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Signatures of Dark Matter at the LHC

Detection in CMS and ATLAS

Monojet (historically leading channel)
Monophoton

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

The big picture
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Indications for Dark Matter

* Astrophysical measurements point to existence
of non-baryonic form of matter (DM)

- one compelling evidence for physics beyond
Standard model (SM)

Rotation curves of galaxies Gravitational lensing

Observed vs. Predicted Keplerian WMAP / Planck
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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

* Cold: non-relativistic

Dark matter = part of cosmological SM
Requires beyond SM physics
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Detecting Dark Matter

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

For a given cross
section sensitivity
scales with detector
size.

Direct Detection
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Result is Not Conclusive...

Wealth of direct detection experiments.
WIMP search status < October 2013

90% CL

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.

Irldirect Detection

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

For a given cross
section sensitivity
scales with detector
size.

Direct Detection
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Detecting Dark Matter

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

Irldirect Detection

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

For a given cross
section sensitivity
scales with detector
size.

Direct Detection

>
Collider

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

K.Hoepfner, RWTH Aachen | Dark Matter Search at the LHC | Page 8



Direct scattering experiments
Indirect detection experimentsa

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

Two General-Purpose Experiments:

CMS & ATLAS

Proton-proton collisions
Vs =7 -8TeV (in 2010-2012)
Bunch spacing 50 ns



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

Excellent stand-alone muon measurement. Emphasis on
jet and missing-E; (MET) resolution, particle identification
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Bec . [CMS coll.:
7 Compact Muon Solenoid (CMS) JINST 3 (2008), no. SO8004]
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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
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LHC Data Taking

Recorded luminosity of
high quality data ~25 fb- L= 3x10%3cm-2s”

Vs (LHC) = 4 x \'s (Tevatron)

Data taking efficiency >90% for
ATLAS and CMS £z 10%ems™

5 f=frequency
L f k 2 N k=number of bunches
_ | | n=particles/bunch

A=beam cross section
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Many Searches Performed at the LHC
to address open questions of SM

A\, — ’\;."“ 4
ST

e

Hitoshi Murayama
Final states allow different 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* - 95% CL Lower Li

s (Status: May 2013)

T
Large ED (ADD) : monojet + £, ... |ESeii e (12104401)
Large ED (ADD) : monophoton + E, | (IS8 7 Tev [12084525]

T T
aarTel M, (5=2)

AEaTev| M, (5=2) ATLAS

‘é Large ED (ADD) : diphoton & dilepton, My [ LeAT T TeV [1211.150) WAETeV M (HLZ §=3, NLO)
8 UED : diphoton + £, [ESi8i7Teu i2080753) A@0Ta Compact. scale R Preliminary
2 S'IZ, ED : dilepton, m, |ES0MT Tl fisosasss i M, ~ R
g RS1 : dilepton, m, [£=20 i, 8 Yol [ATLAS CONF-2013-017) 2477ev Graviton mass (k/iMg, = 0.1)
3 RS1: WW resonance, my ,,, |ESiiie e {12663560) 4237Vl Graviton mass (k/Mp = 0.1) .
® Bulk RS : ZZ resonance, m,; - [£272 i & ¥ [ATLAS CONF.2012.150 Bs0Gev Graviton mass (k/Mg, = 1.0) Lot =(1-20)fb
] RS g, - ti (BR=0.925) : {i — I+jets, m_ |E=a7i 7 eV 15052755] 20TTel g, mass _
a ADD BA{My, IM,=3) : SS dimuon, N, .. |ESHEiFreu iisa08) T f5=7,8TeV
ADD BH (M, IM,=3) : leptons + jets:Sp | ieimii e iiasaisss) AT M, (5=6)

Quantum black hole : dijet, F (m;) | ISV 207 anTE M, (5=6)

" ggqg contact interaction T (M ) | ESE T Tey (12104718 78TV A
%] qqli Cl: ee &p}t,rﬁu £=5.0 b, 7 TeV [1211.1150) 4387V A (constructive int)

uutt CI : SS dilepton + jets + E, . [£=143 07 8 Tev jATLAS CoNe 2013051

a3tev A (C=1)

Z'(SSM) T, " [L220 w" 8 Tov [ATLAS CONF2013.017)

286TeV 7' mass

Z' (SSM) imy, |[L=47 "7 TeV [1210.6604]

14Te¥ 7' mass

% 7' (leptophobic topeolor) : {f = Hjem,m“ £=14.3 fb", 8 TaV [ATLAS-CONF -2013.052]

18Tew 7' mass

> W (SSM) iy [e=a7 7 Tev 11209 4446)
W (—=1g,g =1) M L=AT 7 TeV [1209.8503)

255Tev. W' mass

430 Gev W' mass

W (= tb, LR%M):mm L=14.3 fb". 8 TaV [ATLAS-CONF-2013-050]

184Tew W' mass

Scalar LQ pair (§=1) : Kin. vars. in eejj, evjj |t=1.0M"7Tev [1112.4826]
Scalar LQ pair (§=1) : kin. vars. in pujj, wvij [ £=1.00" 7 Tev (1203.3172)
Scalar LQ pair (B=1) : kin. vars. in ttjj, tvj |e=47m" 7 7ev (1303.0526)

LQ

" generation - 't — WhWh | L= 5% 7 TeV [1210.5466)

660Gev T gen. LQ mass

e8sGav 2" gen. LQ mass
s34Gev 3" gen. LQ mass

656 GeV_ 1" mass

4
4th generation : b'b’' — SSdilepton + jets + £ s |LZ143 1578 Tol [ATLAS CONF 2013 051

quarks

New

Vector-like quark : CC,m,,, |£=4.6M". 7 TeV [ATLAS-CONF-2012-137]

Excited quarks : y-jet resonance, m £=21 1", 7 TeV [1112.3580]

T20GeV_ ' mass

Vector-like quark : TT— Ht+X  |[L2143 57 8 TaV JATLAS.CONF2013.018 790 GaV_ T mass (isospin doublet)

1427TeV VLQ mass (charge -1/3, coupling ko = vimg)
24678V " mass

Excited quarks : dijet resonance, 7, [L-ia0m s 1o aTiAS cone v as

38aTev (" mass

Excit.
ferm.

Excited b quark : W-t TEsONance, m,, |E=hs i’ 7 eV [1501.1563)

B70GeV| b* mass (left-handed coupling)

Excited leptons : I-y resonance, m  [E5150 5% 6 Tav ATLAS -CONF-2012-146

Techni-hadrons (LSTC) : dileptan, m__,,,.
Techni-hadrons (LSTC) : WZ resonance (h’llj,mw2
Major. neutr. (LRSM, no mixing) : 2-lep + jets

Heavy It:%{on N’ (type lll seesaw) : Z-1 resonance, m,,
i (DY prod., BR(H’L*AH] ): 88 ee (uu), m"

Color octet scalar : dijet resonance, my

Multi-charged particles (DY prod.) :
..Magnetic manopoles (DY prad

Other

22TV | I* mass (A =m{l*))
p e, mass (mipfo;) -ming) = M)
p, mass (mip,) =mir,) +my, ma) = 1.1mip.))
N mass (m(W ) =2 TeV)
N mass (V| =0.085, |V | = 0.063, |V | = 0)
H;" mass (limit at 398 GeV for pu)
Scalar resonance mass

mass (|q| = 4e)

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

1 10 10?
Mass scale [TeV]
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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* - 95% CL Lower Li

s (Status: May 2013)
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Large ED (ADD) : monophoton + E, | (IS8 7 Tev [12084525] AEaTev| M, (5=2) ATLAS
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Z' (SSM) 1M, [L=20 15" 8 TeV [ATLAS CONF-2013.017) 286TeV, 7' mass
Z' (SSM) :m,, [L=47 "7 TeV [1210.6604) 14Tev 7' mass
5 Z' (leptophobic topeolor) : {f = I+jets m, £=14.3 fb", 8 TaV [ATLAS-CONF -2013.052] 18Te¥ Z' mass
W (SSM) imy g,  [L=a7 ", 7 Tev [1209.4445) 255Tev W'
W (- 1g,g =1) qu £=4.7 1", 7 TeV [1209.6503] 430Gev. W' mass
W (= th, LR'EM) M [£=14.3 tb”,  TeV [ATLAS-CONF-2013-050] 184 TeV
Scalar LQ pair (§=1) : Kin. vars. in eejj, evjj |t=1.0M"7Tev [1112.4826] s60Gev T gen. L
9 Scalar LQ pair (§=1) : kin. vars. in pujj, ivij | =107 Tev [1203.3172) 685Gav 2"
Scalar LQ pair (B=1) : kin. vars. in 7zjj, Tvj] |L=47m" 7 Tev [1303.0526] 534 Gav 37

4" generation : tt— WhbWh | L7 7 TeV (1210 5465
4th generation : b'b’' — SSdilepton + jets + £

= 2 Famse |LSM3 167 8 TeV JATLAS CONF-2013.051
23 Vector-ike quark : TT— Hi+X
Vector-like quark : CC,m, .
Excited quarks : y-jet resonance, m
5 g Excited quarks : dijet resonance, rﬁ_
ﬁj i} Excited b quark : W-t resonance my,

Excited leptons : Iy resonance.nf
' Techni-hadrons (LSTC) : dileptan, m,_,,
Techni-hadrons (LSTC) : WZ resanance (ivll), m_
Major. neutr. (LRSM, no mixing) : 2-lep
Heavy It:%{on N’ (type Ill seesaw) : Z- resog
(DY prod., BR(H, —1)=1) : 59
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2 10°
Mass scale [TeV] Hitoshi Murayama

*Only a selection of tha

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

Pair of DM

pp collisions oarticles

X

A

X
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

pp collisions oarticles

X

A

. X
Mediator of mass M

Cross section depends on the
mass (m, ) and scale A (for

couplings g,, 8,)

Spin-independent (SI)
and spin-dependent (SD)
Cross sections

Characterizing parameters:

e scale of effective interaction

* Mass mx

[Bai, Fox and Harnik, JHEP 1012:048 (2010)]

[Goodman, Ibe, Rajaraman, Shepherd, Tait,
Yu, Phys.Rev.D82:116010 (2010)]

K.Hoepfner, RWTH Aachen | Dark Matter Search at the LHC | Page 19



Possible Couplings

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

most prominent couplings

Vector coupling (V) D5
- Spin-independent (SI)

Axial-vector coupling (AV) D8
- Spin-dependent (SD)

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

g X
Radiation of W/Z-boson

Radiation of a jet / photon from initial state Different W/Z decay channels

CMS-PAS-EXO-12-048 CMS-PAS-EXO-11-096

Full 2012 dataset 20/fb (PRL 108, 261803 (2013)) zm\'; A(\:SOIEI)I(=01 f&gﬁpm
ATLAS-CONF-12-147 (JHEP ATLAS PRL 110, 011802 112 (041802))

04 (2013) 075) (2013) Full 2012 dataset 20/fb
Full 2011 dataset 5/fb Full 2011 dataset 5/fb

arXiv:1204.0821

arXiv:1206.5663
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Search for Pair Produced Dark

Matter in Monojet Channel

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

4 )
Channel to start DM
searches at colliders

2012 results
\_ J
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Event Selection

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

Search for single jet recoiling against MET
 Good primary vertex
* Large missing E;
— 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
* Lepton veto
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DM is undetectable > MET
Jet to balance p in transverse plane
-2 high pT object
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Signal and Background

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

Main background
70%

Z(vV) +j

o ~600 pb

irreducible

W(lv) +j
o ~230 pb

30%

K.Hoepfner, RWTH Aachen | Dark Matter Search at the LHC | Page 26



Signal and Background

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

Data driven from
Z(up) +j

Main background
70%

Z(vV) +j

o ~600 pb

irreducible

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 + - ?ér-‘-'-\."-E-T-‘.j-'rc'-t-r!b-”-t-'.‘?-”z- after all cuts -
§ " = G_MS Preliminary [ w—w =
g 1[:5.;— 5 =6TeV B ¢ _;I
= = JL dt=195m" (I =
2 ok [ Jac -
= DM signal [ z- =
ot - A~900 GeV =" ADD M_=2TeV,5 =3 -
= mememme DM A = B92 GV, MI=“I GV E
107 ;E --=x==- Unparticles d =1.7, .ﬁu=2Te‘JE:
Syst. Uncertainties 5>15% (dominated by - i
statistics, selection efficiency) =
H]:E
125 =
& 2;+J. ;
= 45 4. =
L UL NP S I S Y 5
o osE seaminsraall A Al 1.
= -
2[]'|3|I ) IEIDGI i Aﬂﬂl ) I':'-E]UI ) ESIDDI - IT"Il]III]I ) !I!.[][]I i IQ'IZIIIIII | I1lll]I[]lI]

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

Dominant background Z>vv + j

data driven from Z=2>up + j

:(9; m?_; o |:I| Zvs ;_

s = CMS Preliminary [ w—w =

N mi;— ?.E=BTEV B —;l

% = JLdt=19_5m" (I 3

2 oL oo 2

= DM signal [ z-i7 =

1|:|L_€ A~900 GeV meeemme ADD M =2TeV,6=3 —

= [ A Ge'-.-':MI=1Ge‘u" 3

. . B --- Unparticlesd =1.7, A =2 TeV 7]

« Wh+jets (~30%) data driven v N E
. 107 ==
* QCD: rejected by A¢ cut
‘ID_E
e EWK : veto events with isolated F

tracks and isolated leptons =S

. = sE

e Other backgrounds are negligible 3 "Ell2000 e

O o5E i Tt T
(~1%), taken from MC of :
EE]IZII ) I3IIIlZII i :4CICII ) I':'-Il][]I ) EIS[ZI[]I - IT-'l:l[]I ) i!.[]ll]I i I9'[][]I | I1ICI[]II]

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

Possible signal and backgrounds
in MET distribution after all cuts

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

Q

2 ]
U 95% CL .
X - ATLAS Preliminary ]
< - - - Expected limit

X

0

1= jMEw5m1

— Observed limit
\s=8TeV -

t1o

exp

107 E
[ stgnal region SRI - SR2 SR3 SR4 -
minimum leading jet pr (GeV) 120 220 350 500 - |
102} minimum £ (Ge) om0 50 -
> Y 0 <
(C s (C s
) 0)) /) 1))



Translate production cross section

limit into DM — nucleon limits

Purpose: to compare to direct detection experiments
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ax A xe (fb)

SM.
Ois

EFT to translate limits to same plane as
direct detection experiments

Experimental result Convert pp xsec limit into A

\ | \ \
CMS Preliminary

-
o
w
T

T T T T T 117171 T T T T 17717 T T T T TTaT
1000 — —

A [GeV]

‘[L dt=195f" V=8 TeV |

_ weemee 05% CL Expocted limits |

m— 5% CL Observed limits

[ + toe -

[ Jt20., ] - CMS Preliminary ]
] s=8TeV
i r JLdt=19.5 b 1

ool o sor v f Spin-Independent

%
o
R

I

1. Jetl Py > 110 GeVic
10 2. NJet(P, > 30 GeV/c)< 2
F 3.A¢(Jet1, Jet2) < 2.5

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

ST NGveve el
250 300 350 400 450 500 550 1 10 10? 1203
ET* Threshold [GeV] M, [GeVic]

Vector operator Coefficient relating nucleon
and quark operator

2 2
u=reduced massof the 5 ~ _ H 3
nucleon (p or n) system Sl a A* Uqg
Withff =fi = fop =fu =
f = 0 for other quarks
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ox A xe (fb)

SM
ols

EFT to translate limits to same plane as
direct detection experiments

Experimental result

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

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

Axial-Vector operator

A[GeV]

300

Convert pp xsec limit into A

1000

L CMS Preliminary

Vs =8TeV

- J.L dt=195f"

— CMS 2012 Axial Vector
— CMS 2011 Axial Vector

Spin-Dependent

10° 10°

O

Sum of quark helicities

2.
M, [GeV/c?]

1 = reduced mass of the

nucleon (p or n) system
Al = A" = 084240012 Og =
—0.427 +0.013

Al = A =

31°
7z A

(@)

AP = A" = —0.085 £ 0.018
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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

N

LHC can access very low Exclude large cross sections
DM masses for spin-dependent case
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Search for Pair Produced Dark

Matter in Monophoton Channel

Signature: high p; Photon + MET

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

(2011 result
Stay tuned for
_ 2012 update

J
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Signal and Background

c<10fb
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Several Other Backgrounds

+7j, jj <5% each

Instrumental backgrounds (~¥30%) from mis-
identification and beam halo

SM backgrounds (~70%):

 Needs good understanding of cross
section for Zy, Wy.

* NLO corrections. NLO k-factor (1.3 global SF
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
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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'EOn CrOSS SECtiOﬂ CMS PRL 108, 261803 (2012)

ATLAS PRL 110, 011802 (2013

Model-independent 90% CL upper limits on cross section
14 fb (V and AV) for M, < 200 GeV - A >570 GeV

2011 data

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

C ) High p; muon + MET
New 2012

legacy result
- Y,

CMS —PAS-EXO-13-004
20/fb of 2012 pp data at Vs = 8 TeV

Search strategy following
Bai and Tait: arXiv:1208.4861v2

K.Hoepfner, RWTH Aachen | Dark Matter Search at the LHC | Page 40



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
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Interference Parametrized by € =—1, 0, +1

Mono-jet E=+1

Madgraph Simulation

%0_014_— B — & =|U ur.iltyl[:)o.’-.'| q;.lalrl\(I E
O ) ]
O ool —— £ =0 down type quark_—
) L ]
o [ — &=A
N o001 ]
o B E=+
& B
0.008— —
s
O ooos— M, =10 GeV _
- A =600 GeV
©
- 0.004
0_002;
DFl 1 1 | | | 1 | | I i L ! ! 1 | | ]
0 200 400 600 800 1000
M. (GeV)
Largest cross section for y = -1 Interference type influences
For M, <~70 GeV same cross section M; shape = impact on
for V and AV coupling of fixed & 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

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)

’
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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

Spin
In-
depen
dent

AV
Spin
depen
dent

A <300 GeV

A <300 GeV

+1

+1

£=0 £=-1
A <700 GeV A <1000 GeV

£=0 =1
A <700 GeV A <1000 GeV

K.Hoepfner, RWTH Aachen | Dark Matter Search at the LHC | Page 45



Translation to DM-Nucleon s$@meprocedureas

for monojet. Standard
assumption is E=+1

= =

Vector operator Spin-Independent

O

Coefficient relating nucleon

Channel Lambda limit for
Mchi < 200 GeV and quark operator

I+MET & =+1
I+MET £= 0
I+MET & =-1

Jet + MET

300 GeV g P 2
i GO
1000 GeV with ff = f1 =2, ff = fr =1

900 GeV f = 0 for other quarks
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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.
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New 2012

Hadronically Decaying W/Z (il

q
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
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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

e Stepc & d: Trimming and pruning

iy, = 0.2,0.33,0.67
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

Two signal regions:
MET > 350 GeV
MET > 500 GeV

Dominating syst. uncertainties:

* limited statistics in control
samples,

* theo.uncertainties in samples
used for extrapolations,

 jet and MET reconstruction
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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

Spin-independent limits very strong  Set strong spin-dependent limits
1042 cm? for vector coupling when 1043 cm? for tensor operator
u & d have opposite sign
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The Big (LHC) Picture...
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All 2012 Mono-X Together

Effective theory valid up to A <2 My
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What’s Next?

]
[
o
o
O

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

> ‘ CNIS Prellmmary mx “500 GeVic, -3 ]
S ol 10TV e rane
< 2500~ & © r=Misn
s | Jramresn e
* Signature oriented searches strongly £ 2000} =m0 Govic T
supported by theory 0 st0 -
* Extend simple contact interaction, more ~
operators, .... Discussions with theorists, S A A
[http://kicp-workshops uchicagoe edw/DM-1 HC2013/index php] | N
107

e Scan over mediator mass
(CMS monojet analysis)

e Consider limitations of EFT.

Good/conservative results above a few
hundred GeV.
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What Can We Reach at 14 TeV?

FTR-13-011 ,CMS projection__ is = 14Tev_ FTR-13-012
' :Dark matter, & + MET, 5c discovery threshold:

| —a— (=1, signal efficiency 10% i
3_
- - £=-1signal efficiency 60%

A (TeV)

2.57 ....... e

wnd
aan®
wan®

»
-t
-*
-*
-*
.
»

E.*: __——
150 o M

0 500 1000 1500 2000 2500 3000
Luminosity / fb™

1

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

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
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High Energy Electron Selection

1.8

1.6

1.4

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)

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

K.Hoepfner, RWTH Aachen |

ECAL made of matrix

of fully active crystals.

Measured energy
resolution ~2%

CMS Heavy Resonances

SEARCH?2012 |
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High p; Muon Selection

_ _ Event displays from
High redundancy of mu system, 4 stations along track Z'>up EXO-11-019

Iron between stations may cause bremsstrahlung
for O(TeV) muons
pP:<200 GeV tracker in B=3.8T, p;>200 GeV mu-+tracker

Dedicated muon selection: M =
* Special algorithm to consider showering 1380 GeV
* Atleast 1 pixel hit
* Number of measured tracker layers > 8
* Transverse impact parameter dO < =0.2cm

(Z,), 0.02cm (W,) reject cosmics, value for W tighter than

other analyses, Z’ rejects in addition back-to-back muons
* >=2 matched muon segments
e Relative track isolation <0.10in AR< 0.3
* No cuton chi2 cutintroduces a 4-6% inefficiency for

muons >500 GeV Moo =

"
1256 GeV
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