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Introduction

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

S DM SM

Atoms =
Dark o
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° Energy ol
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production at colliders
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Overview

» Models and Signatures at CMS
» Monojet

» Monophoton

» Monolepton

» Dark Matter Interpretation

» Prospects for Run Il
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Models

>

Effective Field Theories

q - ’V’v
v T VEeBx
g Oy e— perturbative if gog, < 4w
q

Parameters: cut-off scale A, DM mass M,

v

v

Operators: vector, axial-vector
— spin-independent/spin-dependent interactions

v

Validity: My > invariant mass of DM pair
— simplified models (monojet and monophoton)
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Signatures at CMS

DM interacts weakly = not detected = use missing transverse energy (MET)

q &V

7 Y g

Higgs portal
monophoton monolepton di-top + MET dark matter
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The CMS Detector

Key:

Muon
= Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
----- Photon

silicon
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&
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Electromagnetic / H
off Calorimeter //'//// 1|3
Hadran / Superconducting i E
Calorimeter Solenoid B
Iron return yoke interspersed 1 §
Transverse slice with Muon chambers
o

through CMSs
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Monojet: Event selection

Jet: Ref.: CMS-EXO-12-048 arXiv:1408.3583
> pr > 110 GeV, |n| < 2.4
> jet content: pr neutrat < 70%, PT charged > 20%
> allow 2 jet (pr > 30 GeV, Agy, < 2.5)
» veto 3" jet (pr > 30 GeV)

= Reject QCD, tt,
instrumental backgrounds

CMS Experiment at LHC, CERN
Data recorded: Fri Oct 5 20:41:32 2012 CEST

Run/Event: 204553 / 26729384
Lumi setion: 31

iy

Jet 0,
Missing Energy: \\.‘S:(z‘?u”

» main analysis variable \ \
> high values =)
Leptons: S

Leptons: a

> veto isolated e, i
> veto well-identified 7
= Reject W, Z, dibosons, single t
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Monojet: Background estimation and signal extraction

Single bin counting
Z(pp) control sample = remove p

correct for BR, A, ¢, contamination
4 not taken into account in MET

19.7 10" (8 TeV)
T

o e
CMs [ Zivv)+viiets
[ Wiv)+fets
N

[ Singlet
[ acp Muttijets
I Diboson
I z()+viets

Events / 25 GeV

...... Unparticles d,; v
—— DMA=09TeV,M =

W(lv)+jets
W(e/Tv)

W(uv) data = correct W)
correct for A, €, contamination

QCD

ratio

MC x scale factor o T 3
From simulation a3 n

— . . . 200 300 400 500 600 700 800 900 1000
tt, Z(Il)+jets, single t, dibosons E7* [GeV]
EFS (GeV) = [ >250 >300 >350 >400 >450 >500 >550
Total SM 51800 = 2000 19600 £ 830 8190 =400 3930 +230 2050+ 150 1040+ 100 509 % 66
Data 52200 19800 8320 3830 1830 934 519
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Monophoton: Event selection

Photon: Ref.: CMS-EXO-12-047 arXiv:1410.8812
> ET > 145 GeV, |n| < 1.44
» photon ID: H/E < 0.05, shower shape
> isolated, timing requirement

Missing Energy:
> EMiss > 140 GeV
> AG(EMss v) > 2.0
= Reject v+jets

Leptons:
> veto isolated e, i
= Reject W(lv)y

—

ets:
» veto 2nd jet (pr > 30 GeV, AR > 0.5)
= Reject QCD
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Monophoton: Background estimation and signal extraction

From simulation

Z(vv)y, W(lv)y, y+iet, Z(I)y, vy

data-driven
e misidentified as ~y
track matching inefficiency

data-driven
jet misidentified as
correct for QCD direct v production

Single bin counting
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Data/SM

19.6 fb" (8 TeV)
T

T
3 y+iet, W), vy, Z(Ih)y
[ Beam halo

3 Qcb

772272} Bkg. uncertainty
ZZ SM+ADD(M,=2 TeV, n=3)

vl i

200 300 400 500 600 700 800 - 900 1000
EV [GeV]

Process Estimate
Z(— v0) + 345+ 43
W(—= tv)+ v 103 £ 21

W —ev 60+ 6

jet — o MisID 45+ 14
Beam halo 25+6
Others 36+3
Total background 614 + 63
Data 630
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Monolepton

Transverse mass My:

» Clean leptonic signature shape depends on ¢
= less background
= easier to trigger CMS Simulation
= e Simdatn
o ) ) %o.omi— — — £=0Ouptypequark ]
» Sensitive to different couplings to (050.012:— & =0 down type quark |
u and d quarks S T eoq ]
o F ]
Q oot —ga 7
Ke} L il
& L 4
0.0057— J
é_ [ M, =10 GeV ]
O 0.006 H A =600 GeV =
~ 1
o} 4
-00.004 i
0.002 ﬁ ]
P A | I g
0 200 400 600 800 1000 1200 1400

M; (GeV)
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Monolepton: Event selection

Electrons:
» E1 > 100 GeV
> isolated
» veto 2" e (ET > 35 GeV)

» impact param. w.r.t. primary vertex
= Reject Drell-Yan, cosmic rays
Missing Energy:

/

> 0.4 < 2= <15
T

» AP(I, EMiss) > 2.5

= Reject QCD
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Ref.: CMS-EXO-12-060 arXiv:1408.2745
Muons:

> pr > 45 GeV, 2L < 30%
> isolated
» veto 2" 1 (pr > 25 GeV)

» impact param. w.r.t. primary vertex

1 CMS Experiment at LHC, Ci
H Data rocoraae T Aug 16 0527:03 2012 CEST
Run/Event; 200992 291330460
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Monolepton: Background estimation and signal extraction

MC x scale factor
scale factor: NLO QCD and EW
corrections as a function of M+

data-driven
jets misidentified as electrons
correct for contamination

From simulation

tt, single t, Drell-Yan, dibosons, y+jets

background parametrization (tail):
f(Mr) = ea+bMT+cM%M%
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M+t shape analysis: multi-bin
counting

19.7 fb' (8 TeV)

> — T T T T
0] M __SSMW' > ev, EW-erv
©) S+ E?iss M = 2000 GeV [t + single t
— __HNCCl-ey, [l acp

A = 4000 GeV W +jets
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Monolepton: Limits on contact interaction scale

Vector Axial-Vector
Spin-independent Spin-dependent

19.7 16" (8 TeV) 19.71b" (8 TeV)
© r CMS —A=M,/2n), Y r CMS — A =My/(2n)
g L e+ET'“i$‘,u+E$iss s A=2M, g L e+E$‘ss,u+E'Y“'ss s A=2M

< Spin-independent < Spin-dependent
| Limits at 90% CL | Limits at 90% CL /

’ L WiDME=1
10% = CMS Monojet

[ W+DM&=+1 W+DM &=+1
-+« Expected \: ---- Expected
— Observed — Observed .
1 10 10? 10° 1 10 10? 10°
M, (GeV) M, (GeV)
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DM Interpretation: Limits on interaction

Vector Axial-Vector
Spin-independent Spin-dependent
T T &—-10\’55 Ry T T
LypuL
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CMS Monophoton, 7 TeV, 5.1 b ___.&° © 10% E \s (Monolepton &
Rttt e e o) Eowms
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[} E
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DM Interpretation: Limits on contact interaction scale

Simplified model where mediator mass is varied:

Monojet

197 1o (8 TeV)
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10°

» Vector interactions

» Light mediator, accessible at LHC

= resonant behaviour
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10° 10*
Mediator Mass M [GeV]

Monophoton
-1

3000 19.6 fb" (8 TeV)
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» High M: ~ EFT limits
» Medium M: stronger limits
> Low M: weaker limits
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Prospects for Run Il

> higher energy

> higher luminosity

Analysis improvements Interpretation

» shape analysis » make more comprehensive
» refine background estimate » simplified models
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Generators: Monojet

DM samples

MadGraph (LO)
Pythia 6.4.26 tune Z2*

QCD, ZZ, ZW, WW

Pythia 6.4.26 tune Z2*

CTEQ 6L1 SIECET
Z+jets, W-jets, t7, Wr, Zy Sl &
Powheg
iedCrph (L) Pythia 6.4.26 tune Z2*
Pythia 6.4.26 tune Z2* CTEQ 6.6M

CTEQ 6L1
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Generators: Monophoton

DM samples Ly = Iy, vy

MadGraph Pythia 6.4.26 (LO)
CTEQ 6L1
vy — vy, Wy — vy .
o v, VWY g et
MadGraph

Pythia 6.4.26 (LO)
CTEQ 6L1
corrected for NLO

corrected to NLO
(E7 dependent, with MCFM)

February 17, 2015



Generators: Monolepton

W — v, Drell-Yan(77),

oL Wz 22

Pythia MC@NLO
corrected to NLO Herwig

corrected to NNLO

Drell-Yan (ee, pup)

Powheg Slngle t

Powheg

QCD, ~v+jet Pythia

Pythia

Isabelle De Bruyn (VUB) February 17, 2015



Monojet: Background estimation

control sample:

> selection remove p N
correct for BR, A, €, contamination
> no p veto 1 not taken into account in MET
» 2 p, Min, around Z-mass
W(lv)+jets QCD

MC(signal region) x scale factor
scale factor = data/MC
from QCD enriched region in data:

control sample:
> selection

» no u veto .
> selection

» u, My around W-mass .
Wie/rv) > relax Njets, A¢j jp

W(pv) correct 72022 ratio .
(pv) a > miss  : .
correct for A, €, contamination (tt) A(EF™,j2) < 03
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Monophoton: Background estimation

© misdentied oo Qo
track matching inefficiency e: jet misidentified asy :
correct for QCD direct v production

» from Z — ee sample sample x scale factor(control sample)
> tag-and-probe sample:
control sample: > selection
_ > il ~ .
» selection fail ~y isolation
__ pass 7 iso — true o

» shower matched to track scale factor = fail 4 iso

g control sample: ET™* < 30 GeV

control sample x

€
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Monolepton: Background estimation

MC x scale factor
scale factor: NLO QCD and EW
corrections as a function of Mt

Isabelle De Bruyn (VUB)

jets misidentified as electrons

correct for contamination

sample x scale factor(control sample)
sample:

> selection
» fail e isolation

_r __ isolated e
scale factor = ;= , r = o=

control sample: 1.5 < E7/EF™ < 10
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Dominant systematics

Monojet:
> renormalization /factorization scale
> ISR modeling
» JES, PDFs, pile-up, lumi

Monophoton:
» PDFs + renormalization/factorization scale
» Data/MC scale factor
» pile-up, energy calibration v, jets, MET

Monolepton:
> 1 momentum scale
» PDFs
» W K-factor (2 ways of combining EW and QCD corrections)

> e energy scale, Data/MC scale factor, MET, ;1 momentum resolution, e
energy resolution, pile-up
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