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Outline

<> Brief Introduction
<> Implications of mh~125 GeV and direct limits on SUSY:

DM: ~1 TeV higgsino

<> Prospects for detection
<> (Issue of fine tuning)
<> Summary

Based on BayesFITS Group papers:
e arXiv:1302.5956, Two ultimate tests of constrained supersymmetry,
K. Kowalska, L. Roszkowski, E. M. Sessolo JHEP 1306 (2013) 078
e arXiv:1402.1328, Low fine tuning in the MSSM with higgsino dark matter and unification
constraints, K. Kowalska, L. Roszkowski, E. M. Sessolo, S. Trojanowski JHEP 1404 (2014) 166
* arXiv:1405.4289, What next for the CMSSM and the NUHM: Improved prospects for
superpartner and dark matter detection, L. Roszkowski, E. M. Sessolo, A. J. Williams

Bayes® - Plussome earlier papers
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Footprints of Dark Matter

...felt but not seen

Angular scale
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Well-motivated particle candidates for dark matter

[] 5 ® neutrino v — hot DM
5L neutrino v ADM ]
IMP .
10F  nestlinos ] # neutralino x wes @
15 ¢ ] #® “generic’ WIMP
o I - 1 ® axiona S
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[ Sterile (updated in | - ~
30 et 1407.0017) A $ axino a >
35 L gravitino g;, _ & gravrnno G | > S
i I ]
o bV eV SV Maur Y
-18-15-12-9 -6 -3 0 3 6 9 12 15 18
logo(mpy / GeV)

vast ranges of interactions and masses

different production mechanisms in the early Universe (thermal, non-thermal)
need to go beyond the Standard Model

WIMP candidates testable at present/near future

axino, gravitino EWIMPs/superWIMPs not directly testable, but some hints from LHC
L. Roszkowski, PACIFIC-2014, 19 Sep. 2014 6



Where is the WIMP?

» Mass range: at least 20
orders of magnitude

» Interaction range: some
32 orders of magnitude

© Ron Leishman * www.ClipartOf.com/1047187
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Direct Detection AD 2011 - Before LHC

XENON100 (2012)
= observed limit (90% CL)
Expected limit of this run:
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preLHC!

Confusion region motivated by theory (SUSY)
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Direct Detection Nov. 2013
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LHC:
theory region has
moved down and
right

in a very specific way

Smoking gun
of SUSY?

preLHC!

motivated by theory (SUSY)

Confusion region gone
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Main news from the LHC so far...

> :CMSI R ]\s’=I7T:.=v.IL’=s',1t’b‘l:\?iaT'e\/I.L':th'fbl':‘
. . . 8 35:— 7 b ap Peak * Data E

> SM-like Higgs particle at ~125 GeV  ° > 8-
2 Zy 2z ]
:>J’ 25~ [ Jm,=126 Gev ]
20::— Signal Peak —
» No (convincing) deviations 3 ICHEP"14]
10 .
from the SM i ;

BR(B; — putp~ = (2.97}3) x 1077
( TR Jumcy = (2957) X 080 100 120 140 160 180
BR(Bs — ' )oms = (3.0759) x 1077 my, (GeV)
. J— 9 MSUGRA/CMSSM: tanf = 30, A0= -2my, u>0

BR(BS — M+/,L )SM = (365 + 023) x 10 ? [T 'Eﬁl L B A B IAI\TI'L;IAISIPrIeliImiIna:ryI ]
g5000:— _[Ldtzzosfb", {s=8 TeV —:
< : ‘t 0-lepton combined ]
> Stringent lower limits i \E ;Ebpt:|l::::>)
on superpartner masses t :
SUSY masses pushed to 1 TeV+ scale... "= ATASSONR2DLEIA
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...and from the media...

Is Supersymmetry Dead?

The grand scheme, a stepping-stone to string theory, is still high on physicists'
wish lists. But if no solid evidence surfaces soon, it could begin to have a

serious PR problem

SCIENTIFIC
AMERICAN"

April 2012

L. Roszkowski, PACIFIC-2014, 19 Sep. 2014 12



Supersymmetry

Symmetry among particles

bosons <-> fermions

Particles ‘
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SUSY and dark matter

Standard particles SUSY particles
\P ' \.‘.,@j//l \Mjff//)
d . b
—

o
y " N Candidates
for a WIMP

. Quarks ’ Leptons . Force particles Squarks o Sleptons 0 Sugz';orce
S . .
o Weakly interacting

Massive

stable

WIMP = lightest supersymmetric particle
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The 125 GeV SM-Like Higgs Boson

A blessing or a curse for SUSY?

L. Roszkowski, PACIFIC-2014, 19 Sep. 2014



The 125 GeV Higgs Boson and SUSY

A blessing...

» Fundamental scalar --> SUSY
» Light and SM-like --> SUSY

Low energy SUSY prediction:

Higgs mass up to ~135 GeV

Constrained SUSY prediction:

SM-like Higgs with mass
up to ~¥130 GeV

Excl. by LEP

E SM (valid|jup to Mr) —
3 1
g I
z 1
O Mssv | I
" |
8 Composite PGB Higgs |.—
g i
® Higgsless X I
3 1

30 100 150 200 9V

Higgs mass Pomarol
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The 125 GeV Higgs Boson and SUSY

16 BayesFITS (2013)
A curse... Posterior pdf )
CMSSM [ ~0 sglid: 1o region
In SUSY Higgs mass is a calculated quantity Ll o9 Priors .
my, =125.8£0.6 (exp) *3 (th) Ge
> 1 loop correction S /
()
3m; M2 X? X? =
Aml=—t [ln| U} + (1 ¢ - 8
dm2v? my Mgysy 12Mgygy %
ECIJ
___"____Q___.”_-_ Xy = Ay —pcot 8 -
4+ / 4
‘ Msusy = \/mj myz, 7 S
77N A 2 -
S e 2 B e
118 1io 1i2 lé4 1‘26 1‘28 130
Only m_h~125 GeV and CMS lower my, (GeV)

bounds on SUSY applied here.

(myp, —125.8 GeV)

[ﬁwe

0'2—|—‘r2

21

0=0.6GeV,T =2 GeV

L. Roszkowski, PACIFIC-2014, 19 Sep. 2014

125 GeV Higgs -> multi-TeV SUSY
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Constrained Minimal Supersymmetric
Standard Model (CMSSM)

G. L. Kane, C. F. Kolda, L. Roszkowski and

J. D. Wells, Phys. Rev. D 49 (1994) 6173 At MGUT ~ 2 % 1016 GeV:
1500
- & gauginos M; = M2 = mg = m, ),
® scalars
! 2 .2 .2 .2 2
. 1000 mg, = My, = M, = MH, = 0
> | .
& ® 3-linearsoftterms A, = A; = Ag
7 ® radiative EWSB | ,
S i 2 7"'Hb_7nHt, tan“ 8 m2
500 B = tan< 3—1 -2
® five independent parameters:
C | | 1 | [ | | | m1/2s mo, AO’ tanﬁa Sgn(u’)
O2 4 6 g 10 12 14 16 18 )
Log,,(Q/1 GeV) ® well developed machinery to compute
figure from hep-ph/9709356 masses and couplings
[
Baye
E

i‘; i In general supersymmetric SNMrtoo‘manyfrée parameters 18



~125 GeV Higgs in the CMSSM

~ c
NN s\

Include only m_h~125 GeV
and lower limits from direct
SUSY searches

(mj, —125.8 GeV)?2
0'2—|—1'2

L~ e

c=0.6 GeV, T =2 GeV
We use DR-bar

approach (SoftSusy).
It gives larger m_h.

A curse...

~125 GeV Higgs mass implies
multi-TeV scale for SUSY

Consistent with:
SUSY direct search lower limits at LHC
constraints from flavor

Relative probability

125 GeV - worst possible value (G. Giudieg)wski, PACIFIC
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Posterior pdf

CMSSM, u>0 | =~

— 1D posterior pdf with LHC

rLog Priors

my,

m;, =125.8+3.1 GeV

116 120
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20

| A weak upper bound
| on M_SUSY

| ..except at very small tanb-
{ >1 where it goes away
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m1/2 (TeV)

10

If m; were, say, 116 GeV...

BayesFITS (2013)

Posterior pdf

CMSSM, 1 >0
Log Priors

my, =116.0+£0.6 (exp) +3 (th) GeV

solid: 10 region
dashed: 20 region

'
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20

Relative probability

BayesFITS (2013)

...would have created significant tension with LHC bounds on SUSY

Posterior pdf | 1D posterior pdf with LHC
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The 125 GeV SM-Like Higgs Boson

A blessing or a curse for DM?

L. Roszkowski, PACIFIC-2014, 19 Sep. 2014
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CMSSM: numerical scans

Perform random scan
over 4 CMSSM +4 SM
(nuisance) parameters

simultaneously

Use Nested Sampling
algorithm to evaluate
posterior

Use 4 000 live points

* Very wide ranges:

1302.5956

(&

/100 GeV < mg < 20 TeV
100 GeV < my /2 < 10TeV

3 < tan( < 62 .

Nuisance Description Central value + std. dev.|Prior Distribution
M Top quark pole mass 173.5 + 1.0 GeV Gaussian
mp (mb)éwﬁ Bottom quark mass 4.18 £ 0.03 GeV Gaussian
as(MZ)m Strong coupling 0.1184 4+ 0.0007 Gaussian
1/0em (Mz)m Inverse of em coupling 127.916 4+ 0.015 Gaussian

Use Bayesian approach (posterior)

L. Roszkowski, PACIFIC-2014, 19 Sep. 2014
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The experimental measurements that we apply to constrain the CMSSM’s parameters. Masses are in GeV.

Hide and seek with SUSY

Measurement Mean or Range | Error: (Exp., Th.) Distribution
Combination of:
CMS razor 4.4/fb , /s = T7TeV | See text See text Poisson
CMS ar 11.7/fb , /s =8TeV | See text See text Poisson
o ma by CMS 125.8 GeV 0.6 GeV, 3 GeV Gaussian
Q, h? 0.1120 0.0056, 10% Gaussian
;9/ > (g — 2)iUSY x10'° 28.7 8.0, 1.0 Gaussian
~ BR (B — X,7)x10* 3.43 0.22, 0.21 Gaussian
BR (B, — Tv)x10* 1.66 0.33, 0.38 Gaussian
AMp, 17.719ps™t 0.043ps™ !, 2.400ps~*! Gaussian
sin® Geg 0.23116 0.00012, 0.00015 Gaussian
My 80.385 0.015, 0.015 Gaussian
BR (Bs = ptp™) . X 10" 3.2 +1.5 — 1.2, 10% (0.32) Gaussian
BR (Bs — M+M_)proj x 10 3.5 (3D 0.18 (0.16%), 5% [0.18 (0.16™)] | Gaussian
SM value: ~ 3.5 x 1079
[ most important (by far)] 10 dof
L. Roszkowski, PACIFIC-2014, 19 Sep. 2014 23
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6

m1/2 (TeV)

The CMSSM with DM relic density

Global scan, Bayesian
total posterior probability regions

BayesFITS (2013)

| CMSSM, >0

Posterior pdf *  Best fit

solid: 1o region
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s \

Log Priors )
BR(B,—p* p~)=(3.2+15) x10~° (current)
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Kowalska, LR, Sessolo,
arXiv:1302.5956

BayesFITS (2013)
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~1 TeV higgsino-like WIMP:
implied by ~125 GeV Higgs

L. Roszkowski, PACIFIC-2014, 19 Sep. 2014
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CMSSM and DD DM searches

1405.4289 (update of 1302.5956)

BayesFITS (2014)

CMSSM, 1 >0
. Posterior pdf
Log Priors

(

N

~1TeV
higgsino DM

p>0

BayesFITS (2014)

-6

inner contour: 1o
outer contour: 20 |

dashed: KRS (2013)

(
\

A-funnel

4‘1 é 12 16 20
m, (TeV) E
Stau coan’n ]

CMSSM, x>0
Posterior pdf
Log Priors

XENON100 (2012)

nner contour: 1o
outer contour: 2o

0.5

1 1.5

m, (TeV)

[Focus point region ruled out by LUX (already tension with x100)]

["lTeV higgsino DM: exiting prospects for LUX, X100 and 1t detectors}

L. Roszkowski, PACIFIC-2014, 19 Sep. 2014
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~1 TeV higgsino DM

<>Robust, present in many SUSY models
(both GUT-based and not)

Condition: heavy enough gauginos

When mg > 1TeV:

easiest to achieve Q, h* ~ 0.1
when mg ~ 1 TeV

<> Implied by ~125 GeV Higgs mass

and relic density No need to employ special mechanisms
(A-funnel or coannihilation) to obtain
<> Most natu ral correct relic density

<>Smoking gun of SUSY!?

L. Roszkowski, PACIFIC-2014, 19 Sep. 2014 26



... generic

.g., Next-to-MSSM (extra singlet Hi
e.g., Next-to-MSSM (extra singlet Higgs) Kaminska, Ross, Schmidt-Hoberg, 1308.4168

10 20 50 100 200 500 1000 2000

m, [GeV]

L. Roszkowski, PACIFIC-2014, 19 Sep. 2014 27



Fall and rise of higgsino DM

LR, PLB 262 (1991) 59: in MSSM:
< 1991: put to grave * too little DM until mass >> 1 TeV

(conflict with naturalness)

* bino favored

<~ 2004: first signs of being MSSM: Profumo & Yaguna, | [Pt s o
still (again?) alive hep-ph/040703, | ' f
Arkani-Hamed, Delgado, | D
Giudice, hep-ph/0601041 |_.;|
<> 2009: favored in unified N
Roszkowski, Ruiz, Trotta, Tsai & Varley (2009) 02l
SUSY at m_1/2>~2 TeV R S
Roszkowski, Ruiz, Trotta, Tsai & Varley (2009) ° oo OD o : Zg>0.7g ' 0 - . . . .
1 NUHM in 9, o 0 500 1000 1:1:(1) [ng(])o 2500 3000 3500
N>0.8 0903.1279
'é 0.6
% 0.4
§) 0.2 NUHM
. J\msteriorﬁg
0 é log prior
0.5 1 1.5
m (TeV)
. ~ . CMSSM: Cabrera et al., 1212.4821
<> 2012: favored by ~125 GeV Higgs mass NUHM: Strege et al,, 1212.2636
~1 TeV higgsino DM: :glcl)SZSISVlgs&GNUHM: Kowalska, et al.,
NUHM: even at low m_0, CMSSM:'m "0cof few TeVr. 2017 P8




m1/2 (TeV)

ul

Chances of susy signal at the LHC?

BayesFITS (2014)

. Posterior pdf

CMSSM, 1 >0

Log Priors /

- ! inner contour: 1o
g - outer contour: 20 |
TasGon steyy  dashed: KRS (2013)
4 8 12 16 20
my, (TeV)

LHC14 reach:

Gluino: ~2.7 GeV

Squarks: ~3 TeV

CMSSM: typical mass spectra: 1405.4289
TeV CH=0.25 Tev cH=0.20 Tev =g'a cH=0.16
be = 0.88 be = 0.89 be = 0.80
; A=19 || ® g A=36 | fl————% |a-59 ||
—5 —fm_:ﬁa
i3 ——ng T'
4 :2 4 H, A, H" 4'—I-1I,A,H"
P —1]
to, by, T4
g g
2 § 2 2F
1 2 ae ki ] 1 122 % 1} PR
4 rer . )
* LHC - only stau coannihilation will
be +/- covered
. Need a lot of luck!
CMSSM-like: chances look remote!}

General MSSM: much lower massesaltowedc!FiC-2014, 19 Sep. 2014
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Bayesian vs chi-square analysis
(updated to include 3loop Higgs mass corrs)

CMSSM, 1 >0
. Posterior pdf
Log Priors

Ul

ATLAS (20 fb~! v5 8 TeV)

BayesFITS (2014)

inner contour: 1o
outer contour: 20

dashed: KRS (2013)

4 8

12 16 20

my, (TeV)

Reasonably good agreement in overlapping region

—

>
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4000

Buchmueller et al 1312.5250
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~1 TeV higgsino-like WIMP: implied by ~125 GeV Higgs -> large m1/2 and mO0

L. Roszkowski, PACIFIC-2014, 19 Sep. 2014

30



Unified SUSY (Constrained MSSM)

Unified vs pheno SUSY

General SUSY (p9MSSM)

-6

BayesFITS (2013)

s | BayesFITS (2014) 10°¢ —t R ————
3 6x* (basic +X100 +%, ) >5.99
CMSSM, il >0 ®  gaugino, g; >0.9
-6 Posterior pdf 107§ o mixed, 0.1<g, <0.9 3
Log Priors + higgsino, g; <0.1
-7 10°%F
— :"
< f HENONLO0 (2012) - B
8 _8 LUX (2013) —~ 10°F ' ..
_Q E N e
A 2, o :
© -9 R 10
o 010 F
Al E
20
= T P
—-10 ENONLIT (proj.) | 1ok
o ner contour: 1o i k
—11p outer contour: 2o 102k A = ]
pOMSSM, =8 "
—12 ‘ ‘ ‘ [ Y, y=43£12 MeV arXiv:1306.1567
0 0.5 1 1.5 1035 R RS
10 10 10
m. (TeV
X ( ) m, (GeV)

 much bigger ranges allowed
 ~1TeV higgsino DM: prospects for detection similar to unified SUSY

* new LUX limit: started to exclude mixed (bino-higgsino) neutralino
L. Roszkowski, PACIFIC-2014, 19 Sep. 2014 31



1407.0017

DM direct detection

1038
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Excellent prospects!

L. Roszkowski, PACIFIC-2014, 19 Sep. 2014

Reach of currently
running
experiments:

LUX, Xenon100

| m— ~2017
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DM Direct detection AD2014
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Indirect detection

® look for traces of WIMP annihilation in the MW halo (v’s, e™’s, p, ...)

® detection prospects often strongly depend on astrophysical uncertainties (halo models,

astro bgnd, ...)
Much activity:

» PAMELA
» Fermi

® neutrino telescopes, ATCs, ...
L. Roszkowski, PACIFIC-2014, 19 Sep. 2014
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SUSY DM and positron flux

_.._Pamela (2008)

0.3 s
1 00 Roszkowski, Ruiz, Trotta, Tsai & Varley (2009)
NUHM, p >0 ===Einasto /\
_._‘_+ —_NFW ~ 01k 4 A
T ' Ar 9 ]
10_ F{;\cﬁ\‘\i\ } x E { | : ? \"q -
..... ,{3 } ' ‘0“ L 2 s
. i bgnd v 0'.“‘ * PAMELA 2108
I T Doaee ® HEAT Cormained
&' e
= CAPRICE 94 b Bt
T, 4 HEAT 94+95 AMS-01 1968 -
N + HEAT 00 CAPRICE 1924
@ 107 « PAMELA : : Gi:ldm 1993
\ o (’.()I Ail Aol A A AL LLL 1
& NEW AMS-02 ) " 10 100 10°
»@ 18/09/2014 E |GeV]
0.2
c 2
(=}
- - l + 1
© A ! |
o ¢
- ﬂ*
= 0 TH
S ' ?_’ e, 'b"'” Zero crossing
= i *oee, »..._.’/ 275 + 32 GeV
7} i o
8 i e Data
G....l 2 e aaaal aaaaal P
. 1 10 102 10°
SUSY does not explain Energy [GeV]

positron excess!

Also true for wino LSP (Hryczuk et al)

L. Roszkowski, PACIFIC—2014,!lfedifﬂCﬁonal: pUIsar

AMS may help settle the issue:
e if isotropic: DM(?)
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CTA - New guy in DM h_unt race

» ground-based gamma-ray tel
> Arrays in southern and northern hemlsphere
for full-sky ‘coverage 3 -
». Energy tange: tens of GeV to >100 TeV
> Sensitivity: more than an order of mag .
£ improvement:in 100 GeV - 10 Tew Seie

= gc_nfw_bb_0500h_s016_med.npz = HESS GC NFW (112h)
= Fermi dSph (4 yrs + 10 dSphs) — Thermal Relic Cross Section |]
= = Fermi dSph (10 yrs + 30 dSphs) 1

| HESS (112 hr)
Galactic Center DM Halo T EF U FarmidSph N ‘

15 pc 150 pc

10*

. o~

— NFW E
=+ Einasto (a=0.17) [ & B N () Bl o i (i S il
: — Isothermal L
pTTTTTTTT — NFW(C8U 2010) l A

= Einasto (C&U 2010)

[0 68% CI (NFW C&U 2010) g
[0 68% Cl (Einasto C&U 2010) v

DM Density [GeV cm ]

___________

Search Reglon

E.1° 1.0° |
wl 2 (NFW 500 h) _
6 [deg] 10-27 . T > demded 13 . N N N .
10 10 10
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CTA and Unified SUSY DM
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CTA to probe large WIMP masses
~1 TeV higgsino DM: to be almost fully covered CTA

L. Roszkowski, PACIFIC-2014, 19 Sep. 2014 37



CTA and general SUSY DM

Direct Detection CTA
10 e BRSO N S % = 0 58
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General SUSY (p9MSSM) arXiv:1306.1567
MSSM:
* CTA to probe large WIMP masses
 ~1 TeV higgsino DM: to be completely covered by DD and CTA

L. Roszkowski, PACIFIC-2014, 19 Sep. 2014



Fine-tuning in ~1 TeV higgsino region

CMSSM: FT is enormous

But... 1000 |

FT can be reduced < 5 -
as far down as ~20 wl __
| (-5:3:1), ¢y = 0.16, bp=0.90
(all constraints satisfied) : (-5:3:1), oy = 0.20, bp=0.89
(-5:3:1), ¢y = 0.25, be=0.88

10 | | | | | |

Need to relax strict: 4 5 6 7 8 9 10
- m, (TeV)
e gauge coupling and
e s . 1402.1328
* mass unification conditions
* link mu to soft masses ~1 TeV higgsino DM
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To take home:

» DM: jury is still out, discovery claims come and go,
...but

» Higgs of 125 GeV -
~1TeV (higgsino) DM - robust prediction of unified

(and pheno) SUSY:
Smoking gun of SUSY!?

 To be probed by 1-tonne DM detectors
* Big bite by LUX already in 2014
* Independent probe by CTA
* Other indirect detection modes (nu, e+, ...): no chance
* Far beyond direct LHC reach
» (Fine-tuning can be reduced down to 1 in 20)

SUSY may be too heavy for the LHC
DM searches may hopefully come to the rescue
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