–nucleon spin-independent (SI) scattering cross section vs. m� for the
vector mediator model V1 compared with results of direct DM searches [80–83]. In this case the limit on
the scattering cross section is of the order of 10�41cm2 up to m� masses of about 500 GeV.
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Figure 4: The observed and expected 95% CL exclusion contours for a simplified model of dark-matter production
involving an axial-vector operator, Dirac DM and couplings gq = 0.25, g� = 1 and g` = 0 as a function of the
dark-matter mass m� and the mediator mass mmed (upper left). The plane under the limit curve is excluded. The
same is shown for an axial-vector operator with couplings gq = 0.1, g� = 1 and g` = 0.1 (top right), for a vector
operator with couplings gq = 0.25, g� =1 and g` = 0 (bottom left) and for a vector operator with couplings gq = 0.1,
g� = 1 and g` = 0.01 (bottom right). The region on the left is excluded by the perturbative limit which is relevant
for axial-vector mediators [77]. The relic density curve [74, 76] is also shown: at higher mediator masses, the DM
would be overabundant; at lower values, it would be underabundant; for the axial-vector scenario shown in the
upper right figure, the region above the relic density curve at high dark-matter masses is also overabundant.

In the case of the model of ����̄ interactions, lower limits are placed on the e↵ective mass scale M⇤ as
a function of m�, as shown in Figure 6. In this model, which presents a hard Emiss

T spectrum, the signal
events mainly contribute to the Emiss

T > 300 GeV bin. The search excludes model values of M⇤ up to
about 790 GeV, which is a more stringent limit than the one placed in earlier searches [17]. The EFT
description is not always valid at these scales. The e↵ect of the truncation for two representative values of
the EFT coupling, g⇤, is shown in the same figure, assuming that the scale at which the EFT description
becomes invalid (Mcut) is related to M⇤ through Mcut = g⇤M⇤. For the maximal coupling value of 4⇡, the
truncation has almost no e↵ect; for lower coupling values, the exclusion limits are confined to a smaller
area of the parameter space.
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Figure 5: The 90% CL exclusion limit on the �–proton scattering cross section in a simplifed model of dark-matter
production involving an axial-vector operator, Dirac DM and couplings gq = 0.25, g� = 1 and g` = 0 as a function
of the dark-matter mass m�. Also shown are results at 90% CL from two direct dark-matter search experiments [78,
79] (left). The 90% CL exclusion limit on the �–nucleon scattering cross section in a simplifed model of dark-matter
production involving a vector operator, Dirac DM and couplings gq = 0.25, g� = 1 and g` = 0 as a function of the
dark-matter mass m� (right); also shown are results at 90% CL from four direct dark-matter search experiments [80–
83].
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Complementary limits to be set on the χ–proton sca4ering cross sec6on in the low 
DM mass region where the direct DM search experiments have less sensi6vity due 
to the very low energy recoils that such low-mass dark-matter particles would induce



• Z bosons decaying into a lepton pair (e-e- or μ+μ-) yield a very clean signal  
  -- Require the transverse momentum of the di-lepton system  to be opposite in    
      azimuthal direc?on & similar in magnitude to the missing transverse momentum 
  -- Require the di-lepton invariant mass to be  close to the Z boson mass, 
 èsuppress backgrounds, besides the irreducible backgrounds from di-boson     
      produc?on with a Z decaying invisibly (Z à νν)

•  W bosons decaying  leptonically, the neutrino adds to the missing transverse   
momentum and one obtains a so-called mono-lepton event. 

 è  experimental signature almost iden?cal to the leptonic decay of an off-shell W      
        -- background suppression is challenging and requires an accurate es?mate of               
        the transverse mass distribu?on --

Mono-Z and Mono-W 

• Hadronically decaying W or Z boson in associa?on with missing transverse 
momentum. Similar to mono-jet searches but use a larger distance 
parameter for the leading jet and employ addi?onal criteria such as 
requiring the mass of the fat jet to be consistent with a W or Z boson.



 
Mono-Higgs

   Searches for H à b̄b  and γγ Higgs in a Z’ 2HDM  (addi6onal U(1) & Higgs  doublet) 

• In the b̄b final state, (chosen for its BR (Hàb̄b ) ~ 60% ), background rejec6on is crucial
      Uses new techniques developed to iden2fy Higgs bosons with high pT.  
      è SM Higgs boson produced with sufficiently high transverse momentum   such that             
           the two b-jets from its decay merge into a single fat jet.

e.g., ATLAS à MET > 500 GeV in a single fat jet 
with R= 1.0;  pT > 250 GeV  containing two
 b-tagged sub-jets with R= 0.2 
(High b tagging efficiency of 40 %)
      
The dominant backgrounds (]̄ and Z, W+ jets) are 
non-resonant, so that the invariant mass  of the 
fat jet can be used to discriminate signal from 
background.  (s6ll sta6s6cally limited)
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(c) Mono-photon exclusion [6]
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Figure 3: Mono-object analyses: mono-jet (top row), mono-photon (middle row), mono-Higgs (bottom
row).
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Mono-Higgs

   Searches for H à b̄b  and γγ Higgs in a Z’ 2HDM  (addi7onal U(1) & Higgs  doublet) 

•  In the γγ final state, backgrounds are very small and hence only a rela7vely loose 
cut on MET  is necessary (e.g. CMS search requires  MET >105 GeV). 

      Searches profit of the excellent resolu7on in the mγγ to suppress non-resonant     
      backgrounds from SM processes with mis-measured MET . (only sta7s7cally lim.)
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separately for the h ! bb (left) and h ! gg (right) decay channels, and for mA = 300–800 GeV
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The exclusion expected and observed  
95% CL limits on the signal strength for 

Combined  h→bb and h→γγ, for 
mA= 300–800 GeV  and fixed mχ=100 GeV, 
tanβ= gχ =1. σth is calculated for gZʹ=0.8.



Searches for Dark Ma.er mediators

Examples: spin-1 mediator in di-jet.

ATLAS/CMS  developed new techniques to lower the threshold on di-jet invariant mass
Abundant jet producGon limits amount of events with two or more jets one can save to disk.

The last topic in this proceedings is the the Higgs boson. The Higgs boson has long been a playground
for new theoretical ideas [10]; due to its unique spin-0 status, it has been a stand-in boson for a number
of portals to new sectors [11], including the dark matter sector. One idea is to search for an observable
O(1–10%) amount of the branching fraction (Binv) of the Higgs boson decaying to invisible final states.‡

Of the currently established production modes of the Higgs boson, the vector boson fusion (VBF) produc-
tion gives the best sensitivity on the upper limit on Binv [12]. One of the major experimental challenges for
this analysis is the trigger, where either a large value of Emiss

T , two widely-separated high-pT jets, or both are
required. On ATLAS, the result relied on the lowest threshold Emiss

T requirement at the level-1 calorimeter
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(b) Overlay of axial-vector mediator exclusions from dijet and mono-object searches [9]

Figure 4: Di-jet analyses (top) and overlay of axial-vector mediator exclusions (bottom).

‡The Higgs boson does have a tiny invisible branching fraction at less than 0.1% from H ! ZZ⇤ ! ⌫⌫⌫⌫.
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Figure 2: Cartoons to help explain the parametrization (a) and the results (b, c, d).

2 Mono-object searches for dark matter

Mono-object† analyses are considered the most model-independent searches for dark matter at the LHC.
The targeted interaction is pp ! ��+X, where the X represents the “mono” system of observable particles
recoiling against the DM pair, ��. A list for X is, generally speaking, a system composed of jets, photons,
weak bosons, Higgs bosons, or heavy flavor quarks (b and t), although this list has been growing recently with
the increasing number of theoretical ideas. In this section, three analyses are mentioned to capture the spirit
of mono-object searches: the canonical mono-jet analysis and analyses of mono-photon and mono-Higgs.

The mono-jet search looks for a jet recoiling against a DM pair, the latter which manifest itself as Emiss
T .

Figure 3a shows the Emiss
T distribution, where the stacked histogram of background processes is overlaid

on various signal models depicted as thick lines. In the plot, it is notable that the Emiss
T distribution for

the signal model for the axial-vector mediator of 2TeV mass is flatter than that of the backgrounds, so the
signal-to-background ratio (S-to-B) increases with Emiss

T . At lower values of around 200GeV the ratio is
O(10�3) and reaches O(10�1) around 800GeV. The small ratios are due to the relatively high cross section
values of the production of single weak bosons in association with a hard jet. For this reason, the Emiss

T
o✏ine selection in these analyses, which are around 200GeV [3], are generally higher than the lowest online
trigger requirement at around 150GeV [5]. Figure 3b shows the event display of one such event with a Emiss

T
of around 1TeV; the jet with pT of 1TeV is not balanced by anything opposite it in the r-� cutaway.

The mono-photon search, with a lower expected cross-section with respect to the mono-jet, follows a
similar analysis strategy as described above. As discussed in Section 1 and Figure 2a, two of the parameters
must be fixed in order to exclude a region defined by a curve in a two-dimensional plane. Figure 3c interprets
the null result by excluding a region in the mmed-mDM plane at 90% confidence level assuming the coupling
values of gq = 0.25 and gDM = 1 in the Dirac DM model with an axial-vector mediator [6]. As described in
the introduction, the null result can also be interpreted as a region of exclusion in the mDM-�sd

DM-p plane by

trading mmed for �sd
DM-p using Equation 1.

The mono-Higgs search involves the s-channel production of the dark matter mediator A and a Higgs
boson; the propagator here is another mediator Z 0. Figure 3e shows the Feynman diagram for the process.
Experimentally, the decay channel of H ! bb is chosen for its large branching ratio (around 60%) and is
fully visible to the detector. A relatively new technique of “boosted jets” is used, wherein the high value
of the Higgs boson pT merges the two b-quark jets within a radius (in the ⌘-� plane) of 2mH/pT [7]. The

†It should be noted that the nomenclature of “mono-” is historical because early searches were focused on mono-jet, where
one jet is recoiling against the DM pair. Nowadays it is broadly construed as any system of observable particles recoiling against
the DM pair, so it is a bit of an anachronistic misnomer that we are stuck with.
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Squark and Gluinos decaying to DM
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Figure 1: The decay topologies of (a,b,c) squark pair production and (d, e, f, g) gluino pair production in the
simplified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

For the generation of tt̄ and single-top processes in the Wt and s-channel [48], the Powheg-Box v2 [49]
generator was used, while electroweak (EW) t-channel single-top events was modeled using Powheg-Box
v1. This latter generator uses the four-flavor scheme for the NLO matrix-element calculations together
with the fixed four-flavor PDF set CT10f4 [50]. For each of these processes, the decay of the top quark was
simulated using MadSpin [51] preserving all spin correlations, while for all processes the parton shower,
fragmentation, and the underlying event were generated using Pythia 6.428 [52] with the CTEQ6L1 [53]
PDF set and the corresponding Perugia 2012 tune (P2012) [54]. The top quark mass was set to 172.5 GeV.
The hdamp parameter, which controls the pT of the first additional emission beyond the Born configuration,
was set to the mass of the top quark in the tt̄ process. The main e↵ect of this parameter is to regulate the
high-pT emission against which the tt̄ system recoils [48]. The tt̄ events were normalized using cross-
sections calculated at NNLO+NNLL [55, 56] accuracy, while s- and t-channel single-top events were
normalized using the NLO cross-sections [57, 58], and the Wt-channel single-top events were normalized
using the NNLO+NNLL cross-sections [59, 60]. Production of a top quark in association with a Z boson
is generated with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set.

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [61], the MG5_aMC@NLO 2.2.3 generator at LO
interfaced to the Pythia 8.186 parton-shower model was used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one
(tt̄ + Z(! ``)) or no (tt̄ +WW) extra partons included in the matrix element. The events were normalized
using their respective NLO cross-sections [62, 63] and the top quark mass was set to 172.5 GeV.

Diboson processes (WW, WZ, ZZ) [64] were simulated using the Sherpa 2.1.1 generator. For processes
with four charged leptons (4`), three charged leptons and a neutrino (3`+1⌫) or two charged leptons and
two neutrinos (2`+2⌫), the matrix elements contain all diagrams with four electroweak couplings, and
were calculated for up to one (4`, 2`+2⌫) or no partons (3`+1⌫) at NLO. For processes in which one
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Searches for missing energy plus various numbers of jets put bounds on squark and/or 
gluino (“colored sibling”) produc?on.
• Gluinos decay to two jets + WIMP
• Squarks into one jet + WIMP [Assuming degenerate “light” squarks]

These are important constraints on SUSY. 
The specific message for dark maPer depends 
very much on the model parameters

Quark/Gluinos mya have direct or one-step 
decays adding complexity to the searches
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Figure 13: Exclusion limits for direct production of (a) first- and second-generation squark pairs with decoupled
gluinos and (b) gluino pairs with decoupled squarks. Gluinos (first- and second-generation squarks) are required
to decay to two quarks (one quark) and a neutralino LSP. Exclusion limits are obtained by using the signal region
with the best expected sensitivity at each point. Expected limits from the Me↵- and RJR-based searches separately
are also shown for comparison. The blue dashed lines show the expected limits at 95% CL, with the light (yellow)
bands indicating the 1� excursions due to experimental and background-only theoretical uncertainties. Observed
limits are indicated by medium dark (maroon) curves where the solid contour represents the nominal limit, and the
dotted lines are obtained by varying the signal cross-section by the renormalization and factorization scale and PDF
uncertainties. Results are compared with the observed limits obtained by the previous ATLAS searches with jets,
missing transverse momentum, and no leptons [11].

In the absence of a statistically significant excess, limits are set on contributions to the SRs from BSM
physics. Upper limits at 95% CL on the number of BSM signal events in each SR and the corresponding
visible BSM cross-section are derived from the model-independent fits described in Section 5 using the
CLS prescription. Limits are evaluated using MC pseudo-experiments. The results are presented in
Tables 5 and 6.

The model-dependent fits in all the SRs are used to set limits on specific classes of SUSY models. The
two searches presented in this paper are combined such that the final observed and expected 95% CL
exclusion limits are obtained from the signal regions with the best expected CLS value.

In Figure 13, limits are shown for two classes of simplified models in which only direct production of
first- and second-generation mass-degenerate squark or gluino pairs are considered. Limits are obtained
by using the signal region with the best expected sensitivity at each point. In these simplified-model
scenarios, the upper limit of the excluded first- and second-generation squark mass region is 1.55 TeV
assuming massless �̃0

1, as obtained from the signal region RJR-S4. The corresponding limit on the gluino
mass is 2.03 TeV, if the �̃0

1 is massless, as obtained from the signal region Me↵-4j-3000. The best
sensitivity in the region of parameter space where the mass di↵erence between the squark (gluino) and
the lightest neutralino is small, is obtained from the dedicated RJR-C signal regions. In these regions with
very compressed spectra and where the mass di↵erence is less than 50 GeV, squark (gluino) masses up to
650 GeV (1 TeV) are excluded.

In Figure 14, limits are shown for pair-produced first- and second-generation squarks or gluinos each
decaying via an intermediate �̃±1 to a quark (for squarks) or two quarks (for gluinos), a W boson and a �̃0

1.
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Figure 13: Exclusion limits for direct production of (a) first- and second-generation squark pairs with decoupled
gluinos and (b) gluino pairs with decoupled squarks. Gluinos (first- and second-generation squarks) are required
to decay to two quarks (one quark) and a neutralino LSP. Exclusion limits are obtained by using the signal region
with the best expected sensitivity at each point. Expected limits from the Me↵- and RJR-based searches separately
are also shown for comparison. The blue dashed lines show the expected limits at 95% CL, with the light (yellow)
bands indicating the 1� excursions due to experimental and background-only theoretical uncertainties. Observed
limits are indicated by medium dark (maroon) curves where the solid contour represents the nominal limit, and the
dotted lines are obtained by varying the signal cross-section by the renormalization and factorization scale and PDF
uncertainties. Results are compared with the observed limits obtained by the previous ATLAS searches with jets,
missing transverse momentum, and no leptons [11].

In the absence of a statistically significant excess, limits are set on contributions to the SRs from BSM
physics. Upper limits at 95% CL on the number of BSM signal events in each SR and the corresponding
visible BSM cross-section are derived from the model-independent fits described in Section 5 using the
CLS prescription. Limits are evaluated using MC pseudo-experiments. The results are presented in
Tables 5 and 6.

The model-dependent fits in all the SRs are used to set limits on specific classes of SUSY models. The
two searches presented in this paper are combined such that the final observed and expected 95% CL
exclusion limits are obtained from the signal regions with the best expected CLS value.

In Figure 13, limits are shown for two classes of simplified models in which only direct production of
first- and second-generation mass-degenerate squark or gluino pairs are considered. Limits are obtained
by using the signal region with the best expected sensitivity at each point. In these simplified-model
scenarios, the upper limit of the excluded first- and second-generation squark mass region is 1.55 TeV
assuming massless �̃0

1, as obtained from the signal region RJR-S4. The corresponding limit on the gluino
mass is 2.03 TeV, if the �̃0

1 is massless, as obtained from the signal region Me↵-4j-3000. The best
sensitivity in the region of parameter space where the mass di↵erence between the squark (gluino) and
the lightest neutralino is small, is obtained from the dedicated RJR-C signal regions. In these regions with
very compressed spectra and where the mass di↵erence is less than 50 GeV, squark (gluino) masses up to
650 GeV (1 TeV) are excluded.

In Figure 14, limits are shown for pair-produced first- and second-generation squarks or gluinos each
decaying via an intermediate �̃±1 to a quark (for squarks) or two quarks (for gluinos), a W boson and a �̃0

1.
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3rd Generation squarks decaying to DM

• Naturalness would suggest SUSY would like light(ish) stops. 
     The Higgs mass is calculable and put constrains stop parameter space. In the minial  
     model (MSSM) this suggests that at least one stop should be in the TeV region or          
     higher . Extended models (NMSSM) significantly relax bounds on stop sector
• Searches for stops are starFng to reach 600-700 GeV, and carving out the natural 

regions of supersymmetry



Producing SUSY DM directly at the LHC
Limits on chargino-neutralino pair
produc4on with decays via sleptons

Limits on chargino-neutralino pair
produc4on with decays via W/Z/H

Broad variety of searches 
with specific 

model assump6ons



NMSSM and blind spots



Light Dark Matter 
  < GeV model Building

DM must be a SM singlet 
 (else would have been discovered (LEP...)
Freeze out needs new forces
DM overproduced unless there are light new “mediators”

< GeV  Model Building

6

f

f

Z

⌫

⌫

⌫

�

�

�f

f

f

f

�

�

W,Z

f

f

DM overproduced unless there are light new “mediators”

DM must be a SM singlet 
Else would have been discovered (LEP…)

Even if it weren’t, freeze out still  needs new forces

Simplicty: can’t use higher dimension operators

�v ⇠
↵2m2

�

m4
Z

⇠ 10�29cm3s�1
⇣ m�

GeV

⌘2

Lee/Weinberg ‘79

Requires renormalizable interactions
21observables signatures of Hidden Sector Light DM will depend on the type of force 

between DM & SM ma=er, and the nature of the DM coupling to that force 

Lighter scales can be derived from v via loops or mixing

Why the MeV-GeV range?

Especially since lighter scales can be derived from v

via loops or mixings GeV2 ⇠ ↵v2

16⇡2

e.g. hidden sector only feels SUSY breaking through mixing 
with MSSM (Morrissey, Poland, Zurek arXiv:0904.2567)

WIMPs are natural if DM has  ~ O(1) coupling to EWSB
< GeV scale arises if coupling is << O(1) 

Look both above and below!

Weak scale is still mysterious (Hierarchy problem…)

20



Back to Simplified Models 
Already introduced models for (axial) vector mediator and (pseudo) scalar mediator, 
without specifying how the mediator coupling to SM matter arises
v high-energy SM extensions open up such options, e.g. , 
     vector couplings to anomalous SM global symmetries like B or L number; 
     chiral couplings with non-zero gf

A  from Z-mixing models, extended Higgs sectors

Consider  the unique renormalizable interactions of an SM-neutral boson compatible
with all SM symmetries

v

scenarios) [19–22]. Each of these mechanisms implies sharp targets in coupling space, which
are strikingly compatible with the (broad) expectations for radiatively generated portal
couplings, and in many cases, experimentally accessible.

The natural mass range for hidden-sector DM is broader than for WIMPs, but still in
the vicinity of Standard Model mass scales — from about 100 TeV down to keV masses
or perhaps even lower. If the physics that generates the weak scale couples to the hidden
sector only through the portal interaction, it is natural for hidden sector matter to be
parametrically lighter than the weak scale [11, 12, 23, 24]. Alternately, the hidden sector
mass scale may arise from confinement of a hidden gauge group. It has long been argued
that supersymmetry breaking (or other mechanism responsible for generating weak-scale
masses) could also generate masses for many hidden-sector particles, triggering a confining
phase transition in the broad vicinity of the weak scale.

The high-mass parameter space for hidden-sector DM, above several GeV, overlaps WIMP
parameter space and has similar phenomenology. In contrast, the low-mass parameter space
for hidden-sector DM, below a few GeV DM mass, is not well explored by traditional WIMP
searches and motivates new experimental strategies for detection. This low-mass region also
opens up the possibility of cosmologically significant DM self-interactions, and also enables
new mechanisms for quasi-thermal DM production.

1. Benchmark Models of Hidden-Sector DM

The observable signatures of hidden sector DM are dictated by the type of new force
coupling the DM to familiar matter, and the nature of the DM coupling to this force.

a. Mediators and their SM Couplings A new force can be mediated by a vector or
scalar boson, which may couple to the SM in a variety of ways. A useful characterization of
these interactions is by the following simplified models:

LV � Vµf̄(g
V
f �µ + aV

f �µ�5)f (1)

LS � f̄(gS
f + �5a

S
f )f� (2)

for (axial) vector mediator Vµ or (pseudo)-scalar mediator �.
The structure of the couplings gf and af depends on how the mediator coupling to familiar

matter arises. Two important special cases are the “horizontal portals” — the unique
renormalizable interactions of an SM-neutral boson compatible with all SM symmetries are
[25–27]:

L �
(
� ✏

2 cos ✓W
Bµ⌫F 0µ⌫ vector portal ) gV

f ⇡ ✏eqf

(µ� + ��2)H†H Higgs portal ) gS
f = µmf/m2

h,
(3)

where Bµ⌫ , F 0
µ⌫ ⌘ @µA0

⌫ � @⌫A0
µ are the hypercharge and dark U(1)D vector boson field

strengths, eqf the electric charge of each SM particle, H is the Higgs doublet, mf the mass
of fundamental fermion f , and mh the SM Higgs mass.

While these are justifiably emphasized as benchmark models, high-energy extensions of
the Standard Model readily open up the more general parameter space of (1) and (2) —
for example, vector couplings to anomalous global symmetries of the SM like baryon or
lepton number; chiral couplings with non-zero aV from Z-mixing or “e↵ective Z 0” models;
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Bμν, F’μν à U(1)Y , U(1)DM1

e qf  à SM electric chargesWhat Kind of Mediator?

New scalar mediator 
mixing w/ Higgs

mixing w/ photon
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Must also be neutral under SM 

New vector mediator A’

Can also charge both DM & SM under new gauge group
(very similar pheno, typically needs more particles)
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What Kind of Mediator?

New scalar mediator 
mixing w/ Higgs

mixing w/ photon
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Must also be neutral under SM 

New vector mediator A’

Can also charge both DM & SM under new gauge group
(very similar pheno, typically needs more particles)

✏F 0
µ⌫F

µ⌫

✏ �H†H

22ε small enough to have escaped detection, still induce right relic DM density 

New scalar mediator mixing w/ Higgs New vector mediator A’mixing w/ photon



Who’s Heavier? The DM or the Mediator?

• No info on mediator-SM coupling  (<σν>  independent of the mixing )  
      è No target @ Accelerators 
• Mediator decays to SM parAcles , not to DM

• Scalar mediator  à annihilaAon rate v2 suppressed
     è phenomenologically viable, provided the DM Yukawa couplings are suitably     
     small to achieve right thermal relic  (e.g. ~3·105 -3·103 for MeV–GeV dark maHer)

• Vector mediator à annihilaAon rate unsuppressed 
    è excluded by Planck data constraining power injected by late –Mme DM        
     annihilaMon (at Temperatures  ~ eV ).

Who’s Heavier? DM or Mediator?

“Secluded” Annihilation 

Direct Annihilation 

12

��

��
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e�
Natural starting point, motivates vector mediators

m� < mA0
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� h

(m� > m�)
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f

f

m� > m�

✏

arXiv:1512.04119, GK

No target: independent of mixing
Mediator decays to SM, not DM

      Ruled out for scalar mediators
Predictive: minimum SM coupling
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“Secluded” Annihilation : mχ > mφ

<σν> ∝ gDM
4/ mχ

2



Who’s Heavier? The DM or the Mediator?

S-channel annihila+on into SM par+cles è Minimum SM coupling 
gDM & mχ/mA’ at most O(1) è min gSM compatible with Ωχ
                   Predic+ve, falsifiable target@ accelerators
• Ok for vector like mediators but ruled out for scalar mediators due to required 

large mixing to offset small Yukawa couplings

Who’s Heavier? DM or Mediator?

“Secluded” Annihilation 

Direct Annihilation 
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Natural starting point, motivates vector mediators

m� < mA0

8

��

��

� h

(m� > m�)

�

�

f

f

m� > m�
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arXiv:1512.04119, GK

No target: independent of mixing
Mediator decays to SM, not DM

      Ruled out for scalar mediators
Predictive: minimum SM coupling
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Planck CMB power spectrum 

                             è ok for scalar or Majorana fermion via a vector mediator

Direct Annihilation: mχ < mφ

<σν> ∝ gDM
2 gSM

2 mχ
2/mMED
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v
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FIG. 3. Leading short distance contribution to B+ ! K+�� and
K+ ! ⇡+�̄� decay due to scalar mediated interactions. For m� <
mB � mK , this decay can also proceed via B+ ! K+� Similar
diagrams yield for � mediated contributions to fully SM final states
(e.g. B+ ! K+µ+µ�).

mechanism pp ! jets + (h ! ��). A recent ATLAS mea-
surement has extracted a limit of Br(h ! invisible) < 0.3
[38]. which for our scenario implies

g2� sin

2✓ ⇠< 4 ⇥ 10

�5 , (11)

or in terms of the variable plotted in top left panel of Fig. 2,
e ⇠< 7 ⇥ 10

�18, where the mass ratio is conservatively taken
to be m�/m� = 1/3; heavier mediators make this constraint
more severe, so this choice reveals the available gaps subject
to the condition that the mediator decays invisibly and that
�� ! ff annihilation is off resonance.

In addition to the mixing, the mixed � � h quartic interac-
tion may also contribute to exotic Higgs decays via h ! ��
[39]. If � decays invisibly to DM, this process contributes
to the Higgs invisible width, and if � decays visibly the pro-
cess can induce an array of SM final states, which reconstruct
the Higgs invariant mass and yield nested internal resonances.
However, the bounds and prospects for both scenarios depend
exclusively on the size of the quartic which does not affect the
DM thermal history or the bounds presented in this paper, so a
proper treatment of this possibility is beyond the scope of the
present work.

We also note that there are additional constraints on the
mixing angle sin ✓ from rare h ! �� decays. However, the
branching ratio for this process depends on a different dia-
grams which are sensitive to the mixing angle, mixed h2�2

quartic coupling, and the �3 cubic coupling, so the precise
bound arising from this process is model dependent and can-
not be presented in Fig. 2 without additional assumptions
about these other parameters.

IV. INVISIBLY DECAYING MEDIATOR (m� > 2m�)

Rare Meson Decays If � decays invisibly, this scenario in-
duces rare meson decays B+ ! K+� and is constrained by
limits on the B+ ! K+⌫⌫̄ branching fraction. The loop

level process arises from the effective Higgs mixing interac-
tion [20, 22]

LFCNC � (Csbs̄LbR + Csds̄LdR)� , (12)

where Csb,sd are effective coefficients that induce flavor
changing processes.

B-Meson Decays For B-mesons, The effective coefficient of
interest is

Csb =

3g2Wmbm
2
tV

⇤
tsVtb sin ✓

64⇡2m2
W v

= 6.4 ⇥ 10

�6
sin ✓ , (13)

and this interaction has the partial width [40]

�B!K�=

|Csb|2f0(m�)

2

16⇡m3
B+

✓
m2

B+ � m2
K

mb � ms

◆2

⇠(mB ,mK ,m�), (14)

⇠(a, b, c) =

p
(a2 � b2 � c2)2 � 4b2c2 , (15)

where the scalar form factor can be parametrized f0(q) =

0.33(1 � q2/38 GeV2
)

�1 [41]. The total B-meson width is
�B+ = 4.1 ⇥ 10

�13 GeV [42], so the branching ratio has the
approximate scaling

Br(B+ !K+�) ⇠ |Csb|2f0(m�)

2

16⇡

m3
B+

m2
b�B+

⇡ 1.5 sin

2✓, (16)

which, for our conservative benchmark inputs g� = 1 and
m� = 3m�, the BaBar limit Br(B+ !K+⌫⌫̄) < 1.6⇥10

�5

[43] requires

e = (g�ge)
2

✓
m�

m�

◆4

⇠< 5.6 ⇥ 10

�19 . (17)

The exact bound for this DM/mediator mass ratio shown in
Fig. 2 (left) is computed from Eq. (14) using the efficien-
cies used in [43] is slightly stronger because the two-body
B+ ! K+� process has greater kinematic acceptance rela-
tive to B+ ! K+⌫⌫̄.

Kaon Decays An invisibly decaying light scalar can also
yield K ! ⇡� decays for which the partial width is

�K+!⇡+� =

|Cds|2
16⇡m3

K

✓
m2

K+ �m2
⇡+

ms�md

◆2

⇠(mK ,m⇡,m�), (18)

Unlike in Eq. (14), the analogous scalar form factor is close to
unity [44] and can be neglected. The effective FCNC coeffi-
cient from Eq. (12) is

Csd =

3g2Wmsm
2
tV

⇤
tsVtd sin ✓

64⇡2m2
W v

= 1.2 ⇥ 10

�9
sin ✓ , (19)

The total Kaon width is �K+ = 5.3 ⇥ 10

�17 GeV, so the
branching ratio is approximately

Br(K+ ! ⇡+�) ⇠ |Csd|2
16⇡

m3
K+

m2
s�K+

⇡ 6.7 ⇥ 10

�3
sin

2✓ , (20)

This final state contributes to the E797 and E949 measure-
ments of Br(K+ ! ⇡+⌫⌫̄) = (1.73

+1.15
�1.05) ⇥ 10

�10 [45]). To

 (excluded by meson decay 
constraints )

If φ decays invisibly, this scenario induces rare meson 

decays B+→K+φ, K+→π+χ̄χ and is constrained by limits 

B+→K+νν̄  and K+→π+ νν branching fracGons.



CMB power spectrum: Simplest DM candidate

Simplest DM Candidate?

Planck Collaboration: Cosmological parameters
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pann [10�27cm3 s�1 GeV�1]
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1.000
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Planck TT,TE,EE+lowP

Planck TE+lowP

Planck EE+lowP

Planck TT+lowP

WMAP9

Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little

1 10 100 1000 10000
m�[GeV]
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10�23

f e
�
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v
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cm
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s�

1
]

Thermal relic

Planck TT,TE,EE+lowP
WMAP9
CVL
Possible interpretations for:
AMS-02/Fermi/Pamela
Fermi GC

Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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Planck 
1303.5076

Particle/antiparticle symmetric Dirac fermion

Ruled out by CMB
Annihilation is s-wave

Viable models: 

(1) p-wave annihilation

(2) annihilation shuts off 
 before CMB

OR

Like Z-exchange for WIMPs, simplest model excluded first 
26

(no indirect detection!)

Thermal DM candidate is frozen out well before recombination, BUT, out of 
equilibrium annihilation still re-ionize hydrogen and modify the CMB power spectrum

Low thermal DM is strongly constrained by this through Planck data

v

has an annihilation cross-section scaling as

h�vi ⇠ g2
Dg2

SMm2
�

m4
MED

(6)

for a vector mediator, where gSM is the SM-mediator coupling. This process o↵ers a
clear, predictive target for discovery or falsifiability, since the dark coupling gD and
mass ratio m�/mA0 are at most O(1), so there is a minimum SM-mediator coupling
gSM compatible with a thermal history. This mixing target for the vector portal, at the
level of ✏ ⇠ 10�7m2

A0/(m� MeV
p

↵D) with ↵D = g2
D/4⇡ (and therefore quite compatible

with the level of mixing expected from one- or two-loop e↵ects), is an important
benchmark for both mediator and dark matter searches. Direct annihilation of sub-
GeV DM through a scalar mediator requires fairly large scalar mixing to compensate
for the small Yukawa couplings of SM annihilation products, and is excluded by meson
decay constraints [31].

An important constraint on low-mass thermal DM comes from the e↵ect of late-time
DM annihilation on the CMB power spectrum [37–41]. Planck data constrains the power
injected by DM annihilation at ⇠ eV temperatures [42]:

pann = fe↵h�viT⇠ eV/mDM < 3.5⇥ 10�11 GeV�3 (7)

where fe↵ ⇠ 0.15�1 for most annihilation modes (see e.g. [40]), so that the annihilation rate
of sub-GeV thermal dark matter at eV-scale temperatures must be suppressed by 1–5 orders
of magnitude relative to the annihilation rate at T ⇠ mDM/20 relevant for DM annihilation,
for DM in the MeV-GeV regime.

This constraint rules out secluded annihilation into vectors and direct annihilation of
Dirac fermions through the vector portal, but many of the generic DM models presented
above experience suppressed annihilation at low temperatures, due to one of three e↵ects:

• Velocity-suppression, for example from p-wave annihilation processes with �v / v2

(as in direct annihilation of scalar or Majorana fermion through a vector mediator, or
secluded annihilation to scalars).

• Population suppression, if the leading annihilation process involves an excited state
that decays or is thermally depopulated in between freeze-out and recombination eras
(as in direct annihilation of pseudo-Dirac or inelastic scalar DM through a vector
mediator).

• Particle-anti-particle asymmetry, if annihilation in the early universe is su�ciently
e↵ective to cosmologically deplete the anti-particle; note in this case, cosmological
constraints imply a bound on the minimum annihilation cross-section [43].

In summary, the paradigm of hidden-sector DM that was in thermal equilibrium with
the Standard Model in the early universe features viable models that evade existing con-
straints.Moreover, the subset of models where DM annihilates directly into the SM are of
particular interest to the community, as these o↵er a predictive and bounded target that
new direct detection and accelerator probes can aim to robustly discover or falsify.

The mapping of these thermal targets onto direct detection and accelerator observables
are described in more detail in Sections IV and VI, respectively. Broadly speaking, for
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è  ⟨σv⟩cmb/mχ <∼3×10−28 cm3s−1GeV−1

 Annihilation rate must be factor 1-5 below at CMB Temperature that at T/ mχ ~20 for
 Sub-GeV DM è s wave annihilation is ruled out 

Viable models:

(1) p-wave annihila6on
(2) annihila6on shuts off before CMB
               (no indirect detec+on!)

Simplest Particle/antiparticle symmetric 
Dirac fermion is ruled out

Popula+on suppression è (no X2 le6 at 
recombina+on +me
Asymmetric DM è no an+par+cle le6 



Representative Model: Dark QEDRepresentative Model: Dark QED
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Allowed small A’-photon mixing: ✏ ⌧ 1
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Not the only model, but qualitatively similar to all viable choices
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DM charged under new force:  eD ~ e

Allowed small A’-photon mixing:   ε << 1

SM acquires small charge under A’ :    eε

Viable models by Direct Detection Scattering Classify Viable Models by DD Scattering?
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FIG. 3: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
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Light Dark Matter Searches at Accelerators
Accelerators offer key advantages in the search of MeV-GeV thermal DM 

• Reduced sensi*vity to details of the DM nature 
  -- Being rela+vis+cally produced, the DM sca9ering cross sec+on is only weakly  
      dependent on the velocity.   
  --  In missing energy/missing momentum  exp., the DM presence is inferred via       
      energy/momentum imbalance, almost en+rely insensi+ve to the DM velocity.

• Overcome kine*c thresholds in the Dark Sector
  -- DM accompanied by a heavier excited state featuring mainly off diagonal 
couplings with the mediator (χ1χ2A’) may have too low Kine+c  energy to produce 
the excited state in DD and go only through off-shell loop processes.
è At  accelerators  the ground state can efficiently up-sca9er into the excited 

state when detected through sca9ering off a SM target.

• Sensi*vity to Dark Sector Structure
   -- Mediator can be not only searched for in SM par+cle decays but also in  
       specific type of invisible decays. 



v

Light Dark Matter Searches at Accelerators
• Mono-photon  + MET at Lepton colliders
    analogous to LHC searches
• Electron and Proton Beam Dump Experiments
• Missing Energy/momentum at fixed target experiments

Experiment Machine Type Ebeam ( GeV) Detection Mass range ( GeV) Sensitivity First beam Ref.

Future US initiatives

BDX CEBAF @ JLab electron BD 2.1-11 DM scatter 0.001 < m� < 0.1 y & 10�13 2019+ [211, 212]
COHERENT SNS @ ORNL proton BD 1 DM scatter m� < 0.06 y & 10�13 started [213, 214]
DarkLight LERF @ JLab electron FT 0.17 MMass (& vis.) 0.01 < mA0 < 0.08 ✏2 & 10�6 started [215]
LDMX DASEL @ SLAC electron FT 4 (8)* MMomentum m� < 0.4 ✏2 & 10�14 2020+ [216]
MMAPS Synchr @ Cornell positron FT 6 MMass 0.02 < mA0 < 0.075 ✏2 & 10�8 2020+ [217]
SBN BNB @ FNAL proton BD 8 DM scatter m� < 0.4 y ⇠ 10�12 2018+ [218, 219]
SeaQuest MI @ FNAL proton FT 120 vis. prompt 0.22 < mA0 < 9 ✏2 & 10�8 2017 [220]

vis. disp. mA0 < 2 ✏2 ⇠ 10�14 � 10�8

Future international initiatives

Belle II SuperKEKB @ KEK e+e� collider ⇠ 5.3 MMass (& vis.) 0 < m� < 10 ✏2 & 10�9 2018 [203]
MAGIX MESA @ Mami electron FT 0.105 vis. 0.01 < mA0 < 0.060 ✏2 & 10�9 2021-2022 [205]
PADME DA�NE @ Frascati positron FT 0.550 MMass mA0 < 0.024 ✏2 & 10�7 2018 [206, 207]
SHIP SPS @ CERN proton BD 400 DM scatter m� < 0.4 y & 10�12 2026+ [208, 209]
VEPP3 VEPP3 @ BINP positron FT 0.500 MMass 0.005 < mA0 < 0.022 ✏2 & 10�8 2019-2020 [210]

Current and completed initiatives

APEX CEBAF @ JLab electron FT 1.1-4.5 vis. 0.06 < mA0 < 0.55 ✏2 & 10�7 2018-2019 [197, 198]
BABAR PEP-II @ SLAC e+e� collider ⇠ 5.3 vis. 0.02 < mA0 < 10 ✏2 & 10�7 done [191, 229, 230]
Belle KEKB @ KEK e+e� collider ⇠ 5.3 vis. 0.1 < mA0 < 10.5 ✏2 & 10�7 done [231]
HPS CEBAF @ JLab electron FT 1.1-4.5 vis. 0.015 < mA0 < 0.5 ✏2 ⇠ 10�7** 2018-2020 [232]
NA/64 SPS @ CERN electron FT 100 MEnergy mA0 < 1 ✏2 & 10�10 started [186]
MiniBooNE BNB @ FNAL proton BD 8 DM scatter m� < 0.4 y & 10�9 done [188]
TREK K+ beam @ J-PARC K decays 0.240 vis. N/A N/A done [201, 202]

TABLE II: Summary table of current light DM experiments and future proposals. The sensitivities are quoted either for the kinetic mixing
or the variable y, whichever is most relevant (see the text and the corresponding figures for more detailed predictions). The range quoted for
experiments sensitive to both visible and invisible decays refers to the invisible case. Starting dates are subject to variations. Legend: beam
dump (BD), fixed target (FT), dark matter scattering (DM scatter), missing mass (MMass), missing momentum (MMomentum), missing
energy (MEnergy), prompt/displaced visible decays (vis). Notes: *LDMX beam energy is 4 GeV for phase I, and could be upgraded to
8 GeV for phase II. **Sensitivity to displaced vertices under study.
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Signatures @ B-Factories
mono photon + missing energySignatures @ B-Factories 

e+ e�

�
⇥A0

!
6E

9

a
)

F
IG

.
10
:
a)

Sc
al
ar

D
M

pa
ir
pr
od
uc
ti
on

in
el
ec
tr
on
-n
uc
le
us

co
lli
si
on
s.

A
n
on
-s
he
ll
A

0 is
ra
di
at
ed

an
d
de
ca
ys

o↵
di
ag
o-

na
lly

to
' h

,`
pa
ir
s.

b)
In
el
as
ti
c
up

sc
at
te
ri
ng

of
th
e
lig
ht
er

' `
in
to

th
e
he
av
ie
r
st
at
e
vi
a
A

0 e
xc
ha
ng
e
in
si
de

th
e
de
te
ct
or
.

F
or

or
de
r-
on
e
(o
r
la
rg
er
)
m
as
s
sp
lit
ti
ng
s,
th
e
m
et
as
ta
bl
e
st
at
e

pr
om

pt
ly

de
-e
xc
it
es

in
si
de

th
e
de
te
ct
or

vi
a
' h

!
' `
e
+
e
� .

T
hi
s
pr
oc
es
s
yi
el
ds

a
ta
rg
et

(n
uc
le
us
,
nu
cl
eo
n,

or
el
ec
tr
on
)

re
co
il
E
R
an
d
tw
o
ch
ar
ge
d
tr
ac
ks
,
w
hi
ch

is
a
in
st
in
ct
iv
e,
ze
ro

ba
ck
gr
ou
nd

si
gn
at
ur
e,
so

nu
cl
ea
r
re
co
il
cu
ts
ne
ed

no
t
b
e
lim

-

it
in
g.

� 1

� 2
A

0
f
+

f
�

A
0

� 1

� 2

T

T
� 1

� 2

f
�f

+

A
0

B

e

a

m

e
�
�!

D

u

m

p

D

e

t

e

c

t

o

r

� i
A

0
Z

e
�

e
�

� 1
� 2

A
0

� i

� j

T

T
� 1

� 2

f
�f

+

A
0

a

n

d

/

o

r

�
�

Izaguirre, GK, Schuster, Toro 1307.6554
Essig, Mardon, Papucci, Volansky Zhong 1309.5084

6

0 2 4 6 8 10
10-5

10-4

10-3

10-2

mA' @GeVD

g e

On-shell Light Mediator, 2mc<mA'< s or mA'<2me

Belle II
Converted

Mono-photon
HaL

HbL
Standard

Mono-photon
Low-Energy
Mono-photon

BaBar
LEP

Vector ê Pseudo-Vector
Scalar ê Pseudo-Scalar
Improved Vector ê Pseudo-Vector

FIG. 5: Upper bounds on the coupling of electrons to a me-
diator decaying invisibly to dark-sector states (region (b) of
Fig. 2). The solid black line / blue shaded region shows the
bound from BABAR data (this work), for a vector or pseudo-
vector mediator. The dotted line shows the bound for a scalar
or pseudo-scalar mediator. The black dashed line shows the
projected upper limit from an “improved BABAR” analysis
for a vector or pseudo-vector mediator, where the �/� back-
ground has been reduced by a factor of 10. The projected
reaches of four possible searches for a vector mediator at Belle
II are shown by the solid blue lines: a converted mono-photon
search (dashed, labelled (a) and (b), which respectively as-
sume no (a factor of 10) improvement in the �/� background
rejection over the “improved BABAR” projection), a standard
mono-photon search (solid), and a low-energy mono-photon
search (dot-dashed) (see Sec. VI). The gray shaded region is
excluded by LEP [5]. Additional limits relevant for sub-GeV
mediators are shown in Fig. 7. See text for more details.

in our analysis, since our signal would also appear in
the o↵-resonance sample. The search becomes there-
fore background-limited for mA0 <⇠ 1 GeV in the current
BABAR data. However, an improved background esti-
mate may be possible. We therefore show a projection
for an “improved BABAR” limit, assuming that the �

/

�

background can be reduced by a factor of 10. For this
case, we fit smooth curves to the current BABAR data to
show the expected limit. At Belle II, additional improve-
ments in both background rejection and resolution may
decrease the value of mA0 at which the search becomes
background-limited to a few hundred MeV, see Sec. VI.

We convert the limits on N

signal

into limits on ge using
simulation, accounting for the cut e�ciency as described
above. The limits are shown in Fig. 5, along with pro-
jections for Belle II and limits from LEP (see Secs. VI
and V A). In Figs. 7 and 10 we show our limits in the "

versus mA0 plane for the special case of an invisibly de-
caying hidden photon. The bounds and projected reach
of various other experiments are also shown, and are dis-
cussed further in Sec. V B.
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FIG. 6: Upper limits on geg� for the o↵-shell light media-
tor region (region (c) of Fig. 2), for a fixed mediator mass of
100 MeV. The coloring and assumptions of the BABAR and
Belle II curves are as in Fig. 4. The gray shaded region is ex-
cluded by LEP [5]. With a hidden-photon mediator, there is
a stronger constraint from combining g�-perturbativity with
a search for visibly-decaying hidden-photons at KLOE (green
line). The possible reach of an edge search is not shown,
but may allow some improvement. The solid and dotted blue
line both show the projected reach of Belle II in the vector-
mediated case assuming that the various background compo-
nents are known at the 5� 20% level (“systematics” limited)
or, more idealistically, are known perfectly up to statistical
fluctuations (“statistics” limited) (see Sec. VI for details). See
text for more details.

C. Constraints for O↵-Shell Light Mediators

When 2me < mA0
< 2m� (region (c) of Fig. 2), � +��

production proceeds through a light o↵-shell mediator,
giving a broad mono-photon spectrum as seen in Fig. 3.
This spectrum has a kinematic edge at m

2

�� = 4m

2

�.
Without good control over backgrounds, this spectrum is
di�cult to distinguish from backgrounds, and we conser-
vatively place constraints by requiring that the expected
signal does not exceed the observed number of events by
more than 2� in any bin.

Fig. 6 shows the upper limit on geg� as a func-
tion of m� for a fixed mediator mass of 100 MeV, for
various mediator types. The constraint on geg� from
LEP (see Sec. V A) is shown by the gray shaded re-
gion. In the case of a hidden photon mediator there
is a stronger constraint, shown by the green line. This
combines the requirement g� <

p
4⇡ (for perturbativ-

ity) with bound on a visibly-decaying hidden photon by
the KLOE experiment, which constrains ge < 0.002 for
mA0 = 100 MeV [68]. We note that if the mediator can
decay to a second light state in the hidden sector then
the visible constraints do not apply. However, this second
light state is then constrained by the on-shell constraints
in Sec. IVB, which are of comparable strength.

Also shown is the projected reach of Belle II for the

 mono photon + missing energy 
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FIG. 5: Upper bounds on the coupling of electrons to a me-
diator decaying invisibly to dark-sector states (region (b) of
Fig. 2). The solid black line / blue shaded region shows the
bound from BABAR data (this work), for a vector or pseudo-
vector mediator. The dotted line shows the bound for a scalar
or pseudo-scalar mediator. The black dashed line shows the
projected upper limit from an “improved BABAR” analysis
for a vector or pseudo-vector mediator, where the �/� back-
ground has been reduced by a factor of 10. The projected
reaches of four possible searches for a vector mediator at Belle
II are shown by the solid blue lines: a converted mono-photon
search (dashed, labelled (a) and (b), which respectively as-
sume no (a factor of 10) improvement in the �/� background
rejection over the “improved BABAR” projection), a standard
mono-photon search (solid), and a low-energy mono-photon
search (dot-dashed) (see Sec. VI). The gray shaded region is
excluded by LEP [5]. Additional limits relevant for sub-GeV
mediators are shown in Fig. 7. See text for more details.

in our analysis, since our signal would also appear in
the o↵-resonance sample. The search becomes there-
fore background-limited for mA0 <⇠ 1 GeV in the current
BABAR data. However, an improved background esti-
mate may be possible. We therefore show a projection
for an “improved BABAR” limit, assuming that the �

/

�

background can be reduced by a factor of 10. For this
case, we fit smooth curves to the current BABAR data to
show the expected limit. At Belle II, additional improve-
ments in both background rejection and resolution may
decrease the value of mA0 at which the search becomes
background-limited to a few hundred MeV, see Sec. VI.

We convert the limits on N

signal

into limits on ge using
simulation, accounting for the cut e�ciency as described
above. The limits are shown in Fig. 5, along with pro-
jections for Belle II and limits from LEP (see Secs. VI
and V A). In Figs. 7 and 10 we show our limits in the "

versus mA0 plane for the special case of an invisibly de-
caying hidden photon. The bounds and projected reach
of various other experiments are also shown, and are dis-
cussed further in Sec. V B.
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FIG. 6: Upper limits on geg� for the o↵-shell light media-
tor region (region (c) of Fig. 2), for a fixed mediator mass of
100 MeV. The coloring and assumptions of the BABAR and
Belle II curves are as in Fig. 4. The gray shaded region is ex-
cluded by LEP [5]. With a hidden-photon mediator, there is
a stronger constraint from combining g�-perturbativity with
a search for visibly-decaying hidden-photons at KLOE (green
line). The possible reach of an edge search is not shown,
but may allow some improvement. The solid and dotted blue
line both show the projected reach of Belle II in the vector-
mediated case assuming that the various background compo-
nents are known at the 5� 20% level (“systematics” limited)
or, more idealistically, are known perfectly up to statistical
fluctuations (“statistics” limited) (see Sec. VI for details). See
text for more details.

C. Constraints for O↵-Shell Light Mediators

When 2me < mA0
< 2m� (region (c) of Fig. 2), � +��

production proceeds through a light o↵-shell mediator,
giving a broad mono-photon spectrum as seen in Fig. 3.
This spectrum has a kinematic edge at m

2

�� = 4m

2

�.
Without good control over backgrounds, this spectrum is
di�cult to distinguish from backgrounds, and we conser-
vatively place constraints by requiring that the expected
signal does not exceed the observed number of events by
more than 2� in any bin.

Fig. 6 shows the upper limit on geg� as a func-
tion of m� for a fixed mediator mass of 100 MeV, for
various mediator types. The constraint on geg� from
LEP (see Sec. V A) is shown by the gray shaded re-
gion. In the case of a hidden photon mediator there
is a stronger constraint, shown by the green line. This
combines the requirement g� <

p
4⇡ (for perturbativ-

ity) with bound on a visibly-decaying hidden photon by
the KLOE experiment, which constrains ge < 0.002 for
mA0 = 100 MeV [68]. We note that if the mediator can
decay to a second light state in the hidden sector then
the visible constraints do not apply. However, this second
light state is then constrained by the on-shell constraints
in Sec. IVB, which are of comparable strength.

Also shown is the projected reach of Belle II for the

 mono photon + missing energy 
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• Identified as a narrow resonance over a smooth background. 

• Requires a well-known initial state &  reconstruction of all particles besides the DM.

•  A large background usually arises from reactions in which particle(s) escape 
undetected è detectors with good hermeticity required.

e+e- à γ (A’àχχ)

Can explore/test Scalar, Majorana, & pseudo-Dirac DM
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

4 . 10�8, for ↵0 = 0.5 and for dark-matter
masses of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction — There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to
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FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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FIG. 2. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
�1, �2 pair can give rise to a number of possible signatures in the detector: �2 can decay inside the fiducial volume to deposit electromagnetic
energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
which can then decay promptly inside the detector to deposit a visible signal.

7

e� �!

ECAL/HCAL

Target
Tracker

e�

�1�2

Invisible

e� �!

Active Target (ECAL/HCAL)

e�

�1�2

Invisible

A�

Z

e�

e�

�1

�2

FIG. 3. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 18] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [19]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building1 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see
Sec. II C and [26] for a discussion of this issue), so we restrict

1 A fermionic mediator coupled to the lepton portal requires additional
model building to simultaneously achieve a thermal contact through this
interaction and yield viable neutrino textures; the coupling to the mediator
must be suppressed by neutrino masses, so it is generically difficult for the
interaction rate to exceed Hubble expansion.

our attention to abelian vector mediators; a nonabelian field
strength is not gauge invariant, so kinetic mixing is forbidden.

Alternatively, the mediator could couple directly to SM
particles if both dark and visible matter are charged under
the same gauge group. In the absence of additional fields,
anomaly cancellation restricts the possible choices to be

U(1)
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�`
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3B�`
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and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]
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+e�. The signal of interest is involves
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yield a instinctive, zero background signature.
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two charged tracks, which is a instinctive, zero background
signature, so nuclear recoil cuts need not be limiting.
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• Requires a large proton flux to compensate for the reduced yields. 
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missing momentum experiment [2, 18] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [19]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building1 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see
Sec. II C and [26] for a discussion of this issue), so we restrict

1 A fermionic mediator coupled to the lepton portal requires additional
model building to simultaneously achieve a thermal contact through this
interaction and yield viable neutrino textures; the coupling to the mediator
must be suppressed by neutrino masses, so it is generically difficult for the
interaction rate to exceed Hubble expansion.

our attention to abelian vector mediators; a nonabelian field
strength is not gauge invariant, so kinetic mixing is forbidden.

Alternatively, the mediator could couple directly to SM
particles if both dark and visible matter are charged under
the same gauge group. In the absence of additional fields,
anomaly cancellation restricts the possible choices to be
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and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

4 . 10�8, for ↵0 = 0.5 and for dark-matter
masses of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction — There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to
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FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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FIG. 6: a) Scalar DM pair production from electron-beam col-
lisions. An on-shell A0 is radiated and decays o↵ diagonally to
'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange. For order-one (or larger) mass
splittings, the metastable state promptly de-excites inside the
detector via 'h ! '`e

+e�. The signal of interest is involves
a recoiling target with energy ER and two charged tracks to
yield a instinctive, zero background signature.
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FIG. 7: a) Scalar DM pair production in electron-nucleus col-
lisions. An on-shell A0 is radiated and decays o↵ diagonally to
'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange inside the detector. For order-
one (or larger) mass splittings, the metastable state promptly
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+e�. This process
yields a target (nucleus, nucleon, or electron) recoil ER and
two charged tracks, which is a instinctive, zero background
signature, so nuclear recoil cuts need not be limiting.
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Beam-dump experiments also sensi:ve to the decay of excited states in the DS

• Advantage: probes DM interac:on twice, providing sensi:vity to the Dark sector-    
   mediator coupling
• Requires a large proton flux to compensate for the reduced yields. 

Can explore/test pseudo-Dirac DM
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New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro
Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada

(Dated: November 19, 2013)

In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

The best constraints on multi-GeV dark matter inter-
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models
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FIG. 6: a) Scalar DM pair production from electron-beam col-
lisions. An on-shell A0 is radiated and decays o↵ diagonally to
'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange. For order-one (or larger) mass
splittings, the metastable state promptly de-excites inside the
detector via 'h ! '`e

+e�. The signal of interest is involves
a recoiling target with energy ER and two charged tracks to
yield a instinctive, zero background signature.
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'h,` pairs. b) Inelastic up scattering of the lighter '` into the
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+e�. This process
yields a target (nucleus, nucleon, or electron) recoil ER and
two charged tracks, which is a instinctive, zero background
signature, so nuclear recoil cuts need not be limiting.
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Typically detected via eχàeχ or Nχ à Nχ scattering in a downstream detector.

Can explore/test Scalar, Majorana DM

• Advantage: probes DM interac:on twice, providing sensi:vity to DM-mediator coupling
• Requires a large proton flux to compensate for the reduced yields. 
• Signature similar to that of neutrino interac:ons è limi:ng factor on sensi:vity.
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DM is produced e-Z à e-Z(A’ à χχ) 

Beam-dump experiments also sensi9ve to the decay of excited states in the DS

Signatures @ Electron Beam Dumps

New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro
Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada

(Dated: November 19, 2013)

In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

The best constraints on multi-GeV dark matter inter-
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models
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FIG. 10: a) Scalar DM pair production in electron-nucleus
collisions. An on-shell A0 is radiated and decays o↵ diago-
nally to 'h,` pairs. b) Inelastic up scattering of the lighter
'` into the heavier state via A0 exchange inside the detector.
For order-one (or larger) mass splittings, the metastable state
promptly de-excites inside the detector via 'h ! '`e

+e�.
This process yields a target (nucleus, nucleon, or electron)
recoil ER and two charged tracks, which is a instinctive, zero
background signature, so nuclear recoil cuts need not be lim-
iting.
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FIG. 6: a) Scalar DM pair production from electron-beam col-
lisions. An on-shell A0 is radiated and decays o↵ diagonally to
'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange. For order-one (or larger) mass
splittings, the metastable state promptly de-excites inside the
detector via 'h ! '`e

+e�. The signal of interest is involves
a recoiling target with energy ER and two charged tracks to
yield a instinctive, zero background signature.
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FIG. 7: a) Scalar DM pair production in electron-nucleus col-
lisions. An on-shell A0 is radiated and decays o↵ diagonally to
'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange inside the detector. For order-
one (or larger) mass splittings, the metastable state promptly
de-excites inside the detector via 'h ! '`e

+e�. This process
yields a target (nucleus, nucleon, or electron) recoil ER and
two charged tracks, which is a instinctive, zero background
signature, so nuclear recoil cuts need not be limiting.
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Izaguirre, Kahn, GK, Moschella 1703.06881

@ E137 & BDX

 pseudo-Dirac DM Morrissey, Spray 1402.4817
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Inelastic scattering & decays

Can explore/test pseudo-Dirac DM

• Advantage: probes DM interac9on twice, providing sensi9vity to the Dark sector-    
   mediator coupling

• Requires a large proton flux to compensate for the reduced yields. 



Signatures @  Fixed Target Experiments 
Missing Energy and Missing Momentum
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FIG. 3. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
�1, �2 pair can give rise to a number of possible signatures in the detector: �2 can decay inside the fiducial volume to deposit electromagnetic
energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
which can then decay promptly inside the detector to deposit a visible signal.
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FIG. 4. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 15] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [16]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

II. SUB-GEV THERMAL COANNIHILATION

In this section, we describe a class of models of coannihi-
lating DM: DM that couples inelastically to the SM through
a kinetically-mixed dark photon. We detail the early universe
cosmology and freeze out of the model, as well as introduce
a useful parametrization of the parameters of the model in
which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ m

Z

) new mediators
to generate a sufficiently large annihilation rate [21, 22]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a
renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,

Signatures @ Missing Energy & 
Momentum Experiments

Missing Missing

Izaguirre, GK, Schuster, Toro 1307.6554 NA64 Collaboration  1610.02988

�
�

Observe recoiling electron with 
large missing energy and/or mass

36

Momentum Energy
(e.g. LDMX) (e.g. NA64)

Observe recoiling electron and compared it to the energy of the beam
 If ER << EB  è missing energy/momentum carried away by the escaping par>cles

• Cri$cal relevance of the detector herme$city to achieve excellent background 
rejec$on .  May be important to measure the incoming electrons individually.

•  Be>er signal yield than beam dump experiments for similar luminosity, as the  
DM par$cles are not required to sca>er in the detector.



Useful variables to compare experiments
• Define new variable to optimize thermal targets

Useful Variables
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• Direct detection Experiment

Insensitive to ratios of inputs, unique 
“y” for given mass  (up to subleading 
corrections)
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Some experiments only bound ... independently of  this
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Comparing Experiments
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↵D ⇠ O(1) , m� ⇠ 2mA0
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Weakest limit on y by demanding the largest value of αD (mχ/ mA’ )4

è αD ~ O (1) and  mA’ = 2 mχ
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FIG. 3: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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FIG. 3: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
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Next gen DD & accelerator exp. 
will crush this
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FIG. 3: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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