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Dark Matter: complementary search.

This seminar:
After the discovery of the Higgs particle @ the LHC:
Dark matter is the next important physics problems to tackle for the LHC

The search is complementary to other experimental techniques used.




Multi Jet Event at 7 TeV

« The Higgs and dark matter
» Supersymmetry searches

» » Generic searches via missing
E:, including mono-jets, top,
photons, leptons...

~ = New: mono-Higgs production

~* Summary




Astronomers found
that most of the

| matter in the Universe s
must be invisible Dark e
i Matter '

~ F Zwicky 1898-1974
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Evidence Piling-up '8

e Gravitational Lensing * Bullet Cluster; colliding galaxies
— much more lensing than can — Composite x-ray, visible image, 10x DM
be explained by visible mass — Does not really match modified gravity
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Evidence Piling-up %

There is a wide variety of
evidence indicating that dark
matter exists

Each of these observations infer

dark matter’s presence uniquely
through its gravitational
iInfluence

To-date, no (non-controversial)
observations have been made
of dark matter’s electroweak

or other non-gravitational
Interactions T st

Instead of dark matter, might we
not understand gravity?




The Universe,

Neutrinos Dark Atoms
10% Matter 4.9% EDark
63% G
Dark —
Photons | Matter
15% | 26.8%

Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)

TODAY

» Strong astrophysical evidence for the existence of dark matter

— Evidence from bullet cluster, gravitational lensing, rotation curves
— DM is six times more abundant than baryons
— Contributes ~1/4 of the total energy budget!



Particle Dark Matter?

We know only little about the nature of dark matter:
Cold (non-relativistic)

Stable
Dark and collisionless (no electric charge or QCD color)

No particle contained in the Standard Model fulfills these criteria

This leaves us with a vast range of possibilities from Planck/GUT
scale "WIMPzillas” to ultra-light axions

Dark matter candidates in the form of weakly interacting particles
with masses in the GeV-TeV range (WIMPs) stand out for their

Testability
Theoretical motivation (solution to electroweak hierarchy problem)
The “WIMP Miracle”

The observed density of dark matter is of the magnitude expected for a
thermal relic weakly-interacting massive (~10-100 GeV) particle (WIMP).




Particle Dark Matter?
The Dark Matter Candidate Zoo

Neutralinos (higgsino, bins, winos, singlinos)
AXxinos

Gravitinos

Sneutrinos

Axions

Sterile neutrinos

4th generation neutrinos

Kaluza-Klein photons

Kaluza-Klein gravitons

Brane world dark matter/D-matter

Little higgs dark matter

Light scalars

Superheavy states (ie. “"WIMPzillas™)
Self-interacting dark matter

Super-WIMPs

Asymmetric dark matter

Q-balls (and other topological states)
CHAMPs (charged massive particles)
Cryptons, mirror matter, and many, many, many others...

From D. Hooper




No Lack of Theoretical Id-

[from T. Tait]
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violating

Supersymmetry
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Techni-
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Theories of
Dark Matter

Dimensions




wips

* Perhaps Dark Matter is a particle with weak-scale mass?
— Weakly Interacting Massive Particles (WIMPs)
— Produced in the Big Bang, interactviax+x—q+q
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Weakly-interacting massive particles naturally

provide the right relic abundance - “WIMP miracle”



Dark Matter @ LH

Search for WIMP candidates in events with Missing Transverse Momentum
EG: SUSY searches, monojet and mono-photon Searches, W’ searches...

arXiv:1305.1605

Dark Matter

Leptons
electrons, muons,
taus, neutrinos

DM DM DM SM SM DM
Direct Indirect Particle Astrophysical
Detection Detection Colliders Probes

SM SM DM SM M DM DM DM

Nucdlear Matter
quarks, gluons

Photons, Other dark
W, Z, h bosons particles




Dark Matter: Indirect Detectio-

Indirect Detection

Low-energy photons :
Galactic Center Quarks \/\/\/\/\_, Positrons
Dwarf spheroidals . ‘ [+
DM clumps, Sun - P

Medium-energy Electrons

gamma rays
M ‘ Neutrinos

Leptons

\ ’ Antiprotons

Bosons W\/\/\/\Wrotons




Indirect Detection Experimenl-
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Indirect Detection

Some scientists are believers!! arXiv:1402.6703v1

The Characterization of the Gamma-Ray Signal from the Central Milky Way:
A Compelling Case for Annihilating Dark Matter

Tansu Daylan,! Douglas P. Finkbeiner,>? Dan Hooper,>* Tim Linden,?
Stephen K. N. Portillo,? Nicholas L. Rodd,® and Tracy R. Slatyer® "

Using gamma-ray data from the FERMI satellite
DM annihilation into b anti-b quarks?

The Galactic C e Galactic Halo
-Brightest spotfi the sk  /-High statistics
-Considerdble astro 3 ires detailed model
backgrounds e, f galactic backgrounds
f' 1 - =Y
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L% ¢
.E ;
\ /
e of
\. /
Isotropic-Background )warf Galaxies
-High statistics < ~ -Less signal
-potentially difficult to id -Low backgrounds

Also the 3.5 KeV line: light axion-like particle annihilation?



Dark Matter: Direct Detectio

* Direct detection experiments: nuclear recoil from DM collision

— Extremely sensitive, extremely difficult... extremely successful!

— Excesses observed but not confirmed (10 GeV DM candidate?)

* Need for independent verification from non-astrophysical experiments
— Low mass region not accessible to direct detection experiments

— Limited by threshold effects, energy scale, bkgnds; spin-dependent couplings difficult...

WIMPs and Neutrons
scatter from the
Atomic Nucl&us

Photons and Electrons
scatter from the
Atomic Electrons




Direct Detection: Exam-

COUPP

CDMS

(+ EDELWEISS,
DAMA, EURECA,
ZEPLIN, DEAP, ArDM,
WARP, LUX, SIMPLE,
PICASSO, DMTPC,
DRIFT, KIMS, ...)




Direct Searches for Dar
_ N R,_

Intensive campaign of
direct detection
experiments since more
than ~20 years

No (real) sign so far...

State of the art today:
Driven by the results of
the LUX experiment

SuperCDMS Soudan Low Threshold
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One has always to be careful with the press...

Search for dark matter by UC Davis
researchers comes up empty







CMS Integrated Luminosity, pp
Data included from 2010-03-30 11:21 to 2012-12-02 15:07 UTC

Primary physics targets
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LHC operation is now stopped

for 2 years, and the machine
is being prepared for running
at 13-14 TeV from 2015 onwards

+
-

27 km ring
100 meter underground



uly 2012...

Higgsdependence Day
July 4,2012




Muon Detectors

The Higgs Hunters @ the LHC .

Tile Calorimeter

Liquid Argon Calorimeter

B | LHC: pp collisions
: at 7/8 TeV

The ATLAS experiment

L oot
/ d ECAL 76k scintillating C M S
Toroid Magnets  Solenoid Magnet SCT Tracker th 8.7 m

PbWO, crystals

MUON ENDCAPS
HCAL Scintillator/brass

473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)

The CMS experiment

These experiments are likely to
become DARK MATTER HUNTERS

Tracker Pixels & Tracker

- « Pixels (‘100X150 um?
in 2015 and beyond... HCAL

HCAL +Si Strips (80-180 um)
~200 m? ~9.6M ch
Muons MUON BARREL
250 Drift Tubes (DT) and
480 Resistive Plate Chambers (RPC

Solenoid coi



Evidence for a Higg
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The particle is
clearly still with
us, now with a
significance

of >100 !

in both CMS
and ATLAS

It has a mass
of about
126 GeV

We now enter the phase of measuring the properties of the new particle




AHiggs... N

m, = 125.6 + 0.4 GeV

A malicious choice!

MSSM at the weak scale
| |

TIHIE
| | | | |
| | | | | | | |

50 60 70 80 90 100 110 120 T 130 140

Strumia

The Higgs:
so simple yet so unnatural

Stockholm Nobel Symposium
May 2013

Guido Altarelli

Note: the LHC is a Higgs Factory: 1 Million Higgses already produced

15 Higgses/second with present lumi.




What is Next? R

The work is not over yet: Many questions still remain unanswered:
]s it THE Standard Model Higgs boson or a messenger of New Physics ?

*How can we explain a Higgs mass ~ 126 GeV? What stabelizes the mass?
*What explains the mass pattern of the particles that we observe?

*What is Dark Matter and Dark energy? Supersymmetry at higher masses??
*Where is the antimatter in the Universe? How did it disappear??

Iggs as a porta

® having discovered the Higgs?

e Higgs boson may connect the Standard
Model to other “sectors”

SU(3)exSU(2)xU( 1)y

hidden | | Higgs quarks
sector sector leptons

Need for precision measurements with ~100x the present statistics
LHC upgrade ! Experiment upgrades!! (Other machines?)






Invisible Higgs Decay

Gtag,1

Qtag,2

_) 5.0 eyl cein SooTLcmen

*Possible decay of the Higgs in Dark Matter Sasp T Posw | —Omeaned |
particles (if M<M,,/2) o 40F Sl
-Different searches: o :
-Direct search 25F :
Look for the invisible decay channels 2.0F .
-Indirect search ] E
Make a global fit of all production and ost /A E
decays (and some modest assumptions) i, :



Invisible Higgs Deca

CMS-PAS-HIG-13-018 Search for Invisible Higgs decays in the ZH process
Z+H - 2 leptons + missing E;
Possible decay in Dark Matter particles (if M<M,/2)

+ CMS (5+20 fb-'):
o Br(H=yy) < 75% (91% exp.) @ 95% CL,
my =125 GeV

|
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*No evidence for invisible decays found so far



Invisible Higgs Deca

*\VBF associated Higgs production

*Special VBF+MET L1&HL triggers & big effort to reduce QCD BG
*Z(vv)+Jets background predicted using Z(uuw)

CMS-HIG-13-013

Gtag,1
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~

[2]

i

o -
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x C
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95% CL upper limit on BF(invisible)
= 69% (53% expected)

500 1000 1500 2000 2500 3000
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1000 150 200 250 300 350 40
m, [GeV]




Invisible Higgs Decay

i b Search for Invisible Higgs decays in the ZH process
Z+H > 2 b quarks + missing E;
Similar to the process Z+H with H =>bb and Z>vv

CMS-PAS-HIG-13-028

95% CL upper limit on BF(invisible)
= 1.82 (1.99 expected)
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*No evidence for invisible decays found so far




Data / Expected

Invisible Higgs Decay

Search for invisible Higgs decays in the processes
Z+H > 2 leptons + missing E-
VBF H = 2 jets + missing E;
Possible decay in Dark Matter particles (if M<M,/2)

ATLAS :arXiv:1402.3244 CMS-PAS-HIG-13-013/018

CMS preiminary, ZH— I+MET, f5=5.0 TB'V'.J' L=ig6f "

> 80 L —— T————3
8 Topweinwssors aaca) [ wa s 3 w5 [ CMS Preliminary — Observed
S e : [z nigam) =2 ﬂ:] 4 Gombination of VBF and B Expected (68%)
= 60 — ZHj125) ® daa 3 S 12: ZH, H — invisible
P> 3 E °F (s=8TeVL=19.6/fb (VBF + ZH) . :
‘g 50 (ee+puu) _; 8 L Vs=7 TeV L =5.1/tb (ZH) VBF+ZH N ATLAS (4 7+1 3 0 fb_1)_
> 3 I . . .
w 40 = X
30 1 Bop © Br(H—yy) <75%(62% exp) at 95% CL.
00 E o6 my = 125 GeV
ol EfE - CMS (5+20 fo):
PN © Br(H-yy) <54%(46% exp) at 95% CL.
M (Z,H) [GeV] Ca— 3 - E ‘110;]1; (‘Gg{t?) My = 125 GeV
Sof T T T T aogge Ty
= \5=8TeV, [Ldt=203 1" B 2z coniinein o ATLAS T O ]
-~ ZH - ¢¢ +inv. B vz cveciinn C ys=7TeV.(Ldt=45f" _ E . . ..
@ 500[- T Observed 95% CL limit ]
- opianmse o | eNO evidence for invisible
i1} - + Inv.

B - g

= decays found so far

*More channels & data
coming up...
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Higgs Portal to Dark

= “Higgs Portal” model extends SM to include weakly interacting massive particles (WIMPs)
coupling to Higgs boson
= Dark matter-nucleon scattering as well as decay rate inferred from Higgs invisible decays

= Translate BR; , < 0.37 (0.39) obs. (exp.) at 95% CL (5-channel + Zh) into limits on DM rate
(depends on WIMP spin)

X X
CE‘ 1039'1_”] T T l.lllll T T |Illll] T T llll!
3, i ATLAS Preliminary - W
i 10-41 —_ —_: |
© i ] A\ |
e i R i hx x I h
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I : = X )
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[ nomn P22 o e MY = Significantly more sensitive at low
10°F o one mass for vector WIMP than direct
. [ DAMA/LIBRA (99.7% CL) ATLAS (95% CL) in —
[ [ CRESST (95% CL) Hi rtal model: 7| i i ]
Mo il figge portal model: dgtectlon experiments assuming
— EEE CoGeNT (90% CL) — Majorana WIMP Higgs Portal model
105} — XENON10 (90% CL) ek Vector WIMP - —
= XENON100 (90% CL) ] 1+ivi i -
e 1 3 " Sensitivity dominated by 5-channel
1 1 | I . . 1 11 1 111l | 11 1111 g coupllng comblnatlon
1 10 10 10
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. Includes results from a fit of the visible+invisible cross sections results .



Supersymmetry was not “invented” to solve the dark matter

problem, but can provide a great solution




Suersymety: a new symetry in Nature?

.
ol

N

SUSY force particles

Candidate particles for Dark Matter
= Produce Dark Matter in the lab

------
——

% ‘ : .
ol SUSY particle production at the LHC . , AL TAIIECTOm s Bradac

. »
+ 2 D-je1s
+ 4 jets



...oome Interesting Collisions... I

...already in 2010...
SOATLAS

EXPERIMENT
CMS EXperiment at LHC CERN Ren Number: 183021, Event Number 66383304
Data recorded: Tue Oct 26 07:13:54 2010 CEST
<} Run/Event: 148953 / 70626194
2 \| Lumi section: 49
| Orbit/Crossing: 12688625 / 466

*Events with five jets of particles and large missing energy
which could come from a possible dark matter particle

*But a few events is not enough too prove we have something new
No visible excess has been building up with time...



SUSY Searches: No signal -

MSUGRA/CMSSM: tanp = 30, Ao= -2m,, u>0

= LY B B DAL B R R IR L .
3 - =| ATLAS Preliminary . *So far NO clear S|gna| of
ésooo — [La-z0swtisstev | Supersymmetric particles
_:E“ E ‘ O-lepton combined E has been found
g-4000 — $\ allowed —— Observed limit (+165YS) ]
@ L § I :
: ! ~o- Beecedimiten) 1 e\We can exclude regions
000 § 7 where the new particles
: 4 1 could exist.
2000 [— B —
oo | €XCluded 1 = *Searches will continue for
e 4 the higher energy in 2015

800 1000 1200 1400 1600 1800 2000 2200
gluino mass [GeV]

Plenty of searches ongoing: with jets, leptons, photons, W/Z,

top, Higgs, with and without large missing transverse energy
Also special searches for contrived model regions



Searches for S_

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: EPS 2013 [Ldt=(44-229) o0 5=7,8TeV
Model &7y Jets ET™ [cdifi] Mass limit Reference
MSUGRA/CMSSM 0 26jets  Yes 203 |@&g 1.7TeV m(g)=m(z) ATLAS-CONF-2013-047
MSUGRA/CMSSM lepu 3-6jets Yes 203 |& 1.2 TeV any m(g) ATLAS-CONF-2013-062
MSUGRA/CMSSM 0 7-10jets  Yes 203 |& 1.1 TeV any m(g) ATLAS-CONF-2013-054
44, Goqh3 0 26jets Yes 203 |§ 740 GeV mi9)=0 GeV ATLAS-CONF-2013-047
2E, g—)qqxg 0 2-6jets  Yes 203 |& 1.3 TeV m(¥3)=0 GeV ATLAS-CONF-2013-047
28, B-q9¥ioq thl 1epu 3-6jets Yes 203 |& 1.18 TeV m(F3)<200 GeV, m(¥*)=0.5(m(¥3)+m(z)) ATLAS-CONF-2013-062
gg—»qqqqft’(t’f)xlxl 2e,u(SS) 3jets Yes 20.7 g 1.1 TeV m(¥3)<650 GeV ATLAS-CONF-2013-007
GMSB (e NLSP) 2e,pu 2-4jets  Yes 4.7 tang<15 1208.4688
GMSB (£ NLSP) 121 0-2jets Yes 207 |& 1.4 TeV tang >18 ATLAS-CONF-2013-026
GGM (bino NLSP) 2y 0 Yes 4.8 m(#9)>50 GeV 1209.0753
GGM (wino NLSP) lep+y 0 Yes 4.8 m(#9)>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(,\"r‘})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets Yes 5.8 m(F)>200 GeV
Gravitino LSP 0 mono-jet  Yes 10.5 m(g)>10" eV
g—>bB§u§’ 0 3b Yes 201 |& 1.2TeV m(#2)<600 GeV
g_,tiib 0 7-10jets  Yes 203 |& 1.14 TeV m(#9) <200GeV
Bt O-1ep 3b Yes 201 |& 1.34 TeV m(¥9)<400 GeV
Y O-1e,u 3b Yes 201 |& 1.3 TeV m(¥3)<300 GeV
b1by, by—b¥) 0 2b Yes 201 |B, 100-630 GeV m(¥9)<100GeV
by by, by—t¥i 2e,u(88) 03b Yes 207 |B 430 GeV mi5)=2 m¢t?)
i 1-2eu 1-2b  Yes 47 |8 167GeV m(F3)=55GeV
21 # (light), 1 — Wb’(1 2e,pu 0-2jets Yes 203 |§ 220 GeV m(#9) =m(E)-m(W)-50 GeV, m(E; )<<
% & (medium), & —¢X. 2e,u 2jets  Yes 203 |& 225-525 GeV meF3)=0GeV
;11 (medium), T, — b7 0 2b Yes  20.1 f 150-580 GeV m(¥9)<200 GeV, m(¥5)-m(¥?)=5 GeV
%, %1 (heavy), f; > ¥ lepu 1b Yes 207 |% 200-610 GeV m(E0)=0 GeV
t1 t1(heavy), foth] 0 2b Yes 205 |& 320-660 GeV m(£3)=0 GeV
fity, il 0 monojetctagYes  20.3 | 200 GeV m(E)-m(¥)<85 GeV
#  (natural GMSB) 2e,u(2) 1b Yes 207 |& 500 GeV m(#9)>150 GeV
b, hoh 4+ Z 3eu(2) 1b Yes 207 |& 520 GeV m(#;)=m(¥})+180 GeV
BRbL, R/ e 2epu 0 Yes 203 |¢? 85-315 GeV m(¥3)=0 GeV
> 'S kal,Xl—rt’v(fv) 2eu 0 Yes 203 |%; 125-450 GeV m(#3)=0 GeV, m(Z, 5)=0.5(m(E; }+m(¥
W fh, X () 27 0 Yes 207 X 180-330 GeV m(F3)=0 GeV, m(z, 7)=0.5(m(¥7)+m(k
© X1X2—>£|_v€|_°€(vv) e () 3eu 0 Yes 207 |X.X 600 GeV mET)=m(3), m(£3)=0, m(Z, #)=0.5(m(¥5 )}+m(k
BER-wid Z‘X? 3eu 0 Yes  20.7 if,é 315 GeV m(E5)=m(¥3), m(¥3)=0, sleptons dect
Direct ¥1 X7 prod., long-lived ¥;  Disapp. trk 1 jet Yes 203 |X 270 GeV m(¥5)-m(¥3)=160 MeV, 7(¥;)=0.2 n
Stable, stopped g R-hadron 0 1-5jets  Yes 229 |& 857 GeV m(¥3)=100 GeV, 10 us<r(g)<1000 s ATLAS-CONF-2013-057
GMSB, stable %, Bo(e, f)rr(e n) 121 0 - 15.9 10<tanB<50 ATLAS-CONF-2013-058
GMSB, #—y &, long-lived &2 2y 0 Yes 47 0.4<r(¥)<2 ns 1304.6310
- qqu (RPV) 1u 0 Yes 4.4 1 mm<cr<1 m, & decoupled 1210.7451
LFV pp—¥. + X, ¥r—e+pu 2e,u 0 - 4.6 23;,=0.10, 4132=0.05 1212.1272
LFV pp—¥ + X, 7r—oe(u) +7  leu+t 0 - 4.6 24,,=0.10, 23(2)33=0.05 1212.1272
>  Bilinear RPV CMSSM lepu 7jets  Yes 47 m(@)=m(g), crisp<1 mm ATLAS-CONF-2012-140
& X iI,F—»WXl X1—>eev,‘, euve 4eu 0 Yes  20.7 m(¥2)>300GeV, A12>0 ATLAS-CONF-2013-036
Xk, X SWE K11y, erv, Beu+T 0 Yes  20.7 m(¥2)>80 GeV, 233350 ATLAS-CONF-2013-036
g—»qqq 0 6 jets - 4.6 1210.4813
g-tt, hi—obs 2e,pu(SS) 03b Yes 207 ATLAS-CONF-2013-007
Scalar gluon 0 4 jets - 4.6 | sgluon ~ 100-287 GeV incl. limit from 1110.2693 1210.4826
WIMP interaction (D5, Dirac x) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit 0f<687 GeV for D8 ATLAS-CONF-2012-147
Vs=8TeV 1071 1

*similar results obtained by CMS




Typical Lightest SUSY part

-----------------

0 600 700 800 900 1000 1106 1200 1300 1400 1500
B % | R gluino mass [GeV

100 200 300 400 500 600 700 800 . . . .
m;=05m, +0.5m, m. = m, [GeV] But could hide in contrived scenarios

CMS Preliminary Vs=8 TeV,det =195 fb™
S‘ :_ T I T *I T T | T T T T T T T T | T T ;l T T | T T T I_: . . u . .
= - SUS-13-011 BDT analysis - a = . . .
350 \ ’
A . —Omsened No ‘light” Lightest SUSY Particle (LSP)
£ a0 o 48 ;& -~ - Expected =
- ST S i so far
250— & Qe =
200 ;_ ":::" ot _; ;‘ T TTTT TTTT | TTTT | TTTT | TTTT | TTTT | TT II T | TTTT l TTT1TT4
1s0F =* E & 900—~CMS Preliminary — sus-12-024 0-tep (#,+H,) 19.4 fo]
C . . —_ - 4a . 1 -
ook \ E % - \/g =8 TeV —— SUS-13-007 1-lep (n_ >6) 19.4 1" ]
E ] g 800 “EPSHEP 2013 ——— SUS-13-013 2-lep (ss+b)195fb1 ]
50 [ H = o - — Observed = SUS-13-008 3-lep (3l+b) 19.5fb™"
£ | | | | H | ] 9 700 e Observed -1 thl:.s;:y —
0200 300 400 500 600 700 800 - ---Expected & .
C N ]
m'i [GeV] 600 [ & -
CMS Prellmlnary \F 8TeV,L =19.5fb" 500 - ]
; 800 C L L I T T | T TT | T T I \ I T T T T | T T 7T ] : :
C ~0 ~+ + K
) C=pp =Y, %, (1., BF(I'T)=0.5) . r ]
(2. 700 - e - e - 400 -
C e pp S T (T BRET)=1) . ]
£ 000 oo 7 (ol BEOWDEY E 300 = =
500 E_ ----- pp > %, %, (1, BFCT)=1 ) _E 200/ _Z
4001 i = .
300F 3 100 =
200 ;_ _; [ A |:




...Theory interpret_

How light the neutralino is allowed to be after LHC searches at 8 TeV?

Problem: the SUSY space is vast
Simplifying assuptions are always needed Lorenzo Calibbi (ULB)
Example from Moriond EWK (last week):

Assumptions: | T
* Only MSSM superfields A I 7'~0
 R-parity T S Xd
el > _ =0
e Dark Matter thermal relic, standard P1 ;{;t g Y < X1
history of the universe ’
-

* Neutralino DM candidate, Qpmh? < 0.124

mge > 24 = 25 GeV




Dark Matter SUSY space l-

arXiv:1311.7641

s T 1 *Use the pMSSM SUSY model

g (19 parameters)

g » Use all the ATLAS SUSY Data
000p Loe + mono-jet searches + LUX
soof DM results
600 fa ; o4
400 loteflasMET § | *Check what fraction of
o I L monalers pMSSM solutions that is

o_ 200 400 600 aoha{in) (G;‘goo_ 0 EXC|L|ded_
' No real full systematic study
g g — of the SUSY space yet
g 8 go.ai -
s | § T | | 60-80% of the solutions
%“:_ | %“:_ Tl Teeesd | excluded as function
£oql 1 Sodf ~ 1 | of the neutralino mass
O Z00" 40 go0 800 . o s fo00 1300 Z000

800 1000
M(i]) (GeV) AM (GeV)



Constrained SUS

O Buchmuller, ... ADR, Ellis... et al: arXiv:08084128

Study of the allowed DM
space in CMSSM model

http://dmtools. brown.eduf
Gaitskell, Mandic Filippi

DATA listed top to bottom on plot

CDMS | Sou:l.'mg 2004 Blind 53 raw kg-days Ge
ZEPLIN 111 (Dec JJOS{ wsult

XENONLO 2007 (Net 136 kgd)

Ellis et al., Spin dep. sigma in CMSSM

Trotta et al 2008, SSM Bayesian: 68% contour
Trotta et al 2008, CMSSM Bayesian: 95% contour
09061007 1501

Cross-section [cmz] (normalised to nucleon)

WIMP Mass [GeV/c’]

Region allowed in the CMSSM

includes constraints of the Run-I LHC searches (SUSY)
and precision data, g-2, cold dark matter constraints...



Constrained SU

O Buchmuller, ... ADR, Ellis... et al: arXiv:13125250

Study of the allowed DM
space in CMSSM model

SuperCDMS Soudan Low Threshold
ENON 10 S2 (2013)
10—39 ! . 4 CDMS-Il Ge Low Threshold (2011) . : 10-3

\

i 10—4 10-40

2
5

1 and 2 sigma contours

— — —
] ] (@]
& & &

\\\\\\\

N ) KRS - g
per QNS 10
G T A s
1045 Neutrinos 88 4, o= 1
Neutrinos ‘\ - > 2
i, - -
Ve T
1074

IMP—nugleon cross section [pb]

N -
(Green ovals) Asymmetric DM ‘ AN o

(Violet oval) Magnetic DM DN /
—48 | (Blue oval) Extra dimensions S -12
10 (Red circle) SUSY MSSM \ \B Neut© 10 =z 1 0'48 : :
A MSSM: Pure Higgsino "’e;\ a DS 101 102 103
10_49 @ MSSM: A funnel \ ’ pm\os"“ 4 10_13

@ MSSM: Bino-stop coannihilation mio [ G eV]
* MS§M: Bino-squark coannihilaﬁpn 1"0_14_ !

1 10 100 1000 10
WIMP Mass [GeV/c?]

WIMP-nucleon cross section [cm2]
—_ —
=) o
4 L

1070

Region allowed in the CMSSM
includes constraints of the Run-I LHC searches (SUSY)
and precision data, g-2, cold dark matter constraints...
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The Other Dark Matter Connect-

Searches for mono-jets and mono-photons can be used to search for
Dark Matter (DM)

Direct Indlrect

e el

Colllder

Indirect

Collider

Direct

Use effective theory
tO relate q Photon+MET Jet+MET W+

measurements to x
Dark Matter studies

q

>< |



Dark Matter Production a_

 Search for evidence of pair-production of Dark Matter particles ()

q X

Production at Colliders

\ (s-channel)

q X
* Dark Matter production gives missing transverse energy (MET)

* Photons (or jets from a gluon) can be radiated from quarks, giving
monophoton (or monojet) plus MET

q q
%x %x
q X q X

Monophoton + MET Monojet + MET




Mono-Je

CMS Experiment at LHC, CERN 7
Data recorded: Fri Oct 5 20:41:32 2012 CEST
Run/Event: 204553 / 26729384
Lumi section: 31

CMS Experiment at LHC, CERN

l Data recorded: Fri Oct 520:41:32 2012 CEST
§| Run/Event: 204553 /26729384

l Lumi section: 31




Mono-Jet Event

DATLAS

EXPERIMENT

Run Number: 206962, Event Number: 5509130
Date: 2012-07-14 10:42:26 CEST




Dark Matter Sear

Convert experimental search results
into limits on DM quantities
Two ways:

e Effective field theory (EFT):
o Mediator too heavy to be generated directly
o Contact interation with suppression scale
M, ~ \/%, with g, and gsar the
couplings to Standard Model (SM) and

DM, and M the mediator mass

e Simplified models: Popular in SUSY
o Specified massive mediator

o UV-complete (no validity issue)

Types of interactions chosen
in the studies by ATLAS

Discussions on the region of validity ongoing...

Indirect search: WIMPs annihilation

- o
@
SM X Q
(2]
D
o 2
O 0
AV
D
S =
S5
o
- g
Hadron collider search >
Name Initial state Type Operator
D1 qq scalar Z—E)quq
D5 99 vector SV XAYu
D8 gq  axiakvector r¥YYXVY’q
D9 qq tensor M%,{/O"‘")(Z]owq
D11 99 scalar ﬁ,?)(as(sz)Z




Data Interpret

 Pair-production of ¢ characterised by a contact interaction with operators

v FoyH
Oy = (X7 ngqv 1) vector --> spin independent (Sl)

Oy = (X ysx) (@1 754) axial-vector --> spin-dependent (SD)

A2

* Cross section depends on the mass (m,) and the scale A (for couplings gy, gq)

2
os] = 9@ spin-independent
2 and spin-dependent
osp = 0.33—— cross sections
meP [Bai, Fox and Harnik, JHEP 1012:048 (2010),
A = M/1 /gxgq U= m Goodman, lbe, Rajaraman, Shepherd, Tait, Yu,
X p Phys.Rev.D82:116010 (2010), Beltran, Hooper,

Kolb, Krusberg, Tait, JHEP 1009:037 (2010)]




The Search for Mon

e Preliminary results at /s = 8 TeV: e Main background: Z — vv

CMS-PAS-EXO-12048 £ =20 fb_l_l o Estimate with W/Z [ATLAS] or Z
ATLAS-CONF-2012-147 £ = 10.5fb [CMS] lepton data control regions (CR)

ATLAS 7T€V, 5 fb_l: JHEP 04 (2013) 075 Jets observables present similar distributions
CMS 7TeV, 5fb—1: JHEP 09 (2012) 094

e Event selection:

o Trigger: KT [ATLAS] or Er+jet [CMS]
o Central leading jet, at most 2 good jets

Zopp + 1-jet Z—>vv + 1-jet
o To suppress QCD multi-jet events: o Transfer CR to SR via simulation
+ ATLAS: A¢(EZr,jet2) > 0.5 > T
- CMS: Ag(jetr, jeta) < 2.5 ;310 CMS Preliminarijvjr:
» 10° Vs = 8 TeV .
o Veto on e and p [ATLAS, CMS] B fiot-1esm =
EXpIiCit T veto [CMS] [ z—rr

------ ADD My=2TeV,5 =3
...... DMA =0.9 TeV, M, = 1 GeV

o Inclusive signal regions (SR):
- ATLAS: both lead jet pr and O T
Er> 120,220, 350, 500 GeV 1" R
- CMS: lead jet pr > 110GeV and
E71> 250 to 550 GeV (step 50 GeV)

3 --;""' 55 e s UNP d,=1.7, A, =2 TeV
10 e
—@ — Data

200 300 400 500 600 700 800 900 1000
ET"*® [GeV]



Search for Mon

[ATLAS-CONF-12-147, CMS EXO-12-048]

* Both experiments quote model-independent limits for generic applicability to
SUSY compressed spectra, invisible Higgs, or any other “monojet” signature

o) - 7 510 | | | | ]
Q B i = - imi ]
5 a5% CL i —~ CMS Preliminary 1
. 3 x | |
é - ATLAS Prellmlnafy - - - Expected limit ] < f Ldt=19.5fb", Vs=8 TeV |
X = j Ldt=10.5 fb1 4 X |- ------ 95% CL Expected limits .
o i — Observed limit . gbl —— 95% CL Observed limits
: \S = 8 TeV . + 16exp : 3 ‘21 02 - - ES 1°exp -
i 1 % f = 20w, :
= - ]| |
107 E i |
- 1. Jet1 P+ > 110 GeV/c
- 10 £ 2. NJet(P_ > 30 GeVrc) = 2
L - 3. Ap(Jetl, Jet2) < 2.5
- L 4. Isolated electron, muon (PT > 10 GeV/c) veto
1 0-2 - - 5. Tau I(PT >20 (lieV/c) vetlo | | |

250 300 350 400 450 500 550
ET'*® Threshold [GeV]

= Y % <
o o C o
) ) ) )




The Search for Mon

S'1200F AT A Prafimimer T ]
_r B ATLAS Prel ]
e Total uncertainties on Z — vv: 8 [ Cnery - 1
o 2*1000-_ Vs=8 TeV ILdt=10.5 fb B
o CMS: 4.5-15.6% E :
o ATLAS: 3.3-20% 2 800 B
c ]
o Main: low CR statistics at high Kr R j
gh K - / .............. .
. Ug,' i Operator D5, SR3, 90%CL ]
e Limits: 4001~ #24 Expected limit (+ 1+ 20, ) ]
- —0b d limit (+ 1o -
o Lower bound on EFT scale M, (A) I — eered It Cown)
. . . 200_— Thermal relic not valld
extracted from limit on signal rate A R ..@ﬁa
10? 10
o Thermal relic density from WMAP WIMP mass m, [GeV]
compared to M, bounds o 10% - R
§ CMS Preliminary
. . G 10%
(If M, above relic line, results not = e o
consistent with WMAP, assuming O\t SOMS BTN s .
. . [b] R
one WIMP species produced via one D o
given operator) S 10+
O
. = 107
o EFT scale bounds translated into 8 104
. . O
o(x-nucleon) upper limits 2 10
() =10 Spin Independent, Vector Operator w
10-46 ! Lol 1 Lol AI
1 10 10? 1203
M, [GeV/c?]



Results from Mo

[CMS EXO-12-048]
* Derived EFT limits then compared to direct-detection experiments

CMS results improved with 8 TeV (higher E, more data)

(\IEI"O-ae% T T T TTTT T T T T — ||||l§ ?10’365 T T KU TTT — T T T TTTT — IIIIIIE
- CMS Prelimina - E
5,10%F Y4 Gk
§ 10%F 4 3
B sof ] - a
o 107 CMS, (s =8 TeV, 19.5 fb" ER ! E 3
U) C 3 (D — 7]
@ 10°F T 107 E
N - ] 175 3
O 10%F 4 O 10" 4
(@) = ] O - .
C 10-42:5 E C 1042:5 E:
(@] C - (@) - -
D 10% T D10%F E
10 3 104 . =5
Z 1 Z = CMS Preliminary -
x10% , Gy 0@'a) 5 X10%g_ _ &y v 0@" 95
Spin Independent, Vector Operator ————— 3 = Spin Dependent, Axial-vector operator —2 > 5 3
10-46 1 Lol | Lol ] Lol 10.46—| | Lol | Lol | L]l
2 3 2 3
1 10 10 10 1 10 10 10

M, [GeV/c?] M, [GeV/c?]




The Search for Mono

ATLAS (s =7TeV, 4.7 fb™, 95%CL
! L ! L | ! R

e Upper limit on DM annihilation:

O

O

O

Bounds on vector and axial-vector
interactions translated into upper limits

on o(xx — qq) (light q)
Results compared to the annihilations
to bb from Fermi LAT

Limits below relic value are not
consistent with WMAP

e Lower bound on scale (A) of UV-complete
simplified model:

O

Interactions via massive vector
mediator (of mass M)

At high M, limits converge to those
obtained assuming EFT

Width constrained from M /87 to M/3

1071

1028

90% CL limit on A [GeV] Annihilation rate <ov> for xx — qq [cm® /]

1000

500

-

£

 ——— 2x ( Fermi-LAT dSphs (xx)
10%0¢

1021}
1022}
1023}
1024}
1025}
1026}

—a—— D5:q9— (XX)

T
— bb)

Majorana

[

. Dirac F e
D8: qg— (XX, .. 1
1 1 1 L 1 1l | 1 1 L Ll L1l I 1 1 L L L1 1l | ~E
1 10 102 10°
WIMP mass m, [ GeV ]
LU T T T T T rrr I T T T T T T1rrr T
CMS Preliminary = --- mu=500 GeV/c’, r-ws
== m,=500 GeV/c?, I'=M/10
Vs = 8 TeV —— m,=500 GeV/c?, I'=M/8n

-1 - - - m,=50 GeV/c? I'=M/3
=19.5f == m,=50 GeV/c?, I'=M/10
— m,=50 GeV/c? I'=M/8xn

|Illl|||ll|||l||||ll"

- @)
A2

‘IIIIlII

1 10
Mediator Mass M [TeV/c?]




The Search for Mono-Photo

First "Mono-study” to be interpreted DM limits at the LHC
UC-Davis strongly involved

Published with £ ~ 5fb~" and /s = 7TeV:
PRL 110, 011802 (2013) [ATLAS] q Y

PRL 108, 261803 (2012) [CMS]

Main background: Z(— vv) + v

o ATLAS: extrapolated from v+ u+ E7 CR q X
o CMS: estimation from simulation (NLO)

Event selection o £ U w3
. (\D 102,E—ATLAS C1Z(-vv)+y -

o Trigger: K1 [ATLAS], photon [CMS] g f I . Bk -
© .. |Ldt=46f I top, y+jet, multi-jet, diboson i

o Central photon, pr > 150 GeV [ATLAS] 3 108 = Todl badground E
pr > 145 GeV [CMS] 3 .- WINP, D5, =10 GeV, M=400 GeV ]
—— 3

o Fr >150CeV [ATLAS], 130GeV [CMS] E———=%= .. ..  _ E
o Veto on electron and muons e G 3
o ATLAS: allow up to one jet. Photon, jet and 102 A
Er well separated.

o CMS: veto significant hadronic activity 10° AN R

150 200 250 300 350 400 45 500

ET™ [GeV]



The Search for Mono-P

CMSNs =7Tev

Systematics on background:

o Total amounts to 15% [ATLAS]
and 13% [CMS]

o Main sources: Fr, jet and photon

modelling, theory [CMS], and muon
CR statistics [ATLAS]

Limits on EFT scale obtained from
simple counting experiment and
translated into upper bounds on

o(x-N)

ATLAS and CMS limits are similar

D11 is not available (gg interaction)

Events /GeV

UC-Davis involved!

0-33

@ E
G100k
EQW.
=10 E —— ATLAS, D8, qG— Y(x%) ..

x1 042f ---- ATLAS, D9, g3 Y(xX).,

10 ;

S REARREEEEEELEEEEEEE : I Beam Halo

Total uncertainty on Bkg
Y] Zy—vvy
W—ev
I MisID-y (QCD)
y+jets, Wy

: ........ SM+ADD(M =1 TeV, n=3)

|||m|| im

NN - -
@ @I II_I_Imnmmmmai
NN
IR

.
\ @ @mHhImhnh i \\\\\\\Q\\\\.

NN \\\\ \\\\\ NN oo
\t&s\\\\\\&&\\ Nk
\\\\ NN SO\ \\\\\ N
NS

N
NN
77777777777777777777777777 SN

400' ~ 500 600 700

§|90% CL, Spin Dependent
S.10%k
810352 - - CDF, D8, a1 j(x%)
5 F —CMS (5 fb™'), D8, QQ—> Y(XZ)
@10%k :

g
8107

O, ~asf
S510%k
S10%

— Picasso

..........

ATLAS \s =7 TeVI Ldt=4.6fb"

90% CL Spln Independent

----- XENON100 — CDMS
—CoGeNT . - - CDF, D5, di— j(xX)

—CMS (5 fb"), D5, qg— TR
— ATLAS, D5, qd— Y(xX)
---ATLAS, D1, q@— 7(x%)

Dlrac
Dirac
Dirac Dirac

Dirac

lllII lI Il 1 lllllll 1 1 llIlllI 1 1 lllllll

10° 4 10 10?

10°
, [GeV] m, [GeV]



The Search for Mon

e Preliminary result at /s =8 TeV: e DM production mode:
CMS-PAS-EXO-13-004 £ =20fb~!

Leptonic channel

e Scenario:

o W radiated from u or d quark
o W leptonic decays

. :
e and p channels combined o Interference £ between 2 processes

e Main observable: mass of (£, Er) o £ =1 (—1): destructive (constructive)
Mr = \/Z.pgq.ET.(l - COSA(I)@,ET)

CMS Simulation
T

> o — -ouwbpequark |

. Goo12- —— E=0down uark —|

e Event selection: S o]

/ 5 0.01 E—4 __

o Based on CMS W search & 5= —

[C MS-PAS-EXO-1 2—060] L0008 ]

o Trigger: single electron and single muon 5-0-006 .

. O 0004 =10 GeV _:

o K7 balanced by lepton: S xx=eoo eV

04 < p%w/ET < 1.5 and 0.002 _:
A@(ﬁ, ET) > O-87T C . A e

I
1 1 T
0 200 400 600 800 1000 1200 1400

M; (GeV)
Allows to test if DM couplings to down type and up type quarks is the same




The Search for Mon

e Main background: W — /v (simulation,

Mr-dependent NLO k-factors)

e Main uncertainty on background: lepton

energy scale/resolution (1-10%)

e Lower bounds on EFT scale A derived

using full Mt shape, and translated into
o(x-nucleon) upper limits (more in backup)

CMS Preliminary 2012 20 fb"' Vs =8 TeV

I ]
%, 1400 -
S :
< 1200 ]
1000 -
- Spin Independent -
800~ glectron + muon E=-1 ]
T Limit in 95 C.L. ]
600 Observed limit
----- Expected CL limit
400| [ Expected CL = 1o ]
[ 1 Expected CL+20c .
200 A=M,/(2r) —
A=2M, N i
1 10

0? o®
M, (GeV)

E 1025 :---- Expected limit e
_i Expected = 1o ==~ Super-K W'w
Q 10 :EIET]\:T: :cc;eg.x L.2 T lceCube WW!
o - Spin Dependent - SIMPLE 2012
E 107 IE_electron + muon E=+1
X F
108 E e

CMS Preliminary u+E™=* [Ldt=20fb" (s=8TeV

— T T !
%106 = 3b0 GeV A = 200 GeV .wa.v ...,,.,,,,.e.o,,

Spin Independent

(5105 ’ DM & =+1 DDY .oco

: 10% DM & =-1

-.(21 03 DM E=0 lDIboson « data

©10°

I 10§

s

10"
102
10°
10
10°

500 1000 1500 2000 2500
M, (GeV)

CMS prelimlnary 2012 20 fb 1 Vs =8 TeV
I T T T LI I
Observed imit CMS monojet 2012

-
-
-
. -
‘‘‘‘‘‘‘
.......

~~~~~
~ i T




The Search for Mono-WI-

Hadronic channel
Published: PRL 112, 041802 (2014) W
V/s=8TeV L =20fb"!

X
N M X
Scenario: 4 X 4

o W/Z radiated from u or d quark

o W and Z hadronic decays e Main backgrounds:

o Z(— vv)+jets and W(— fv)+jets

W /Z decay reconstructed as single _ _
o Determined by extrapolating a data

massive “fat” jet of mass mes _ . .
(Cambridge-Aachen, R = 1.2) muon CR using simulation

Event selection: /////, uncertainty

Validation in top CR: includes W peak R L R WS
and tail due to b jet from top decay o 160 ATLAS 203D PO T S
% 140Ftop CR: ET™ > 250 GeV W(e/w/r)+et 5

§ 120 ]

o K trigger " 100 =
o > 1 central fat jet with pr > 250 GeV 80 * %/ =
and 50 GeV < mjer < 120 GeV 60 ) %/ W =

o <1 jet (R=0.4) away from lead fat jet 40 4 M _;
20 A4 ;

o Veto on electron, muon and photon N e

o 2 SR: Fr > 350GeV or 500 GeV 00 00T 140160 ,lf[aei]oo




The Search for Mono

e Total background systematics:

o Main: data CR statistics, fat jet
and K7 calibration, theory

o 5 to 13% (low to high Er)

e EFT limits:

o Upper limits on o(x-nucleon) in
D5 case with opposite sign u and
d-quark couplings are improved by
3 orders of magnitude due to
constructive interference (£ = —1)

o Lower bounds on scale in backup

e DM-SM interaction with Higgs:

o Simple low mass mediator

o o(W/ZH)x Br(H— xx)
normalized to osp (W/ZH) lower
than 1.6 for mg = 125 GeV

—
]
w

—

c.
N
o

%N cross-section [cm?]
o
&

—

c.
N
n

10"

1 0-46 |

O(W/ZH - WZi)/o__  (WZH)

J T T TTTTT0 T T
o = D5(u=-d):obs
[ —a— D5(u=d):0bs

TTrrIT TTrorI UL T T T rrrir

—#- D9:obs
D9: ATLAS 7TeV jixX)
D5:ATLAS 7TeV jixX) < _

T T lIIIIII
90% CL _

T spin-dependent\\ )

ATLAS 20310 Vs=8TeV]

COUPP 2812
- - CoGeNT 20 T — SIMPLE 2011
| — XENON100 20 |~ COUPP2012 - -IceCube W'W_|
| —COMSlow-energy ". B —'feclub.e.*?b“
1 10 102 10°%1 10 102 10°
m, [GeV] m, [GeV]

©

O a4 N W H OO0 O N @©

—e— QObserved 95% CL SR Em'ss > 350 GeV
---- Expected 95% CL
[ Expected+ 1o

Expected+2 ¢

\(§

| | | | ATLAS 20 3 fb 8 Te

240 260 280 300

740 160 180 200 520
m, [GeV]



The Search for Mon

Preliminary result: /s = 8TeV, £ =20fb™*

2 scenarios for DM pair production:

o Z radiated from ISR
o Z interacts directly with DM

Z/v" mixing is a theory parameter
e and p channels combined

Main background: ZZ — ¢T¢ v
(NLO simulation)

Event selection:
o Trigger: di-lepton or single lepton
o 2 good leptons, My, under Z-mass peak

o No Kr from mismeasured jets:

A<I>(E'T,p )>25 In%*| < 2.5, and
p7 — Brl/p7 <05

o No 37¢ |epton and no jets
o SR defined by Fr > 150, 250, 350,450 GeV

Q)
N

Z/y
X
X
q
10°
%J 7 - =+ Data mww/wz
o 10 ATLAS Preliminary = W/Z+jets ZZ—lvy
o 108 @ Top quark \\ Systematic Unc.
5 — D1, M=0.050 TeV
;10 .. ZZyx max.y, M=0.7 TeV
-9:’ 100 — e 1 Mediator, _1 TeV, f=5
E10° fL_203fb {s=8 TeV
10° =t m,=200 GeV
10 reeeemenmmmeenmenenanees S
12
1 0—1 ---------------
102 » ,
% 0:81 Wﬁ%\\\\\\\\\\\\\\\\\\\\\\\\\\{\\\\\\\\\\\\\\\\\\\\\\\\‘V_Ei
S 0.6E

0 50 100 150 200 250 300 350 400 450 500
ET [GeV]




The Search for Mono

e Main background uncertainty: 17-99%
(depending on SR, mainly due to theory) $1100

e Case of scalar massive mediator () in

UV-complete model:

o Upper bounds on x-7n coupling (f)
o Above black line, these are smaller
than lower limit from relic abundance

e Below: limits on EFT scale and upper

M. [GeV]

bounds on o(x-N)
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; s COUPP 2012
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The Search for Mono-Top Q

e Preliminary result at /s = 8 TeV:
CMS-PAS-B2G-12-022, £ ~ 20fb~1!
e Scenario:

o top produced in association with DM
(not from ISR)

o top decays hadronically
o FCNC considered

R s — ]

e Main backgrounds: ® e %ﬁiféfs E

o Z(— vv)+jets (from data CR) 53_\/ .

o W(— fv)+jets (from data CR) EI\S;:%ZEV E

o tt (NNLO, top pr reweighting) 20 ] RN mereese )_g

e Event selecton 4o : 8. = .
o SR trigger: K

o Exactly 3 jets: pr > 60, 60,40 GeV, s

1 b-tag, m27°%° < 250 GeV 5 E

o Veto on electron and muon .

200 200 600 800

o Er > 350 GeV e (Gev)




The Search for Mono-To

CMS Preliminary 19.7 pb™' at Vs=8 TeV
T T T T T T T T T T T T T T T T

Scalar DM theory ox Br

e Systematics on background
o Total: 57%

........ expected limit

l[lllllll'llllllllll

1.4 f ettt e renarens —e— observed limit
o Main sources: tt theory and top pr 2N [ expected = 1otimit
Y I N S— [ | expected = 2 o limit

modeling, Z/W data CR statistics

95% C.L. limit on o x Br (pb)
X

® LimitS 0_4; ...........

o Effective field theory for DM-SM

. . 800 300 400 500 600

Interaction M (GeV/c?)
o Upper limits on ox BR interpreted as CMS Preliminary 19.7 pb™' at {5=8 TeV

lower bounds on DM candidate mass: 1k Vector DM theory ox Br

-------- expected limit

. Scalar DM: 327 GeV

Illlllll

0-8 __ ................................................... o observed limit
- Vector DM: 655 GeV i [ expected = 1 imit
0'6 __ . |:| expected= 2 o limit __

95% C.L. limit on o x Br (pb)
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M (GeV/c?)




The Search for Mono-H

Mono-Higgs: a new collider probe of dark matter

Linda Carpenter,! Anthony DiFranzo,?2 Michael Mulhearn,® Chase Shimmin,? Sean Tulin,* and Daniel Whiteson?

! Department of Physics and Astronomy, Ohio State University, OH
?Department of Physics and Astronomy, University of California, Irvine, CA 92697
9 . . . . . .
Department of Physics, University of California, Davis, CA 95616 —8 TeV. L=20 fb!
4Department of Physics and Astronomy, University of Michigan, MI Vs ey

% 10° 'Y'Y"'}?; | | ];signal I(1Ofb)
. T, g b
The next mono-object to study? e
-Zh,zvyh

No ISR, but coupling to the DM directly

---- Uncert

Effective theories
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Summary

« Dark Matter is an important open point in fundamental
physics right now and the LHC data can contribute to
the quest.

* The Higgs particle may couple to DM or may even
decay into it. Invisible decays and deviations from SM
Higgs couplings are explored

« Supersymmetry scenarios with RP-conservation can
have a natural DM candidate. Discovery of
supersymmetry will have important impact on DM

<M

* Generic searches for DM in analyses dealing witt MAIMATIER

missing E+: typically mono-object searches WINPs 3gsi/ e
%UFETN \ \ETK\
So far exclusion limits only, but maybe soon: WELCOME

713TeV



Higher LHC

* The theorists think we will do much better at 14 TeV!
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DM-nucleon cross section [cm?]
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CMS Projection (internal)
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Data Interpr

L= Lom+iXy 9. X - MxXX+3. Y % [XT¥X] [al%q]

q 4J
X q
N;ﬁl © nge — ?’ZXM" Fl 11 R1 x%qq mq/2M? Name| Operator |Coefficient
q *
M2 | qq |img/ 2M§ 7|1 R2 X*q°q | img/2M? D1 Xxdq me/M?
M3 img/2M3| 1 . .
M4 ZZ m://2Mf Y5 3: RS | XCuGH | as/8M D2 | xxaq | ime/MZ
M5 | qq | 1/2M2 |ys7y.| v* R4 | X2GG™ | ias/8M? D3 XXaY°q img/M?
M6 | qq 1/2M3 V5 | ¥5YH B D 3
M7 | GG as/SMf‘ 1 - C1 x'xdq mg/M?2 /Bﬁ_’xlm—qw
M8 | GG z‘as/SMg v | - o I | D5 | xyxame | UMZ D
M9 [ GG as/8M; | 1 - Xxarq Cl D6 oo 12
M10 | GG ias/SMf Y5 - C3 | x'ouxariq 1/M? XYY Xl *
Salba, i 5 2
Majorana WIMP C4 | x'9uxay*viq | 1/M? EL,’QM&
Skt = 5 2
05 | X'xGuwG™ | as/ars? | D8 [xrxamn’e) yME |
06 | X'XCuGH | icy/aM? D9 | xo*xqouwq | 1/M?
Spin zero WIMPs D10 | X0y X0 | i/M:
DIl | ¥XGuG"™ | as/4M3
) ) ) D12 | ¥¥*XGuwG* | ias/4M3
[ ] -

Many operators/interactions can contribute DI3 | GG | iay/aM3
— Typically pick a few expected to be dominant D14 | ¥7°xG G | ay/aM3
— Gradually expanding to look at more D15 | Xo"xF. M

D16 | X9, xFuw D

Dirac WIMPs



Data Interpretation

* EFTs: a simple description for searches and interpretation... too simple?

— EFT useful to characterise and compare, but some model dependence and limitations
— Next steps widely discussed in the community...

Spectrum of Theory Space

Less Complete

Can we meet in the middle?

Effective Field Theories

Simplified

Models
Models

UV Complete
Sketches of Models Models Tim Tait,

LeptonPhoton 2013
Little
Hi
Are sketches of models useful? = C::'f
plete




Data Interpre

* First step: put in a mediating

particle (e.g. s-channel Z’) and look < 3000 -+ :

> CMS Preli | - - - m,=500 GeV/c?, F—M/3 i

at limits vs mz S B reliminary - m, =500 GeV/c?, T=M/10 -

_ ) = o500 s=8TeV — m,=500 GeV/c?, T=M/8n _]

* EFT gives good/conservative é " (Lat=195 1" ---m=50 GeV/c2, T=M/3 -
I b f h d d G V (@) B f t=19.5 == m,=50 GeV/c?, T=M/10 |
results above a few hundred Ge £ 2000/ — m,=50 GeV/c’, T=M/g -

— B ]

S) [ i

2 1500(— 7]

o - -

D L i

1000~ =]

q X q X i
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N i _

o I 1 1 1 L1111 II 1 | L1111 ll 1 1 :
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* Z' mediator: Should look carefully at
coupling vs. mass, mediator mass vs.

DM

10!

mass

* Results vary with beam energy
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Data interpr

[arXiv:1112.5457, arXiv:1308.6799, arXiv:1 307.2253]'
* LHC limits: bottom corner requires large couplings given small phase space

— Limit from perturbative bound: A = M/Vggx = My/4m (original papers)
— Unitarity limit: ggx > 4nt/v3
— Recent papers: A > mM/4n > QrR/4n, or even A> Qm/4" > ZmDM/4n

 Starting to include these bounds in results

200 % 1200 ~/ ATLAS Preliminary
" LHC Discovery Reach T

V5=8 TeV ij -1051"
LHC Current Bounds

g
o

o]
o
o

[e2]
o
o

Suppression scale M, [G
T I 1T I 1T I T

Operator D5, SR3, 90%CL
g=s Expected limit (+ 1+ 20,,.)
E Observed limit (+ 1oy, )

— Thermal relic effective theoi
"' 1111 I 1 1 1 ’th Ivalu
500 102 10°
WIMP mass m, [GeV]
[from R. Harnik, Dark Matter in Collision, UC Davis, 2012] from Gramling et. al., DM@LHC 2013

m,(GeV)




Data Interpre

* In last two years: 1 1
— Hundreds of citations for collider DM X X X
— Hundreds of phenomenology papers
— “ISR tagging” now established technique q X q X
for all searches (not just DM) Monojet Monophoton

MonoW/Z (hadronic) ttbar DM MonoTop




[CMS EXO-12-048]
Starting to extend simple contact interaction scenario with new operators and a
scan over mediator mass

H10-ZZ T T T TTTTT T T T |||||I T T T ||||||_ S‘Sooo TTTT T T T |I||l| T T T T T 117
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The Dark Matter Co

Results for direct searches and collider searches for Dark Matter
-> Spin dependent and spin independent cross sections of Dark Matter
with ordinary matter (W/Z + MET searches)

" ATLAS Preliminary J

- spin dependent
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Data interpret

 Effective Field Theory (EFT) _

q
— Assume heavy particle mediating interaction: contact
interaction (integrate out mediator) B
— For M = ~40 TeV, where A = M/,/9,9, X
q X

2.2
_ 9q9x 2
o(pp — xx + X) ~ (q2—M2)2+r2/4E ~ A4E?

* Simple model for comparison
v Only a few parameters; dark matter mass my and cut-off scale A
v Much easier than e.g. a full SUSY model
v Easy comparison to direct or indirect DM experiments
v DM can be fermion (Dirac or Majorana) or scalar (complex or real)
X Limitations on model validity
X Probe only one interaction at a time




The Mono-x Sign

e Particle X can be radiated from
the initial state (ISR), or be
produced in association with
invisible particle(s)

e X balances “missing energy” in
transverse plane (Zr)

e X particles considered:

jet, W, Z, photon, top

CMS Experiment at LHC, CERN

Data recorded: Fri Oct 5 20:41:32 2012 CEST
Run/Event: 204553 / 26729384

Lumi section: 31

e Mono-X topology allows for tagging production of new undetected particles




Dark Matter: Started a Long Time Agcl

Q -. .‘ .: : % Y
In 1933, Fritz Zwicky calculated the mass of the Coma § 1

A

cluster using galaxies on the outér edge, and came up ré)} ‘_,5' _
with a number 400 times /arger than.expected. | i




Galactic Rotation

DISTRIBUTION OF DARK MATTER IN NGC 3198

* Starting in the 1970’s, measured velocity vs. Lo
radius of edge-on spiral galaxies :

* They found them to be flat, consistent with
~10x as much “dark” mass...

Var (km/s)

...and not just one galaxy

U S 1 n
0 10 20 30 40 60

luminous matter

A ’/\ blueshifted

c redshifted JL

«—— bluer wavelength redder —>»

dark matter halo
Radius (kpc)




Particle Dark Matter-

* Properties of Dark Matter [ 'm not a
— old (long lived)

— slow (non-relativistic)

— not charged (electric or colour)
— interacts very weakly with SM
— feels the effects of gravity

* Many candidates for Dark Matter

— Warm: sterile neutrinos, gravitinos
— Cold: Lightest SUSY particle (neutralino, gravitino), Lightest Kaluza-Klein particle

— Nonthermal relics: Bose-Einstein Condensate, axions, axion clusters, solitons,
supermassive wimpzillas

WIMP= Weakly Interacting Dark Matter (M. Turner)

The observed density of dark matter is of the magnitude expected for a
I thermal relic weakly-interacting massive (~100 GeV) particle (WIMP). .



WIMPs

T>>M,, WIMPs are in thermal equilibrium

T<M,, number density becomes exponentially
suppressed

Increasing <o,v>

Including the effects of expansion pulls the
density away from its equilibrium value:

ving Number Density
= 3335353553
T

PP [PPSR R TS T e

gf

L]
aw
"w !
"
—_ 10 100
) x=m/T (Lime ~+)




Effective Field O

Name| Operator |Coefficient
D1 XXqq mg /M3
D2 XV°xdq | img/M}
D3 Xxqv’q | img/M}
D4 | xv°xa7°q | me/M;
D5 | Xv"x@vg | 1/M?
D6 | xv"v°xqvug | 1/M?
D7 | xv*xqvwuy’q | 1/MZ
D8 [xv*v°xqvun’q| 1/M?
D9 | xo"'xqoumq 1/M?
D10 |X0uwY’Xq0asq i/ M?
D11 | xxG..G* as/AM3
D12 | x7°xG W G* | ias/4M3
D13 | xxGuG" | ias/AM?
D14 | xv°xGuG*™ | as/AM?

Name| Operator |Coeflicient
Cl | «x'xag | mg/M?
C2 | x'xav’q | img/M?
C3 | x'ouxarq | 1/M?
C4 (x'0uxqv"v°q| 1/M?
C5 | x'xGuGH* | ag/4M?
C6 | xIxGuG™ | ias/4M?
R1 x*qq mq/ 2M?
R2 x2q7v°q img/2M?2
R3 | x’GG* | a,/8M?
R4 | X2GLG" | ias/8M?

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, C,

R apply to WIMPS that are Dirac fermions, complex scalars or real scalars respectively.




Supersymmetry? New Physics? I
H. Murayama

no sign of new physics

Squark-gluino-neutralino model, m()’z?) =0GeV
I
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