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Signatures of Dark Matter at the LHC

2. Detection in CMS and ATLAS

3. Monojet (historically leading channel)
4. Monophoton

5. Mono-boson
* Leptons (access to u/d-type couplings)
* Hadronically decaying W/Z (max. sensitivity)

6. The big picture
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Indications for Dark Matter

» Astrophysical measurements point to existence | e”"t
of non-baryonic form of matter (DM) s narr 271 S

— one compelling evidence for physics beyond [EEEE v wen ot [
Standard model (SM) -
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* Increasing number of observation consistent with DM existence
* No direct observation yet
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DM Properties

No direct observation of DM yet

Most popular class of candidates to explain
observations suggests properties:

* Fermionic matter

* Interacts only weakly

* Massive particles (GeV—>TeV)
 Expected to be neutral

DARK MATTER

e Cold: non-relativistic

Dark matter = part of cosmological SM
Requires beyond SM physics

SPARTICLEZ! 0
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Detecting Dark Matter

O
<

Scattering of DM
particles on nuclei of
detector material;
detect recoil.

For a given cross
section sensitivity
scales with detector
size.

Direct Detection

O
<
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Result is Not Conclusive...

Wealth of direct detection experiments.
WIMP search status < October 2013
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Xenon coll.: arXiv:1207.5988 [astro-ph.CO]
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Detecting Dark Matter

Assume annihilation of DM particles, e.g.
in the sun. Detect annihilation products.

Indirect Detection
<€ DM

SM

Scattering of DM
particles on nuclei of
detector material;
detect recoil.

For a given cross
section sensitivity
scales with detector
size.

>

< Direct Detection

SM

O
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Detecting Dark Matter

Assume annihilation of DM particles, e.g.
in the sun. Detect annihilation products.

Indirect Detection
<€ DM

SM

Scattering of DM

c . .
A o particles on nuclei of
© detector material;
U .
= detect recoil.
O Foragivencross
E section sensitivity
= scales with detector
(]

size.

SM Collider > DM

DM may be pair produced in pp collisions at the
LHC, with masses < % parton-parton c.o.m. Yields
experimental signature of MET.
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Direct scattering experiments TERRA
IncoGNITa

Indirect detection experiments&

Pair-production at the LHC
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The Large Hadron Collider (LHC)

Two General-Purpose Experiments:

CMS & ATLAS

=
AN
LHC - B CERN
»78 Point 8 -2 ATLAS ALICE

n 1 Pofrt 1 =5 Point 2 _

cms ., i @

Point 5 M-" :




ATLAS [ATLAS coll.: JINST 3, SO8003 (2008)]

Excellent stand-alone muon measurement. Emphasis on
jet and missing-E; (MET) resolution, particle identification

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

12



. [CMS coll.:
Compact Muon Solenoid (CMS) JINST 3 (2008), no. S08004]

Emphasis on electron and photon energy measurement,
full silicon tracker providing high momentum resolution

Differences in detection technologies
between both detectors - different
strengths and weaknesses in

measurements iy
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LHC Data Taking

ReCO rd ed I umin OSIty Of Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

high quality data ~25 fb! ~ B s
g | S | 2011, 7TeV, 6.1 10!
Vs (LHC) = 4 x Vs (Tevatron) £ e
:
£ 15
Data taking efficiency >90% for 3
ATLAS and CMS 8.,
[0}
£
s
5 f=frequency |9

N k=number of bunches
L=f k2. —

n=particles/bunch
A=beam cross section Date (UTC)
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Many Searches Performed at the LHC
to address open questions of SM
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Hitoshi Murayama

Final states allow dlfferent interpretations
Be ready also for the unexpected
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Searches guided by specific models trying to address open
questions = beyond Higgs-boson no further new particles
or phenomena yet

ATLAS Exotics Searches*

Y Y s dbcf 8
- 95% CL Lower Limits (Status: May 2013) ?"w Yo b —

Large ED (ADD)  miondiat £, . T T T 1717 T T T T 1717 T ﬂ‘dn‘iﬁlé)l T T T T 11717 _'L *““ waﬂh'
Large ED (ADD) : monophoton + E, ., ATLAS e ‘ N, 3
2] Large ED (ADD) : diphoton & dilepton, mW,H M. (HLZ §=3, NLO} iwp
S UED : diphoton + Ey Compact. scale R Preliminary
2 S'/Z, ED : dilepton, m, My~ R
g RS1 : dilepton, m, Graviton mass (kiM,, = 0.1)
3 RS1: WW resonance, my ., Graviton mass (k/Mp = 0.1) .
@ Bulk RS : ZZ resonance, m, Graviton mass (kiidg, = 1.0) Lt =(1-20)fo
= RS g,_— 1 (BR=0.925) : {f > I4jets, m, B
i ADD BH M, IM,=3) : SS dimuon, N, 1 fs=7,8TeV ‘_‘
ADD BH (1, IM,=3) - leptens + jets, 57
Quan black hol My, (5=6)
"ggqg contact in " |e=a8 7,7 Ty 2104718 6TV A $ Z
%] qqll Cl: ee &pp, rﬁ" £=5.0 b, 7 TeV [1211.1150) 4387V A (constructive int) o
uutt G : SS dilepton + jets + £, .. [Fiasib"s ey jATiAS ConEsoiz 0y Sov A (C=1) a o
7' (S8 Mgy, (L2017 8 ToV [ATLAS CONF-2013.017) 286TeV 7' mass c
Z_' (SSM) :my,, [£=47 "7 eV [1210.6604) 14TeV 7' mass ’ 4
5 Z' (leptophobic topeolor) : {t— Hjem,m“ L=14.3 fb", 8 TaVl [ATLAS-CONF-2013-052] 1.8Te¥  Z' mass
W' (SSM) : Mgy |L=AT YT TV [1208.4446) 255Tev W' mass x
W i—=1g,9.=1): My [4=47 07, 7 TeV [1209.6503) 430 GeV W' mass
W (= tb, LR%M) m L=14.3 fb”, B Tel [ATLAS-CONF-2013-050] 1.84Tev W' mass -4
Scalar LQ pair (§=1) : kln vars. in eejj, evu £=1.0 10", T TeV [1112.4828] s60Gev T gen. LQ mass {
g Scalar LQ pair (§=1) : kin. vars. in pujj, wvij [ £=1.00" 7 Tev (1203.3172) g85Gav 2" gen. LQ mass
Scalar LQ pair (p=1) : kin. vars. in tzjj, Tvjj |£=47m",7 Tev (1303.0526) s34Gav 3 gen. LQ mass m
“ ) 4" geperation 11 Wik LA " 7 TeN [1210.5465) B36GaV_ ' mass o
2+ dth generation : b'b’ — SS dilepton + jets + E se |LZM3 b BTeV [ATLAS CONF 2013051 T20GeV D' mass .n 4
% S Vector-like quark : TT— H|+X [L=t4.3 t7 8 TaV [ATLAS-CONF2013:0%a) 790 GaV T mass (isospin doublet)
Vector-like quark : CC,m,, . |£=46b™ 7 TeV [ATLAS-CONF-2012-437] 142Tev. VLQ mass (charge -1/3, coupling kg = v/m,)
. Excited quarks : y-jet resonance, m L=2.1 ", 7 TeV [1112.3560] 2aaTev] q° mass
3 E Excited quarks : dijet resonance, rh“ 1=13.0 15", 8 ToV [ATLAS -CONF 2012-143] 384Tev| q° Mass
u’_j K} Excited b quark : W-t resonance, m, [E=i .7 eV [1301.1563) B70GeV| b* mass (left-handed coupling)
Excited leptons : -y resonance, m  [ES§50 1% & Tev ATLAS-CONE 2012146 227V |* mass (A =m{l")
Techni-hadrons (LSTC) : dilepten, m&_W p,Jo mass (m(p fu) - ming) = M, )
Techni-hadrons (LSTC) : WZ resonance (ivll),m p, mass (mip,) = mix;) +my, mia)=1.1mip,))
L Major. neutr. (LRSM, no mixing) : 2-lep + jets N mass (m(W | ) zTeV)
2 Heavy I#{on N’ (type Il seesaw) Z-I resonance, my, N mass (|V | =0.056, |V, | = 0.063, |V, = %
3 Y prod., BRH = 1)=1) : S5 ee (uu), m HZ* mass (limit at 398 GeV for uu) &
Color octet scalar Scalar resonance mass %
Multi-charged particles (DY prod.) : mass (|o| = 48) \
...Magnetic manopoles (DY prod.) : highly ionizing tracks ) ) Y

*Only a selection of the available mass limits on new stales or phenomena shown

Mass scale [TeV] Hitoshi Murayama

K.Hoepfner, RWTH Aachen | Dark Matter Search at the LHC | Page 16



Searches guided by specific models trying to address open
questions = beyond Higgs-boson no further new particles
or phenomena yet

alaTl - M -
ATLAS Exotics Searches® - 95% CL Lower Limits (Status: May 2013) ?“”” ."‘“ N o 1‘ Yc T b -
Large ED (ADD) : monojet + E; ... L-L‘rm““r:'.ulm‘loue] ! [ —— ‘ ‘ ulr'mlr n‘.d,,‘(ﬁlé)l | ‘ T "t “",‘ 51""‘.' y
Large ED (ADD) : monophoton + E, | (IS8 7 Tev [12084525] AEaTev| M, (5=2)
] Large ED (ADD) : diphoton & dilepton, mw,H L=4.7 ™, 7 TeV [1211.1450) WiETe M (HLZ 5=3, NLO) ATLAS s “‘9 ar 9‘76 Qr ¢
k=] UED : diphoton + £, [ESi8i7Teu i2080753) WoTewl Compact. scale R’ Preliminary ‘M
a S'IZ, ED : dilepton, m, |ES0MT Tl fisosasss we M~ R’ .M '.IM
g RS1 : dilepton, m, | £20 " 8 eV [ATLAS CONF 2013 017] 2477ev Graviton mass (k/iMg, = 0.1) n
3 RS1: WW resonance, my ,,, |ESiiie e {12663560) 4237Vl Graviton mass (k/Mp = 0.1) .
© Bulk RS : ZZ resonance, m,,; |52 18 veu |ATUAS CoNF 2012150 BGev]| Graviton mass (kibg, = 1.0) Lt =(1-20)fo
] RS g — tf (BR=0.925) : {i - I+jets, m L=47 15", 7 TeV [1305.2756] 20TTel g, mass
Lﬁ ADD BHTM‘TH M=3) : S8 dimuon, N, m L=1.3 17, 7 TeV [1111.0080) AETV M, (5=E)KK fs=7,8TeV
ADD BH (M, IM,=3) : leptons + jets:Sp | ieimii e iiasaisss) ww M, (5=6)
Quanlum black hole : dijet, FX( L=4.7 7,7 TeV [1210.1718] afTE M, (5=6)
gy Contact neraction T (m ) | Eeai T e a0 AT 78Tev| A

%] qqll Cl: ee & pp, M esom,rrey [1211.1150) A39TeV A (cg

uutt CI : SS dilepton + jets + E, . [£=143 07 8 Tev jATLAS CoNe 2013051 337w A (C=1)

Z' (SSM) 1M, [L=20 15" 8 TeV [ATLAS CONF-2013.017) 286TeV, 7' mass
Z' (SSM) imy, |[L=47 "7 TeV [1210.6604] 14TV 7' mass
5 Z' (leptophobic lnpcolor) i I+jets m, £=14.3 fb", 8 TaV [ATLAS-CONF -2013.052] 18Te¥ Z' mass
W' (SSM) :my ] L=4.7 b, T TeV [1209.4446] 255Tev W'
W i—tq,g.=1) My, |L=47 " 7 TeV [12096503) 430GeV W' mass
W (= tb, LR'EM m L=14.3 b, 8 TaV ATLAS-CONF-2013-050] 1.84 TeW
o Scalar LQ pair (§=1) : km vars. in eejj e\” £=1.0 10", T TeV [1112.4828] 6B0Gev T gen. L .
] Scalar LQ pair (§=1) : kin. vars. in pujj, wvij [ £=1.00" 7 Tev (1203.3172) 685Gav 2" LY
Scalar LQ pair (p=1) : kin. vars. in tzjj, Tvjj |£=47m",7 Tev (1303.0526) 534GaV 37 ail
o . 4" generatmn t't'— WhWh  [£=47 fb™ 7 TeV [1210.5466] w
=+ dthgeneration : b'b'— SSdilepton +jets + £ [155 W s Tev AT AS conr-2013.051 z‘ T ‘
28 Vctorfike quark - TT— Hisx o ' VY yet ﬂ
Vector-like quark : CC,m, . - ‘ 1 0"
. Excited quarks : y-jet resonance, m P I —————

GE Excited quarks : dijet resonance, rh“ PR %
5 Excited b quark : W-t resonance, m,, Py e "ﬂw ,“P.'-g.*

Excited leptons : |-y resonance, m —— .

Tachni-hadrons (LSTC) : dileptan, mmw = o 5 ) =M,) — 5 (WL il vtake
Teshni-hadrons (LSTC) : WZ resanance (i, m_#2 T3 CONE 015015 ) . )= 1.1mip.) . » >
N Major. neutr. (LRSM, no mixing) : 2-lep . s 27TeV BWOw Qm" IAD S
g Heavyl&{on N’ﬁype 1l seesaw) Z-lresog , 5 8 - i 6 . ‘ 3y
5 e\ 2 o famid ae*
r L=4.8fb [121¢ 51 ce mas "
Multi-charged particles (DY prod ghly L=a8 ", T TeV | 4 c e View *l‘k
. Magnetic monopoles (DY g7 L=20 C r" a Q' v ru-\c ‘ ,’
) L]
' 107 zl\\ \\ ‘ b " w, R

Mass scale [TeV] tOS hi Mu rayama

*Only a selection of tha

Can we learn something
about dark matter?
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Dark Matter at the LHC

o Pair of DM
pp collisions oarticles
SM DM
X
8q &1
SM DM

4
Scale of interaction A

New physics expressed with a contact
interaction between DM and SM particles.

Use effective field theory (EFT) to describe
interactions in a model independent way.

‘ Signature oriented search
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Dark matter at the LHC

Pair of DM o
pp collisions oarticles Characterizing parameters:
SM D¥ * scale of effective interaction
A = M/\/3x8q
A * massm,
SM DM [Bai, Fox and Harnik, JHEP 1012:048 (2010)]
Mediator of mass M . [Goodman, Ibe, Rajaraman, Shepherd, Tait,

Yu, Phys.Rev.D82:116010 (2010)]

Cross section depends on the

mass (m. ) and scale A (for _9 u?
. sy = 4 Mo
couplings g, 8,) AN y— M
ﬂz My + My
Spin-independent (SI osp = 0.33——
p p (S1) SD A

and spin-dependent (SD)

Cross sections
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Possible Couplings

Pair production of y can be characterized by a contact interaction with

most prominent couplings

Vector coupling (V) D5

. Tk
-> Spin-independent (SI) Oy = (?C’l’y?(ig‘?"f 1)
Axial-vector coupling (AV) D8 o (X7ursx) (Gy"vsq)
—> Spin-dependent (SD) e A?
Also studied:

scalar D1, D11 (ATLAS mono- jet/photon) = SI
tensor D9 (ATLAS mono-photon) - SD
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How to make DM visible at the LHC?

Mono-X Sighatures — simple and striking

monojet +MET

Radiation of a jet / photon from initial state

CMS-PAS-EXO-12-048
Full 2012 dataset 20/fb
ATLAS-CONF-12-147 (JHEP

04 (2013) 075)
Full 2011 dataset 5/fb

-] cMs Experiment at LHC, . CERN
C 1| Data recorded: Fri Oct 520:41:32 2012 CEST
1| Run/Event: 204553 / 26729384
j] Lumi secton: 31

arXiv:1206.5663

q

q X

monophoton +MET

CMS-PAS-EXO-11-096
(PRL 108, 261803 (2013))
ATLAS PRL 110, 011802

(2013)
Full 2011 dataset 5/fb

/ -
-

% g i ,\

- -
- PHiRts >
> * . ‘-f“
. ‘O - e
A g . ’
2%

u w*

d X

Radiation of W/Z-boson
Different W/Z decay channels

CMS-PAS-EXO-13-004
ATLAS-CONF-13-073 (PRL
112 (041802))

Full 2012 dataset 20/fb
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http://dx.doi.org/10.1103/PhysRevLett.108.261803
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Search for Pair Produced Dark

Matter in Monojet Channel

"] CMs Experiment at LHC, CERN
CMS i| Data recorded: Fri Oct §20:41:322012 CEST
)_§| Run/Event: 204553 / 26729384
- - ¢! Lumi section: 31

CATLAS

S EXPERIMENT

Signature: high p; jet + MET

CMS-PAS-EXO-12-048 (20/fb)
ATLAS-CONF-12-147 (10.5/fb)
2012 pp data at Vs =8 TeV

-

\_

Channel to start DM
searches at colliders
2012 results

~

J
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Q10’E‘-"'I""I""I""I'"'I""’L"’l""I""l“'-‘g

e > - ] Z—-vv E

Event Selection S Susmmeay SEN
= %_ Vs =8 TeV B EE

CMS-PAS-EX0O-12-048 (20/fb) ATLAS-CONF-2012-147 (10.5/fb) %105:5 J'Ldtzm.sfb-m %tQCD E:
il mzo

Search for single jet recoiling against MET | E
10°F E

* Good primary vertex 102k
* Large missing E; "

600 700 800 900 1000
pT(Jet1) [GeV/c]

— MET(CMS)>250 GeV
— MET(ATLAS)>120 GeV
* Anti-kT jet with R=0.4 within |n|<2.0
— p;(CMS)>110 GeV
— p(ATLAS)>120 GeV

* Allow for second jet with p;>30 GeV if
AP (j1, j2) <2.5 or Ap (MET, j2)>0.5

e Jet quality

107E|||||||||| |||||||||||| T

T T
—
= ATLAS Preliminary ) ?ittzlzgéz

_[Ldt=1o.5fb" (] Multi-jet

Ll

10° T3 Z(—>w)+jets
- \s=8TeV [ W(—Iv)+jets
- T Z (=) +jets
105? @ Dibosons
E B (- single top

Events / 0.16 rad
R

1 IIIIIL|,|

=
+
{

e Le pton veto ' ' 46 (EM™ jet2)
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DM is undetectable > MET
Jet to balance p in transverse plane
-2 high pT object

lcms% I

nnnnn
3

K.Hoepfner, RWTH Aachen | Dark Matter Search at the LHC |
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Signal and Background

DM is undetectable > MET
Jet to balance p in transverse plane
-2 high pT object

.cms%; ST

Main background

g 70%
. Z(V) +]j
o ~600 pb
irreducible

R

c<10fb

W(lv) +j
o ~230 pb

30%
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Signal and Background

DM is undetectable > MET
Jet to balance p in transverse plane
-2 high pT object

.cms%; ST

nnnnn

Data driven from
Z(up) +j

Main background
70%
Z(vV) +j
o ~600 pb
irreducible

HH

Data driven from
W(uv) +]j

W(lv) +j
o ~230 pb

30%
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Signal and Background

CMS-PAS-EXO-12-048 (20/fb

Dominant background Z2>vv + j Possible signal and backgrounds
data driven from Z>pp + j _in MET distribution after all cuts
\Jﬂbs. ‘.Jhgd zl, , fﬁ:I g 1[:?% G_MS Preliminary % i:: %
Rl ) B T A
| KE ok | [ aco o
Table 3: Date-driven prediction of Z(yv) events o different ™ regions, E DM signal = iggmfzwé . 5
B SB oW oW ol B oa) on F [fee 20 %Yo oun-emcenm 10w §
Zw) | S60E18 1004600 SBhE3D DRIl DWEY GIEs 30w CE o MRS A T
Syst. Uncertainties 5>15% (dominated by - i
statistics, selection efficiency) m§
e E
g 2;4 ;
|t S RN N N N o
8 osE M adhiadt: e adl:2s T8
0E s
Eﬂ_ﬂl - IEIDGI ) liﬂﬂll - I':'-Il]'IIII - EISIIIIIIZII i IT-'li]III]I - ;!.[][]I ) IQ'IIIIIIII | I1Ili;ll]ll]

BT [GeV]
CMS search performed in 7 bins of MET

K.Hoepfner, RWTH Aachen | Dark Matter Search at the LHC | Page 28



Signal and Background

Dominant background Z>vv + j

data driven from Z=2>up + j

Nahs . Nhgd
A xe

N(Z(vv)) =

o W+jets (~Y30%) data driven o
* QCD: rejected by A¢ cut

* EWK : veto events with isolated
tracks and isolated leptons

* Other backgrounds are negligible

(¥1%), taken from MC

CMS-PAS-EXO-12-048 (20/fb

Possible signal and backgrounds

in MET distribution after all cuts

o | T I T
3 oL - Emm] z-vs ;_
E( \:I " = CMS Preliminary ] wew 3
v ™ T f3=8Tev B
. R S = awfg TTUF K -
E“gl”j € = JLdt=1Ei.5 s Tt =
2 b [ aco -
= DM signal [ z-i =
: cememe= ADDM_=2TeV,5 =3
o= A~900 GeV o= = =Y =
= meeeomn DMA=B32 GeV M =1GeV 3
L _— Unpa.rﬁclesdd=1.T, .ﬂlu=2Te‘JE_
10° E-
10E-
15 =
Q 2 =
= 45 1- E
L i N T SLaTt” =
E 05 E e +'+"'+' _+_+—+—'"'_ Lg% - E
0E =
200 300 400 500 600 FOO 800 900 1000

BT [GeV]
CMS search performed in 7 bins of MET
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Monojet Model Independent Limits

ATLAS-CONF-2012-147 (10.5/fb) CMS-PAS-EXO-12-048 (20/fb

— Search performed in bins of MET
Both experiments quote model-independent limits

o) - ] 5! s | | | | ]
= 5L = CMS Preliminary
X - ATLAS Preliminar X r _ g
< Y - - - Expected limit < Ldt=19.5fb" Vs=8 TeV  _
X = J. Ldt=10.5 fb1 o >b< ------ 95% CL Expected limits -
© E 5 — Observed imit - Il = 95% CL Observed limits
: \S = 8 TEV + 106)( % 91 02 + 1°exp -
i p mb> \:’ & 26exp i
i D 1 20 i
10 3 ‘
i 1. Jet! P, > 110 GeVic
- 10 £ 2. NJet(P_ > 30 GeVic) < 2
sl egion Rl SR2 SR3 SR - 3.A¢(Jet1, Jet2) <2.5 —ﬁ
minimum leading jet pr (GeV) 120 220 350 500 L 4. Isolated electron, muon (PT > 10 GeV/c) veto
102k minioum F= (Gev) oM %0 5w - W i | | |
E % ) < 250 300 350 400 450 500 550
0 & z z EMSS Threshold [GeV]



Translate production cross section

limit into DM — nucleon limits

Purpose: to compare to direct detection experiments

SM DM Atomic nucleus <
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EFT to translate limits to same plane as
direct detection experiments

Experimental result Convert pp xsec limit into A
510 \ | I I s \ AL
£ F — — JMIC NUCIBUS ~
= F CMS Preliminary 1 B1000 RPN RN .
N ] <
; ‘[Ldt =195 (=8 TeV | N—
x ==umna §5% CL Expected limits — QIS Rauey
? _ m— 95% CL Observed limits particle

SM=

3 - CMS Preliminary ] «
] Vs =8TeV Nucleon =
1 r JLdt= 19.5fb" .

= CMS 2012 Vector

300~ —CMS 2011 Vector 4 Spin-lndependent

2102 [ + oy
%> E [ %20,

1. Jetl Py > 110 GeVic
10 2. NJet(P, > 30 GeV/c)< 2
F3.A4(Jetl, Jet2) <25

L 4. Isolated electron, muon (PT > 10 GeV/ic) veto

F 5 Tau (P > 20 GeVic) veto R L L I\_f J'U’IV) \
250 ‘ 300 | 350 ‘ 400 | 450 ‘ 500 ‘ 550 | ‘1 1|D 1l|32 1C‘)3 Olf\_f —@( ’.}/ (X’.}/IHX)
q

E™** Threshold [GeV] M, [GeVicT] A2
Coefficient relating nucleon
Vector operator 8
and quark operator
1

< XY'x  Cidiruqi 2 °
A? ' w=reduced massofthe 5 _ H 3
nucleon (p or n) system S| T A4 q
Wlthff:fgzszp:fu —

f = 0 for other quarks

arXiv:0803.2360.
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EFT to translate limits to same plane as
direct detection experiments

Experimental result

ox A xe (fb)

SM
ols

10° T T | T \ 1
CMS Preliminary 7
JL dt=19.5f" Vs=8 Tev
===msa 95% CL Expected limits -
95% CL Observed its
exp

Axial-Vector operator

1

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

pﬁ"ﬂrsﬂc Eidi Y g

0]

A [GeV]

1000

300

Convert pp xsec limit into A

L CMS Preliminary

Vs =8TeV

5 J.Ldt=19.5 iy
T et - Spin-Dependent
e :@(Nv“sz ) (XYuY5X)
‘%‘o - 1c‘1 w1|03 q A2

2.
M, [GeV/c?]

Sum of quark helicities

(@)

K.Hoepfner, RWTH Aachen | Dark Matter Search at the LHC |

1 = reduced mass of the
nucleon (p or n) system

3u°
Al = A" = 084240012 Og =

T A

AP = A" = —0.427 +0.013
AP = A" = —0.085 £ 0.018
arXiv:0803.2360.
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DM — Nucleon Limits

CMS-PAS-EXO-12-048 (20/fb)

ATLAS and CMS results similar for 7 TeV data, improved with 8 TeV

‘rl'llﬂ-gﬁ T T T T T 111 T |||||||| T ||||||| ‘:!L.—"“:-_:r::m T T 1 TTT T T T T T 1711 T T T T T 111
Em_ﬁ CMS Preliminary | Emm
c .. A4 e
ISRl |\ o BT e, IShl
E m-&n____ — - CMS. e =8 TaV, 19-511:-' E 10%
D w . o D, CMS.1s=7TeV. 5.1 10
o 10 \\ ﬁﬂqﬁ P 10
| coo® - - \oB
5 s \ \ S ppLE 2012 5 oy CMS, (= =8TeV, 1951
QO QO
— 1042 op 2012 pul 1042
o co 3 0O
© 10 ot —— @ 10%
% -1(]-1-1- .a.w""; {j:' '||:|"d"'ll __
Z = bz CMS Preliminary
e lip (e w@ea) >10*Ee , 7y v 0@ty a)
Spin Independent, Vector Operator = Spin Dependent, Axial-vector operator ————
'd-ﬁ 1 1 IIIIII| 1 1 IIIIII| Iﬁl 11 1111 'dﬂ 1 1 IIIIIII 1 1 IIIIIII 1 ‘I 111111
10 10 . 2
1 10 10° 1 1 10 10 10
M, [Ge‘u’fczﬁj M, [GeV/c?]
LHC can access very low Exclude large cross sections
DM masses for spin-dependent case
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''''

UATLAS

L EXPERIMENT

Signature: high p; Photon + MET

CMS PRL 108, 261803 (2012)
ATLAS PRL 110, 011802 (2013)
2011 pp data at Vs =7 TeV

(2011 result
Stay tuned for
_ 2012 update

J
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Signal and Background

Et{GeV]

300

200

I MAIN BACKGROUND
| (60%)
| Zy—=wy
j g~75fb

at LHC, CERN 2
in Apr 24 22:57:52 2011 CDT
374 /314736281

irreducible
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Several Other Backgrounds

HCAL HCAL
w
a Wy-=ly . ECA o, EoA
- (15%) Wj—Ivj Zj—=wj
3 0~250f (10%) (10%)
o g ~ 220 pb 0~30pb &
'ég W jet A et
X Py .
% /
o final state final state final iot
I-IIJ lepton lepton, jet J
5 +7ij, ji <5% each
Instrumental backgrounds (~¥30%) from mis- Source Estimate
identification and beam halo JetMimics Photon | 11.2 +:2.8
Beam Halo 11.1+5.6
Electron Mimics Photon | 35£15
SM backgrounds (~70%): Lk 9 = 10
_ THet 05=x0.2
* Needs good understanding of cross vy 06 =03
section for Zy, Wy. Z(vo)y 453 £ 6.9
. : ) Total Background 751+95
NLO corrections. NLO k-factor (1.3 global SF T Obasrved Cardidais =

for Wy, p.(y) dependant SF for Zy (~1.5 global)
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Events /GeV

Monophoton Result

CMS PRL 108, 261803 (2012)
ATLAS PRL 110, 011802 (2013

:\ T T | _\ T T T | T T T ‘ T T T T T T T T T T T T T = [ I I | | LI T T 1T | T T 171 | T I_ T T | T T 1771 1 1 T_]
- CMSNs =7 TeV ¢ DATA : ﬁ C —e— Data 2011 §s =7 TeV) -
| 5.0 b Total uncertainty on Bkg | O 102 :_ATLAS C 1 Z(=vv)+Hy -
10 > o Zyowy 1 SVE = Wiz E
- Wos ev 1 2 F j' Ldt=46f5" I \V/Z+jet o -
. B VisID- =a I top, y+jet, multi-jet, diboson

1 M,,I:SI? YVL?CD} E > 10 = —— Total background =
YHets, Wy 3 W E —-ADDNLO, M_=1.0 TeV, n=2 3
. Beam Halo 7 Eree e L —_ e WIMP, D5, n’%ﬂ] GeV, M=400 GeV
-1 FRye—— SM+ADD(M_=1 TeV, n=3) i W72 | ) —
10 2 . D 3 1E — L =
B 7 E -
U N B T T T T T T T T -
2L _| B : N
10 % % l % 10 1 _ * e PP =
3 N T =
10°¢ 3 102 } =
104 & d _ 1
; | | | | | | | | | | il ot N 10 3 1 1 1 1 | 1 1 L1 | L1 | I_E

200 300 400 500 600 700 150 200 250 300 350 400 450

E, [GeV]

Good agreement with SM in both analyses
e ATLAS Exp. 137+ 20 Obs. 116

e CMS Exp.75.1+£9.50bs. 73

o
=9
S}

ET™ [Ge

ATLAS Monojet 2011
Exp. 2180+ 170
Obs. 2353
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DM-NUC'EOH CrOSS SECtiOn CMS PRL 108, 261803 (2012)

ATLAS PRL 110, 011802 (2013

Model-independent 90% CL upper limits on cross section

2011 data
14 fb (V and AV) for M_ < 200 GeV > A > 570 GeV
=10 FTo0% L, Spn Dependent TTTEE L@ Spinmdependent | i
L0 gg‘FPE% o — Picasso L T © mm=CMS (90%CL) *== CDMS Il 2011 ]
S0 ome S%ngﬂ}mracﬂ ) < 107 . = CDF == CDMS 112010
S e ). D8, qO— ¥ (XX = - - XENON100 CoGeNT 2011 —
- @ 1437 : e -
% 10 = \'\_ R w 1{] B —_———— e — :_-——‘//_
E S o 1{]'39 i —
o 10 L - - - - - ey = -
O 100 e --- - © n g
e E -41 ‘s
= -1~ _ — 107 . ]
. 10 E—— ATLAS, D8, g8 v(xT),... 2 s,
1042k ---- ATLAS, D9, 00— (T, __ E - - 5 __
-43 — . T ™
10 — - P 'El-d 10 = 507 1 B e _... e —
Jo*4E ATLAS Ns=7TeV, | Ldi=461b - CMS. NS =7 Tev e _
_45 | 1 1 1 11 |||| 1 1 11 1 11 || 1 1 11 111 ||
10_45 I 1 1 1 |||||I 1 1 1 |||||I 1 1 ||||||I 1['
1 10 102 10° 1 10 10° 10°
m, [GeV] M, [GeV]

ATLAS and CMS comparable results at 7 TeV.

With 8 TeV statistics expect 10x higher sensitivity.
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Search for Pair Produced Dark

Matter in Monolepton Channel

Signature W + MET:
high p; electron + MET

MT = 1332.8 GeV/|

Tt @ ) High p; muon + MET
B % New 2012
' legacy result
- Y
CMS —PAS-EXO-13-004
I 20/fb of 2012 pp data at Vs = 8 TeV
— :: Search strategy following
\\ Bai and Tait: arXiv:1208.4861v2
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Interference

Mono-jet/photon channel insensitive to quark type

For W possibly different coupling to u- and d-type quarks
if [ C(u) = C(d) ] = destructive interference

if [ C(u) =-C(d) ] = constructive interference > mono-boson more
sensitive than mono-jet

Neutrino + DM
contribute to
MET

1 _
Fﬁ:’r“x CidiYuli
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Interference Parametrized by € =—1, 0, +1

Madgraph Simulation

—_—

=
—x T IIIIIII| T IIIIIII| T IIIIIII| T I.IIIIq T gl 11
]

—_— E,\= +1
——VE=0
——V = -1
-eaee AV E= 41
- AV E= 0
e AV E= -1

'y
=
G

E T T IIIIII| T T IIIIII| T T IIIIII| ::t
& >—a i
= i
g — :
om 107 A =600 GeV 3
o ]
o i

-
=
IS

* " m, e
Largest cross section for y =-1

For M, <~70 GeV same cross section
for V.and AV coupling of fixed &

—
=
on

Mono-jet E=+1

Madgraph Simulation

| L T T T | T T T T T T T T T T B
% 0014 —— E=0uptype quark —|
O f §
- — =0 down e quark-

O ooz E type q —
{:;! - _ _
o [ —— &= i
_@_ 0.01 _
O - E=+1 ]
o i ]
g‘_ﬂnua— —
. M =10GeV 1
-~ A=600GeV -
© ]
-5 0.004 -
0.002 = ]
UFl 1 1 | | | 1 | I : L ! ! 1 | | | =

0 200 400 00 800 1000

M, (GeV)
Interference type influences
M shape = impact on
sensitivity
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Selecting Monolepton Events

CMS-PAS-EXO-13-004

Event selection

* Single electron(muon) trigger with
p>85(40) GeV

* Lepton ID optimized for high p
 Kinematical selections:
Search strategy for

0.4< pT/ MET < 2 lepton +MET following

A(I) <0.8 Bai & Tait:
arXiv:1208.4361

Transverse mass distribution

Mr = \/2- ph- EZ - (1 — cos Ay,

Background

* Derived from simulation

* Challenge high M; tail

* Main bkgr: W=>Iv with M; binned k-factor

CMS Preliminary e+Ef* [Ldt=20f" (5-8TeV

=107 méahu'eév'.mézhn'Géu'.._}u_;l; T l.c:lz(:[l)'
Q & [ Spin Independent

OR[ 14 eart o .
1—105 oM E=o .tt-'-smgletop.')' jets

510"
3

§1o

(0110?

10

107
1072
107
10
500 1000 1500 2000 2500

M; (GeV)

CMS Preliminary u+E™= j'Ldt=201b" §=28Tev
T T T

T
=105 EM t3boGev i 2db Gev '.' ' " '
! W 1v [ +single top
@ Spin Independent o e
. oM &= =1

— 104 —— owe=o
w)

500 1000 1500 2000 2500

M, (GeV)

’
e NLO xsec’s K.Hoepfner, RWTH Aachen | Dark Matter Search at the LHC | 43



Challenge of TeV Leptons

Heavy particles yield final state leptons with high momentum -
dedicated reconstruction algorithms (especially for I+MET)

Muons E ~900 GeV > Muon shower (in CMS return yoke,~10 X,)

critical

1 TeV muon with a "catastrophic” energy loss of 22 GeV

A

1 1 12 om Al

iran irsn
yoke one yoke haney-
b samb
& em 4 % 1am & em & sm 4 % 1om
air gap drift tubes air gap air gap dfttubes
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Limits on production cross section + A

CMS-PAS-EXO-13-004

CMS preliminary 2012 20 b {5=8 TeV CMS preliminary 2012 20 o' {5=8TeV CMS preliminary 2012 20 b {5=8TeV

E 1“2 T T IIIIIII T T IIIIIII T T IIIIII:. E [ T T IIIII.III T T IIIIIII T T TTTTTT E [ T T IIIII-III T T IIIIIII T T T T TTTIT
o —— Obsered lirmit N - DM with A=200 3 o —— Observed mit ——- DM with A=500 ol —— Observed limat -—— DM with A=T00
— |- - - - Expected mit o 4 —_ [~—-- Expected limit L 7] — [~ --- Expected limit o h
ﬂ}? T £ . DM with A=250 ] :g 1- E 1o DM with A=500 1 ? 1-E dedt 1o DM with A=B00 1
s [JExpected+ 20 - D.Ea.mecbediﬂﬁ § c i‘:'IEz-pe:tEdtzn §
O 10ELimit in 05 C.L. e o [ Limit in 85 C.L. 3] (= [Limnit im 85 C.L. ]
s E Spin Dependent + 1 E 5 [ Spin Dependent — A b FSpin Dependent — 1
3 _E|E-E.‘1]"ﬂr‘| + muon =+ b 3 [electron + muon £=0 — 7 $ electron + muon £ =-1 - =L
] :ﬂ - ] Eﬂ i o Fomme e
w
Spl n o L - - - o g = o ' 5
= 1= . - = r - . b= - ]
o E - E O E - 3 O e mremrm e i .
- | = F . c B 7] | = B 7]
In = 1 £ B = i
© i © ©
depen S 9 2
-0 = 0
o =] o
e | — | =
(=% (= (=8

10! 2 2| s
dent 1 1 Illlp0 IGI 1 IIIII 1 1 1 Ill:l 10 E IAII<I IIIIOOI Ggy 1 1 II.IIIE 10— A S 1 IIIQOOI qlgll 1 1 1 I..I.lllE
1 10 107 o’ 1 10°
MI {Ge"-.f'} MJ{ (Ge‘u’] Mx (GeV)
102 CMS preliminary 2012 20" {5=8 Tev CMS5 preliminary 2012 20 fb” 5 =8 TeV CMS preliminary 2012 20 fb” (5= 6 TeV
—_— E T T T IIIIII T T T IIIIII T T T IIIII_- - T T T IIIIII T T T IIIIII T T TTTTTT _— T T IIIIIII T T IIIIIII T T TTTTTT
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é [JExpected+ 20 i é 1:] Expected+ 2 _E z 13:|Ewpededt2n _E
O 10[Limitin 85 C.L. 4 O C Limit in 85 C.L. ] & CLimit in 85 C.L. §
o ESpin Independant g +1 ] O [ Spin Independant -— 0 1 D FSpin Independent — _1 E
g _ele-cu'un+muun £ —+1 ] E [electron + muon £=0 - 7 E [electron + muon £ =-1 - 1
o : R : w [ S - -1 i - e — 4
AV 3 2 @
e T 3 S . & e . 4
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B ] 5] i B
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Translation to DM-Nucleon s$@meprocedureas

for monojet. Standard
CMS Preliminary 20‘12‘2‘0|flb""‘|ﬁ=|8 Tev assumptlon |S E_,=+1

—

—— Observed Iin‘ut memee DM with A=200 | > 450F -
[---- Expected limit ] QL F
[ Expected + 16
7|:| Expected+ 26
10FLimitin 95 C.L. =

F Spin Independent 3
[electron + muon & = +1

102

CMS preliminary 2012 20 fb! Vs =8 TeV
e AR T T T

== DM with A=250

pp G x B (pb)

[ Atomic nucleus
[ Spin Independent

E electron + muon &= +1 B
F Limitin 95 C.L.
200+ o Dark matter
—— Observed limit | —
150 ===--- Expected CL limit 4 particle

I ExpectedCL+ 10 ]
100 ] Expected CL+ 26 =
Lot A=M/(2r) b Nucleon
102 (G \/1)03 50 Azg/k(/lx
e
MX 1 10

d

Recoiling
nucleus

N

Ll Lol
1 10

10 10° °
Vector operator M, (GeV) Spin-Independent

1 _ _
pm"x CiiYuqi

NA*N) (X x

Channel Lambda limit for Coefficient relating nucleon
Mchi < 200 GeV and quark operator

[+MET & =+1 300 GeV g ILIZ 2
[+MET &=-1 1000 GeV with fi = f =2,fF = fI = 4
: d 4 u

f = 0 for other quarks
arXiv:0803.2360.

Jet + MET 900 GeV
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Monolepton ¢ = -1 (max. sensitivity)

CMS-PAS-EXO-13-004

2012 results in comparison to monojet and some direct detection
experiments, 90% C.L.

PR CMs F"I'-’-"Ilml”l"ﬁ'l"li’s 2012, Izlﬂlfli?ll Is=8 TevV 10 CMS preliminary, 2012, 20 fb" /s = 8 TeV
N E S “'I Dependent P-G_"‘- T T T TTTT II T T T T T |||. T T T ' TTTTH
- ~——— Observed 95% CL limit P Y o Spin Independent
S ol serve mit e+ £=-1 g 107" —— Observedssw CLumit gy =4
e are o] [ = CMS mono jet 2012 —1w*¥*= 7 CMS mono jet 2012
s = Expected 95% CL limit 0 E----- Expected 95% CL limit =~ =w=em Xenon 100 2012
Z>( 107 ! S - — COUPP 2012
© Expected 95% CL+ 15 ™7 Super-K WW o 10 Expected 95% CL+ 15 =" SIMPLE 2012
c C .35 CoGeNT 2011
9 1D3'3 Ex dos% CL+ 26 leeCube W W- g - CDMSI 2011
-'G pecte b CL+ 20 .G 1[]36 Expected 95% CL+ 20 CDMSI 2010
O @
v, 3 wn 10
7 ° B 10 2
g :]D-Jfﬂ g 1':]39___,,.;--1.1;"- _______ i T
c [ »1[]-40 ” !f{_‘.‘
o Ty
O i . 1 ] b
® 10 o 10* RN —
O S 102 VNt
— 1042 Lo gyl Loyl g {I: 1':'_43 Lok TR e e o B N Y WO W= G
2 = 2 3
= 10 107 10° 1 10 10 Ge v'm
M, (GeV) M, ( )
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New 2012
legacy result

WY
\[\.N
\\N\w ~ M
L 4
X
) //V/W%M%
— x — '/1/‘4” - —
d d W - q X

Signature W or Z + MET: two merged jets + MET [ also a search

Use hadronic decays with large BR (~¥70%). Resulting for WH, ZH
final states (W/Z) cannot be distinguished. with H2>yy ]

W is sensitive to interference = different u/d couplings.

ATLAS-CONF-13-073 (PRL 112 (041802))
20/fb of 2012 pp data at Vs = 8 TeV

K.Hoepfner, RWTH Aachen | Dark Matter Search at the LHC | Page 48



Hadronically Decaying W/Z ATLAS paper on jet sub-

structure arXiv:1306.4945
Increasing rate of overlapping jets = Reconstructed as one ,large-
radius” jet with Cambridge-Aachen algorithms:

e Step a: Splitting in two subjets (mass-drop filtering procedure)

* Step b: Filtering, reclustering 3 jets with C/A

* Step c & d: Trimming and pruning Initial jet
I
7 o
C/A f--(':'}"u P Q O“ Rgy = min[0.3, —52]
{ O%o v N\ o " T /) g
— 0 \gO | NPT
“II O‘ D “ “O._-f" 'l @) @ “
iy \ i - \
| i
JUN 4 o © \® o~ |
\N..‘ “.‘ ‘\\UO ’
Initial jet m! M < e and Y > Yeu Fiteredjet ===
f,. = 0.2,0.33,0.67 e

Split in 2 sub-jets j,, j, with m/1 < mi?
Splitting approx. symmetric in energy sharing and
opening angle.
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Search Performed in MET Distribution

Main Background Z(vv)+jets 60%, W(lv)+jets 30%
Data agree with SM expectation
Control regions Z=>uu, W>uv

350
Two signal regions: E E[Ldt=20.3fb'1 5 =8TeV +5§3)+jet
MET > 350 GeV = % ArLA8 Preliminary W/Z(elu/x)+jet |
MET > 500 GeV £ 250-f6R: £ > 350 GeV —

u:j '///, uncertainty

200 = D5(U=d) X100 ]

m— )5(U=-d) x1

W

Dominating syst. uncertainties:
* limited statistics in control
samples, 100
* theo.uncertainties in samples
used for extrapolations,
 jet and MET reconstruction

150

/

iy

E\

(6]
o

i

ﬁ' L1 1 | | I | L1 Ll
0 60 70 80 90 100 110 120

m jet [GeV]
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Mono-W/Z Limits

Using predicted shape of M._. distribution in each signal region

jet
CLs method
— E I | | | | I | | I .I I | I | | | | I | | I I 1 I E .
S F ATLAS 203fb" \s=8TeV —=— D9:obs -| Different vector
O, 105 L —=— D5(u=-d):obs _| couplings to u/d
= - —— D5(u=d):obs 5 for W
= A {0t 90% CL —o— D1:0bs 7| Constructive u=-d
10 = —»— C1-0bs 3 (larger xsec)
= — —— ] destructive u=d
10° N L = —— —
. ——‘___
- ﬂt@Operators:
10°, o . —= D9 = tensor (SD)
- o \DS = vector (SI)
105 — D1, C1 = scalar (SI)
1 §_I 1 | | 1 | | 1 1 | 1 | | | 1 | | 1 1 I I_§
0 200 400 600 800 1000 1200

m, [GeV]
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Mono-W/Z in the ¢-N plane

v-N cross-section [cm?]

Spin-independent limits very strong
10-%?> cm? for vector coupling when

u & d have opposite sign

Set strong spin-dependent limits
1043 cm? for tensor operator

i

—a— D5(u=-d):obs
[ —a— D5(u=d):obs
D5:ATLAS 7TeV jix7)

10736

10738
1040 _

1042

COUPP 2912

90% CL |

- D9:0bs B
D9: ATLAS 7TeV i) -

ATLAS 203t ys=28TeV

10* 1~ - coGeNT 20 — SIMPLE 2011
| — XENON100 20 _| — COUPP 2012 lceCube W'W~_|
— CDMS low-energy T —PICASSO 2012 IceCube bb
1D_4BI L 1 1 1111 1 ||||||| 1 1 ||||||| | | | ||||||| 1 11 1 1111 |||||||
2 3 2
1 10 10 1071 10 10 10°
m, [GeV] m, [GeV]
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The Big (LHC) Picture...




All 2012 Mono-X Together

A (GeV)

cms 2012 20 b

—

/s =

CMS 2012 20 fb" Vs =8 TeV

—Sp|n Dependent
imitin 95 C.L.

|_||||||I — | I |||||||| I ||||||||
—A=M,/(2m)} > -Spin Independent
A=2M, @
1 O Limit in 95 C.L.
S
< |
W+DM &=-1
i

| “W+DM £=0

Atlas Z+DM W+DM (had.) £=+1

DML
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| | | L1 1 III| | | l’f,I III| | [ II/II | Observed | ,’l | /
9 3 | | | I T | I |
1 10 10 (GeV1)O 1 10 107 10°
M, (GeV)
Effective theory valid up to A <2 My
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What’s Next?

CMS PAS-EXO- 12 048 (20/fb)

]
[
o
o
O

? " CMS Prellmmary "‘x “500 GeVict T3]
S ol 520 e
< 2500~ 3 e
¢ | JLa=rese 0 qevie w1
* Signature oriented searches strongly £ 2000 S0 soue e
supported by theory 0 st0 -
* Extend simple contact interaction, more ~
operators, .... Discussions with theorists, S A A
_ N
[http://kicp-workshops. uchicago edu/DM-1 HC2013/index php] L |

1 10
Mediator Mass M [TeV/c?]

 Scan over mediator mass 200
(CMS monojet analysis) " LHCDiscoveryReash

500+
~ LHC Current Bounds

.......

| Tevatron

M (GeV)
2

* Consider limitations of EFT. &Od

. 0! u\d Y “N
Good/conservative results above a few E(g; S rserNEtNe

hundred GeV. ?ﬂ’s ead

10 0 50 100 200
m.{[GE\_]
[from R. Harnik, Dark Matter in Collision, UC Davis, 2012]
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What Can We Reach at 14 TeV?

5‘ | I LI IIII 1 I T 1Tl IIIFTR 1I3 IOI];?-Ill —~—— 3 5CIIMISI Irlo'i!el 'tliin I }J‘gl= |1|4I|-r|evl T IFI-I-R|-|]-3-O]-2
3 5000 | CMS Projection = % ' :Dark matter, & + MET, 5c discovery threshold:
< 4000r (T, v 0@r*y.a) 1E | —m— &=1, signal efficiency 10% ]
3000 | Axial-vector, 5 {1 <« 3+
- - £=-1signal efficiency 60% ]
L 1] S SR A R B et 2 1
I.ll..‘- 25 ---------- S
\ i P ’
1000 — . - 5 - ' =
F — (5= 14Tev -:DELF'HEE-],J-L dt = 300.0 " . :. —_________..-—--""‘"'-_. 7
[ E=t14Tev -:DELF'HES-],J-L dt = 3000.0 & : 157 / i
300 L _E=BTeu.JLd1=19.5m" || :// E
_E=FTeu.JLd1=4.?m" U ]
| N R | Lo vl R R AN RN T N AT N N T AV NN A N M A
1 10 102 10° 0 500 1000 1500 2000 2500 3000
M, [GeV/c] Luminosity / fb™

Gain sensitivity with increasing sqrt(s).
At 14TeV and 300/fb. Reach in lambda O(x2)
Main challenge MET in high PU.

K.Hoepfner, RWTH Aachen | Dark Matter Search at the LHC | Page 56



St Summary

P S

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults

Exciting new field. Major opportunity for new
physics!

Several LHC BSM searches reinterpreted in terms of
dark matter models.

Work closely with theorists to develop theoretical
assumptions and models.

Complementary to direct detection
experiments. Study DM properties in
case of discovery.

Improved sensitivity in Run-2 of
the LHC.
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Additional Material
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Possible Couplings

Most prominent couplings

Spin-independent vector coupling (V)

Spin-dependent axial-vector coupling (AV)

1

XY X Cidivudi

1

Name Type Operator Coefficient
D1 scalar (qq) XGq mg/M;
D5 vector XY XTVg 1/M?2
D8 | axial-vector | \v"v°x@v.7q 1/M?
D9 tensor XM XG0 1/M?2

D11 scalar (gg) XG0 G (g AN
Cl1 scalar X" xqq mq/M?

According to [J. Goodman et al., Phys. Rev D 82, 116010 (2010)]

The masses of strange and charm quarks are relevant for
the cross sections of the D1 operator and they are set to
0.1 GeV and 1.42 GeV, respectively.
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Lux Result

Spin-intl(‘p(‘nd(‘nl s(‘nsili\'il}

Upper limit @ 33 GeV/2is 7.6 x 1046 cm? |
— first sub-zeptobarn WIMP detector!

WIMP-nucleon cross section (cm?)

10 B KEND:\:IDD_: 2012)-225 live days
o

—44

1 D | HH/ _:
o LUX (2013)-85 live dqys: 90% upper limit
- o — ”

—45 -21 1

107%°L { — 10%! barn!
1 2 3
10 1 5 10
m, e (GeV/cT)
C. Ghag — University College London — 19 Nowv. 2013 Slide 50 -



High Energy Electron Selection

CMS Experiment at LHC, CERN
Data recorded: Wed Sep 21 11:35:51 CEST
2 Run/Event: 176841 / 213192769
§ Lumi section: 189

Orbit/Crossing: 49420229 / 1640

Electron ET: 799.5 GeV

'pfMet: 822.2 GeV

Electrons are reconstructed from energy clusters
In the ECAL and tracks from the silicon tracker
Electron ID optimized for high E; requires:

- Er> 85 GeV

i
- In| < 1.442 (barrel) or 1.56 < |n| < 2.5 (endcap)-t
- Good quality of track and cluster
- Matching between the two

- Isolation

BN
26
o]

©

2.4F

2.2F

CMS Preliminary s = 7 TeV

J Ldt=4.7 fb~ — DY s ee

barrel-barrel & barrel-endcap

=
1 .

3
g

W

Di-electron mass resolution (EX0-11-019)

| ‘ | | | Ll | L1 | | | | ] | || | L1 | | I ‘ || ‘ 1
200 400 600 800 10001200140016001800200(%
m(ee), GeV/c

T
T
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ECAL made of matrix
of fully active crystals.
Measured energy
resolution ~2%
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High p; Muon Selection

Event displays from

High redundancy of mu system, 4 stations along track

c | Z'>pp EX0-11-019
Iron between stations may cause bremsstrahlung | — ~« s
for O(TeV) muons =

P;<200 GeV tracker in B=3.8T, p;>200 GeV mu+tracker

Dedicated muon selection: M =

* Special algorithm to consider showering oo

* Atleast 1 pixel hit

* Number of measured tracker layers > 8

* Transverse impact parameter dO0 < =0.2cm %C 4
(Z,), 0.02cm (W,) reject cosmics, value for W~ tighter than an

other analyses, Z" rejects in addition back-to-back muons

* >=2 matched muon segments
 Relative track isolation <0.10in AR < 0.3

e No cuton chi2 cutintroduces a 4-6% inefficiency for

muons >500 GeV My =

1256 GeV
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Photon identification

v Background contamination and invariant mass resolution depends on:

* pseudorapidity
* cluster shape, i.e. conversion probability (R9)

Y

v Same approach like H->yy standard cut-based photon-ID
» ECAL fiducial region (Inl < 2.4 excluding EB-EE gap)
* |solation and identification requirements:
barrel endcap
Ro>094 | Ry <094 | Ry > 094 | R, <0.94
PF isolation sum, chosen vertex 6 47 5.6 3.6
PF isolation sum worst vertex 10 6.5 5.6 4.4
Charged PF isolation sum 38 25 3.1 22
HCAL Cisrisg 0.0108 0.0102 0.028 0.028

H/E 0.124 0.092 0.142 0.063
Rqg 0.94 0.298 0.94 0.24




