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Outline

<> Introduction — DM: evidence and general properties

<> Theory frameworks for DM candidates
<> SUSY neutralino as DM

<> Implications of mh~126 GeV and direct limits on SUSY:

- New DM candidate: ~1 TeV higgsino

<> Prospects for detection
<> Other recent developments and claims
<> Summary
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Footprints of Dark Matter

...felt but not seen

Angular scale
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What is the DM?

DENNIS the MENACE

® non—baryonic
® cold (CDM)
or possibly (?) warmish

® no electric nor (preferably)
color interactions

® relic from the Big Bang

® element of some sensible i
particle theory *LOTS OF THINGS 4RE INVISIBLE, BUT WE DONT

KNOW HOW MANY BECAUSE WE CANT SEE THEM .
plausible choice = Wl M P

(weakly interacting massive particle)

...a very broad class, not a single candidate

...How weak can weak be? -

WIMP: most likely an unknown particle
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A simple, persuasive argument:

® WIMPs decouple from thermal
ags . ‘: " '21 . ncreosing
equilibrium £ we |
® freeze—outwhenT' < H i |
WIMP relic abundance - | |
1 W V..Q
Qh? ~ '.
Cann 'v/c :. . Kolb, Tumer
<(10_38cm2) ( 0.1 > > ! w ‘ ) 03
X=m/T (Lme =)

Tann — C.S. for WIMP pair—annihilation in the early Universe

v — their relative velocity, (. ..)—thermal average

Oann ~ Oweak ~ 10738 cm? =1072pb = Qh?~1

A hint? Possibly, but...
Not “WIMP Miracle” but weak int. — relic density coincidence
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CDM: some theory frameworks

<> SUSY <- by far most popular (and best motivated)

<> DM and various extensions of the SM (portals/hidden
valleys,...)

<> Asymmetric DM

<> Self-interacting DM

<> Universal extra dim’s
<

SUSY frameworks:

+* Unified (=GUT-constrained) models (Constrained MSSM,, ...)
* virtues: well-motivated, predictive, realistic
* limitations: may miss some solutions

+* Phenomenological (supersymmetrized SM)

~_* Scenarios motivated by this or that...
‘ | Rosskowski, Apc. 14/3/2018-8- SPlit SUSY, Natural SUSY,...
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Well-motivated candidates for dark matter
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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
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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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Strategies for WIMP Detection

# | direct detection|(DD): measure WIMPs scattering off a target

go underground to beat cosmic ray bgnd

® indirect detection (ID):

» [HE neutrinos from the Sun (or Earth)
WIMPs get trapped in Sun’s core, start pair annihilating, only v’s escape

» |antimatter (e, p, D)|from WIMP pair-annihilation in the

MW halo -
from within a few kpc

. [gamma ray% from WIMP pair-annihilation in the Galactic

center . o
depending on DM distribution in the GC

» other ideas: traces of WIMP annihilation in dwarf galaxies,

thermal freeze-out (early Univ.)
indirect detection (now)

in rich clusters, etc ,
more speculative

# [the LHC | ) |W‘ % )

production at colliders

direct detecti




Supersymmetry

Symmetry among particles

bosons <-> fermions

Particles ‘
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Supersymmetric dark matter?

LSP — Lightest SUSY Possible candidates for LSP:
particle:

« Weakly interacting * Part of ordinary SUSY
Neutral (electric+color) spectrum:

* Massive Neutralino: mass state of

e Stable (R-parity) bino, wino, higgsinos

{10 — not good (LEP, DM searches)

Standard particles SUSY particles

Add gravity: gravitino LSP

e Add axion: axino LSP

L. Roszkowski, APC, 14/3/2014 13



Direct Detection AD 2011 - Before LHC

XENON100 (2012)
= observed limit (90% CL)
Expected limit of this run:
[ = 1 o expected

+ 2 O expected
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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...

CMS Vs=7TeV,L=5.1fb'Vs=8TeV,L=53fo"
‘I T I T T T T I T T T ]

» SM-like Higgs particle at ~126 GeV g | s oo
H H : : L_E1000_ 120 130 \ |
» No (convincing) deviations 8 | s (G |
% | ¢ Data |
from the SIVI ESOO_ Tg}sit'g:)mponent
3_3 | C+1o

BR(BS — ,u_}_,u_)LHCb - (291—%(1)) X 10_9 g’ 0-.?#‘0, N B N B

n 110 120 130 140 150
BR(Bs — ' )oms = (3.0759) x 1077 myy (GeV)

. J— 9 MSUGRA/CMSSM: tanf = 30, A0= -2my, u>0

BR(BS — M+/,L )SM = (365 :I: 023) X 10 ? [T 'Eﬁl L B B IAI\TI'L;IAISIPrIeliImiIna:ryI ':
§5WOE‘ ij:msmfﬁﬂTw‘{
> B ‘t 0-lepton combined ]
> Stringent lower limits B \ TD.EXSZZ;“':111;;’;2:?’”g
on superpartner masses t { :
SUSY masses pushed to 1 TeV+ scale... "= ATASSONR2DLEIA
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gluino mass [GeV]
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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, APC, 14/3/2014 17



Nothing new...

The negative result illustrates
the risks of Big Science, and its
often sparse pickings.

By MALCOLM W. BROWNE

Three hundred and fifteen physicists worked on the
experimer.t. '

Their aratus included the Tevatron, the world’s
most powerful particle accelerator, as wcll as a $65
million detector weighing as much as a warship, an-

advanced new computing system and a host of other
innovative gadgets.

But despite this arsenal of brains and technological
bra S| at the Fermilab a r labo
the ants_have fa t
isagreeable reminder that as science gets harder, even

Herculean efforts do not guarantee success. ~
wiean ellors o REEREE CDF, ~2003

e lminion af mntivmals

L. Roszkowski, APC, 14/3/2014



The 126 GeV SM-Like Higgs Boson

A blessing or a curse for SUSY?

L. Roszkowsk i, APC, 14/3/2014



The 126 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 126 GeV Higgs Boson and SUSY

A curse...

Only m_h~126 GeV and CMS lower
bounds on SUSY applied.

126 GeV Higgs->
Multi-TeV SUSY

L. Roszkowski, APC, 14/3/2014
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Mass [GeV]

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
® radiative EWSB | ,
i 2 7"'Hb_7nHt, tan“ 8 m2
500_ B = tan< 3—1 -2
® five independent parameters:
il | | 1 | [ | | | m1/2s mo, AO’ tanﬁa Sgn(u’)
O2 4 6 g 10 12 14 16 18

Log,,(Q/1 GeV) <

figure from hep-ph/9709356

well developed machinery to compute
masses and couplings

In general supersymmetricSM too‘many free parameters 22



~126 GeV Higgs in the CMSSM

BayesFITS (2013)

* Include only m_h~126 GeV Posterior pdf =~ -’ '~ 1302.5956
.« . . : (solid: 10 region
and lower limits from direct ol CM3SM, >0 dashéd: 20 region
Log/Prlors A X
SUSY searches m, 125,806 (exp) +3 (th) GelV =~~~

/ s

(m}, —125.8 GeV)?
L~e o4

m1/2 (TeV)

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

approach (SoftSusy).
It gives larger m_h.

A curse... |
~126 GeV Higgs mass implies] * ~° gy °
multi-TeV scale for SUSY g [

m,
' | A weak upper bound
| on M_SUSY

| ..except at very small tanb-
{ >1 where it goes away

Consistent with:
e SUSY direct search lower limits at LHC

* constraints from flavor

Relative probability

0.2f

23
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If m; were, say, 116 GeV...

Bay(—stITS (2013) BayesFITS (2013)

m1/2 (TeV)

10 ;
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CMSSM, 11 >0 solid: 1o region CMSSM' p>0 h— ™ :

sl Log Priors’ dashed: 20 region 1.0rLog Priors -~ ]
m, =116.0 0.6 (exp) +3 (th) GeV 2 ([my
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O /I
6 1 © /
-Q !
o /
—
O 0.6f I/ ]
_ (O] 1
T \\ - i > /
4 // - 4 s //
i \ © o04f ]
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...significant tension with LHC bounds
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Higgs boson mass and SUSY

> 1loop correction

BayesFITS (2013)
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Higgs mass plus dark matter density

* Unified SUSY: relic density is typically

BayesFITS (2013)

Posterior pdf

5| CMSSM, ;>0

Log Priors

* Best fit
solid: 10 region
dashe/d:\ 20 region |

1'2 Orders Of magnitude too Iarge Al BR(B.@H/ﬁlf):(3~2jt/l-57x10’9 k(/\gurrent) _
e Effect of LHC direct SUSY limits much weaker

m1/2 (TEV)

All constraints included -->
2,
10000 BayesFITS (2013) N

Relio density ov-2oore2a Remaining mechanisms 15 A 1302.5956
[CMSSM, 1 >0 ining : 2 B
000 | 2 sigma range 1 of reducing it to correct '~ - - - cus Combination |
. 4 8 12 16 20
: range: my (TeV)
< 6000 |- . ]

<> neutralino-stau coannhilation Akula+Nath,
1207.1839

= ﬁ < pseudoscalar Higgs A resonance .. mi tan? 3
__ <rfocus point/hyperbolic branch region

™. <>~1TeV higgsino LSP at large MSUSY

<-and (very rare) LSP-stop coannihilation

N

o

o

o
T

2000

0 5000 10000
m, (GeV)

15000 20000

Scan with all other relevant
constraints imposed

CMSSM: these are the only DM-favored regions
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~1 TeV higgsino DM

<> Generic, present in many SUSY models

(both GUT-based and not) Unified SUSY:
First pointed out
Condition: gauginos heavy enough in NUHM in 0903.1279
When m_é Z 1 TeV: 0.9 pliMSI:;iiLI]Z i;;le(;e‘v X withhiggsinones:ﬂ:99.9%
easiest to achieve Q, h* ~ 0.1 ol T
When mI:I ~ 1 TeV 06

<-Implied by ~126 GeV Higgs mass "
and relic density

0.1

¢ SmOking gun Of SUSY!? 05— " 000 1500 2000 2500 3000 3500

m, [GeV]
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Can such multi-TeV ranges of SUSY
parameters be experimentally tested?



Are we done with the LHC?

BayesFITS (2013)

BayesFITS (2013)

[}

BayesFITS (2013)

12 : : :
Posterior pdf * 'Brestfit ' 60 Posterior pdf//” * -B.eSt fit
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1o CMSSM, 1 >0 - 1o ‘%, ! =~ . : 0
. dashed; 20 region © -
Log Priors P J €3 3., f
- \ = + // ‘
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| _ \ 1 o %
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m — ] “ 2 A\ /,
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€ o ! ) § 12 16 20 -6 -8 0 8§ 16
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N —
| = -
3 g
o
4t
RN
9 LHC14 reach:
/
\
- T ° ~
1 @ Gluino: ~2.7 GeV
4 -7
o } ~
LHC Squarks: ~3 TeV
2 8 12 16 20
m. (TeV)

i LHC — only stau coannihilation
will be +/- covered

...signal “"not guaranteed”’
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logyglo" (pb)]

CMSSM and 1-tonne DM detectors

BayesFITS (2013)

Posterior pdf *  Best fit

CMSSM, 1 >0 inner: 1o region
- outer: 20 region
Log Priors

p >0 6

— A-funnel

T~ Stau coan’n .

|
=)

250 500 750 1000 1250 1500

m, (GeV)

[Focus point region ruled out by LUX (tension with X100) ]

BayesFITS (2013)

BR(B,—n* 17 ) =(3.24+1.5) x10~? (current)

Posterior pdf *  Best fit
solid: 10 region
I CMSS.M' p=>0 dashed; 20 region |
Log Priors &8

\
/

‘~ = = =  CMS Combination
4 8 12 16
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20

["‘1TeV higgsino DM: exiting prospects for LUX, X100 and 1t detectors]
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Update 2014

1302.5956

Posterior pdf

BayesFITS (2013)

* Best fit

—6: CMSSM, >0 inner: 1o region
" ! outer: 20 region
s Log Priors
—78 BR(B,—p*p~)=(3.540.25) x107°
g —8¢ B Y
3 - =-rT=
e .-
: o 5
= §
:“. T\ e mesmmmmTEEE
~10f AP
- m_h (2 loop)
~1% 250 500 750 1000 1250 1500

My

(GeV)

in preparation

pu >0

BayesFITS (2014)

p
. Posterior pdf  m_h (part. 3 loop)
-60f CMSSM, >0 1
» Log Prior . .
n 09 ors solid: 10 region
: dashed: 20 region
m
—7.5: LUX(2013) _ | = o
. - - m ==
- [ -m= mm .
g_ i e A =" ’
‘—/ : "’ . N ?r‘orect-ed-)i
}bg —9.0{" _________ .
" 5
L) P - = S e m =
‘l‘ -— -;E%NiT(prOJcctod)
1 .
—10.5"
1
* Best fit
® Posterior mean
-12.0 ‘ ‘ ‘ : ‘
0 250 500 750 1000 1250 1500
m, (GeV)

* LUX limit: FP region practically excluded
* Theory sigma_p down by ~1 order of mag

OnrN

Recent (micrOmegas3.1):

Os

34 + 2 MeV
42 + 5 MeV

» Effect of 3 loop corr’s to m_h: not very significant

L. Roszkowski, APC, 14/3/2014
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Bayesian vs chi-square analysis
(updated to include 3loop Higgs mass corrs)

In preparation Buchmueller etal 1312.5250

BayesFITS (2014)

6000 4000
Posterior pdf Bayesian zzzz chi2
5000l CMSSM, u >0 : ~
Log Priors e 5 2500
solid: 1o region S 2000l
7. dashed: 20-region =
4000 [ ' g 15000 A
— 1000t @& o= TN L R -
3 500 ~ LT
O
= 3000 0 . . . . .
o 0 1000 2000 3000 4000 5000 6000
g my[GeV]
2000} L4
10"
1000 10
S . —_ -43 [
- o ATLAS (207!, v5 8TeV) *  Bestfit &= 10
== ® Posterior mean S 10
‘ ‘ ‘ ‘ BE 45
4000 8000 12000 16000 20000 ) 10_46
m, (GeV) 107}
10
M . . 10-48
Reasonably good agreement in overlapping region 10* T
mye

~1 TeV higgsino-like WIMP: implied by ~126 GeV Higgs -> large m1/2 and mO
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Unified SUSY (Constrained MSSM)

Unified vs pheno SUSY

BayesFITS (2013)

General SUSY (p9MSSM)

BayesFITS (2013)

-5 ‘ ‘ 10°¢ e ———
. , £ 6x? (basic +X100 +% ) >5.99
Posterior pdf *  Best fit " gzugino, g;>0.9
-6 CMSSM, m >0 Inner: 1o regllon i 107 3 e mixed, 0.1<g; <0.9 E
Log Priors outer: 2o region : higgsino, g, <0.1
—78 BR(B,—p " p ) =(3.540.25) x10~° . 10°F
ﬁ; ----- S 10°F N el
Q
: 1010k
20
9
S AP 1ok
1072k — E
pOMSSM, =8 "
arXiv:1302.5956 [ ¥, y=43+12 MeV arXiv:1306.1567 !
_ ‘ ‘ ‘ ‘ ‘ -13 , A | , R |
120 250 500 750 1000 1250 1500 10 10! 10° 10°
m, (GeV) m,, (GeV)
MSSM:

much bigger ranges allowed
 ~1TeV higgsino DM: prospects for detection similar to unified SUSY
New LUX limit -> starts to exclude mixed (bino-higgsino) neutralino

L. Roszkowski, APC, 14/3/2014
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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

diffuse gamma radiation from WIMP pair annihilation WIMP Mass [GeV]



CTA and SUSY DM

Direct Detection CTA
O e TS N ™ YL
: -+ 52 (basic +X100 +3_y) >5.99 : El - 0x (basic+X100 +3,y) >5.99
= gaugino, g, >0.9 ] [| = gaugino, g;>0.9
107 F e mixed, 0.1<g; <0.9 3 ® ”Tixe‘.j' 0.1<g; <09 -
: higgsino, g; <0.1 E 10-25 3 »  higgsino, g; <0.1 . ; o -

ﬂN_43 12 MeV

10 S 10°
m,, (GeV) m, (GeV)

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
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X-Ray Signal of DM?

Bulbul, et al., 1402.2301

> 3.5 keV line is claimed to be seen
Boyarsky, et al., 1402.4119

in clusters of galaxies and in M31
(XMM data)

n

I
3.51 +0.03 (0.05)

I ' I
3.57 +0.02 (0.03)

XMM-PN
Full Sample |

\ ‘ ]
XMM-MOS
Full Sample -
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Energy (keV)

Combined data significance 4.4sigma

Lots of theoretical speculations:
* Sterile neutrino decaying into an active one + photon

e Sterile nu ->axino
e Sterile nu -> axion-like particle
* ... L. Roszkowski, APC, 14/3/2014 36



Gazing into a crystal ball...

L. Roszkowski, APC, 14/3/2014
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CREDIT

CRUNCH
AHEAD

L. Roszkowski, APC, 14/3/2014
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To take home:

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

go...
» SUSY neutralino remains most popular choice

> Higgs of 126 GeV - ~1TeV (higgsino) DM — generic

prediction of simple, generic SUSY:
 To be probed by 1-tonne DM detectors
e Big bite by LUX already in 2014
* Independent probe by CTA
* Far beyond direct LHC reach

Smoking gun of SUSY!?

SUSY may be too heavy for the LHC

DM searches may hopefully come to the rescue
> 3.5 keV X-ray line as DM signal? Too early too tell...

L. Roszkowski, APC, 14/3/2014 40



