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Outline

m Signatures of Dark Matter at the CMS
m Detection in CMS

m Different Channels
= Monojet
m Monophoton
m Mono-boson
m Leptons
mNext Run - 13 TeV

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15



Rotation Speed (km/sec)

+ . °
Evidence for dark matter
m Strong astrophysical evidence for the existence of dark matter

m From rotational curves, gravitational lensing/bullet cluster, CMB
power spectrum

Rotation curve of galaxies Gravitational lensing Planck 2013 : CMB

Multipole moment, ¢
210 50 S0 1000 150 2000 %50

Observed vs. Predicted Keplerian

S
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= 5000 4*
— - ? |
5 1’ |
0y 0000 0 po o 0080020 S wn
gL Yol A T AR RAR L L g | \
« S o £y
— 0 . A
: S ol || | VA
S Keplerian _ g J Y
- it g L
Prediction g o IR’ \,\_\\
E !
(S -]
/U i 1° 02 0r 0.07°
o Angular scale
0 10 20 30 40 5C

Radius from the Center (kpc)

m Increasing number of observations consistent with DM existence
m No direct observation yet
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The Evolution of the Universe

Atoms
e Dark
e Energy
Dark b8
Matter
26.8%
Now o
DM is six times more
TODAY abuntant than baryons.
Neutrinos Dark
10% Matter
63%
Contribute ~1/4 of the total
Photons
15% energy budget!
Atoms
o Then

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

Particle description of DM en vogue...testable at the LHC?
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Composition of Matter

ELEMENTARY
PARTICLES

Three Generations of Matter

85% of matter

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15
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DM Properties

m No direct observation of DM yet

m Most popular class of candidates to explain
observation suggest properties :

m Fermionic matter
m Interacts only weakly
m Massive particle (GeV -> TeV)

m Expected to be neutral

m Cold; non-relativistic DARK MATTER s e

» material in the Universe

reflect light

Dark matter = part of cosmological SM

Aerylic felt, wool felt, and
Sleece with gravel fill for

Requires beyond SM physics

0000000000000
LIGHT HEAVY

Bhawna Gomber, Dark Matter Searches at CMS é’PARTICLEZ 0 5/26/15
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Detection Techniques

SM

m Three major categories
of investigations.

m Important to maintain
the theoretical
connection between
these approaches

SM

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15
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Detection Techniques

Bhawna Gomber, Dark Matter Searches at CMS

Direct Detection

Scattering of DM
particles on nuclei of
detector material ;
detect recoil. For a
given cross section
sensitivity scales with
detector size.

5/26/15



+
Detection Techniques

Assume annihilation of DM particles, eg. In
the sun. Detect annihilation products.

Indirect Detection

C— 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 DM

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15
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Detection Techniques

Assume annihilation of DM particles, eg. In
the sun. Detect annihilation products.

Indirect Detection

C— 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

Collider
DM may be pair produced in pp collisions at
the LHC, with masses <1/2 parton-parton

c.o.m.Yields experimental signature of MET
Bhawna Gomber, Dark Matter Searches at CMS 5/26/15
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Result :

Wealth of direct detection experiments

WIMP Search status — Snowmass 2014

SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold
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Snowmass ‘“‘Complimentarity’” Report

m Snowmass: US-based decadal prioritization exercise for High

Energy Physics

m Collider-based searches for DM flagged as one of the four

pillar of the field.

....after only two years, an equal footing with direct and indirect

searches!

Nuclear Matter
quarks, gluons

DM DM
Direct
Detection

SM SM

Bhawna Gomber, Dark Matter Searches at CMS

Dark Matter

Leptons
electrons, muons,
taus, neutrinos

Photons,
W, Z, h bosons

SM DM
Indirect Particle
Detection Colliders

SM DM

Other dark
particles

DM DM

Astrophysical
Probes

DM DM

5/26/15



The Large Hadron Collider (LHC)

Two Gener&'i_;?ﬁznﬁgs,ev g rm‘iﬁ:ﬂs'
CMS o




Compact Muon Solenoid (CMS)

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

SILICON TRACKER

Pixels {100 x 150 um?)
CMS Detector

Microstrips (80-180um)
Plxel S ~200m? ~9_6M channels
Tracker
ECAL
HCAL

CRYSTAL ELECTROMAGNETIC
CALORIMETER (ECAL)

~76k scintillating POWO, crystals

Solenoid R
PRESHOWER
Silicon strips

M UOnS ~16m* ~137k channels

STEEL RETURN YOKE

~13000 tonnes

SUPERCONDUCTING
SOLENOID
Niobium-titanium cosl
carrying ~18000 A

FORWARD
CALORIMETER
Steel + quartz fibres
) HADRON CALORIMETER (HCAL) ~2k channels
Total weight : 14000 tonnes Brass + plastic scintillator MUON CHAMBERS
Overall diameter :15.0m -7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length :28.7 m

Endcaps: 473 Cathode Strip & 432 Resislive Plate Chambers
Magnetic field :38T
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LHC Data Taking |I

. . . Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
Recorded luminosity of high

quality data ~25 fb-!

= 2010, 7 TeV, 44.2 pb

w2011, 7 TeV, 6.1 1"

: . 20 & = 2012, 8Tev, 233 1" At g
Data taking efficiency >90% ~:

for CMS

Results presented in this talk . iy
are from a mix of data from

2011 and 2012 runs with p-p .

collisions @7 TeV (~5 fb™!) and .

@ 8 TeV (~20 fb!) respectively "~ o S 5

VS| W o 9 Q . v N ¢
‘,p& y‘xa ‘,\o 3 ) \)\) \/(,e \‘0 y‘;o &0”
Date (UTC)

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15



+
Many Searches Performed at the LHC
to address open questions of SM

" N”‘ wyparete’
prﬁv‘-r:aqor e
eWGRT
o ™

Mn"

do jpenol )
.LaA 1.0

/_/./JJ s ‘4 el
‘t\\ ‘RI}‘

"q“f‘ﬁ\\ i;&-’ii\t\' "\| ST ’77-7

Final States allow different interpretations
Be ready 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

Large ED (ADD): monojet + E; ... |i

Large ED (ADD) : menophoton +E, .
Large ED (ACD): diphoton & dilepton, m,
UED  diphaton + E;

§%z, ED : dilzpton,m,

RS1 : dilzpton,m,

RS1: WW resonance, my,,

RSg — 1 (BR=0.925): T I+jets, m_

Extra dimensions

leptons + jets, Yp
Quantum bleck hole dijet, FX( h
6qqq contactintsraction y(m )
qqll CI : ee &y, rFr

uutt Cl : SS dilepton +jets + £,
Z (SSM) :m,
Z' (SSN) :m,
N Z' (leptopnobic topcolor) : tE— I+jets, m
VI (SSM) m,e.

W (> 1q,9.=1):m,
W, (— tb, LREW) - mm
Scalar LQ pair (8=1) km vars. in eejj, evjj
Scalar LQ pair (ﬁ=1) Kin. vars. in pj, p'jj
Scalar LQ pair([i 1) : kin. vars. in ttjj, wvjj
. 4" éenera(mn f't'—= WbWb
4th generation : b't' — SS dilepton + jets + E -
Vecter-like quark : TT— HhX
Vector-like quark : CC,m,
Excitec quarks :y-jet rasonance, m

Cl

eew

LQ

New
quarks

N

Excited b quark : W-t resonance, m,,,

Excited leptons : |-y resonance, 'n

Techni-hadrens (LSTC) dilepton, m,,..,

Techni-hadrons (LSTC) : WZ resorance ilvll), .M,

Major. nautr. (LRSM, no mixing) 2-ep + jets

Hea./yle fon N* (type Ill seesaw) : Z-l resonance, 'nz,
(DY prod., BRlHt—)I) =1) : SS ee (uu)

Color octet scalar : cijet resorance, m

Multi-charced partices (DY prod.) ly ionizing tracks

Magnatic monapoes (DY prod.) ly ionizing tracks

Excit.
ferm.

Other

*Only a selection of the availatie mass limits on new states or phenomena shown

Bulk RS : ZZ resonance, m,; |

/MD—S SS dimuon, N, .

s | L2143 0%, 8 ToV [ATLAS-CONF-2013.05] 720Ge¥_ b’ mass

Excited quarks : cijet resorance, r# I

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)

| A T T T T TTTT | P I P R T T T TTTTT
v it | ol M, (5-2)

M, (82)

Ms (HLZ 5=3, NLD) ATLAS
Compac(. scale R’ Preliminary
My =R
247 Te\ Glawlon mass (k/Mg = 0.1)
@l Gravilon mass (k/Mg = 0.1)
Graviton mass (k!M;, = 1.0} JLdl =(1-20016"
fs=78TeV

{1 A (constructive int.)

=20 " 8 TeV. IAWWJMM‘: 285TeV 7' mass

1=4,71b",7 TeV [1210.6604] 14Tev 7' mass

L=143 fb”, 8 TeV [ATLAS-CONF2013-052) 18Tev 7' mass
L=4.710°.7 Te [1209.4446] 255Tev. W' mass
1=4.71b",7 TeV [1209.6593] 430 6eV_ V' mass

L7143 ", 8 ToV [TLAS CONF 2013 060) 1.84Tov  W'mass

@0Gev T gen.LQ mass
s856av 2" cen.LQ mass

5346ev. 3° gen. LQmass
656 GV {' mass

L=1,01b".7 TeV [1112.4826]
L=1.01b".7 TeV [1203.5172]
L=4.71b”,7 TeV [1303.0526]
L=471b",7 TeV [1210.5468]

g;ﬂg 8 eV [ATLAS.CONF.2013.013) 780GV T mass (sospin deublet)
CNF-2012437) 142TeV. VL¢ S (charge -113, coupling k.o = v/m,)

mass (left-handec coupling)
mass (A = m(l*))
pJoy mass (mip o) - m(x;) =M,)

p, mass (m(p,) = mit;) + my. m(a ) = 1:1m(p,)
N mass (n(W_) =2 TeV)

=0.055,|V,| =2.083, |V, =0)

10

Mass scale [TeV]

Bhawna Gomber, Dark Matter Searches at CMS
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Searches guided by specific models trying to
address open questions== beyond Higgs-boson no
further new particles or phenomena yet

Large ED (ADD) : monojet + E, ...

Large ED (ADD) : menophoton + £, . |

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)

) ] A A R | ) O ] S O O T 5L EERT

M, (5-2)

2 Large ED (ACD): diphoton & dilepton,m, ,, |& Ms (HLZ 8=3, NLD) AT’-AS
2 UED diphoton + E; ... Conpac cale R’ Preliminary
2 s'z, ED : dilzpton,m, A My ~R
g RS1 : dilzpton, m, — TV Graviton mess (kIMg,=0.1)
3 RS1: WW resonance, my,,, @ Gravilon mass kit =01) %
© Bulk RS : ZZ resonance, i,y Bev, Graviton mass (kIM;, = 1.0} JLdl =(1-20)fb
= RS g, — 1 (BR=0.925): ti— I+jets,m g, mass
o ADD BH'M.,, M,=3) : S dimuon, N, 6] fs=7.8Tev
ADD BH(M M, ,=3) : lepions + jets, 1p
Quanlum blcck hole : dijet, F (m
6qqq contactintsraction ,[(m )
G qqll Cl: ee & ap, Iﬁu #l A (constructive int.)
uutt Cl : SS dilepton +jets + £, . [i=1431b% stV IATLAS o1 \ )
Z (SSM) :m,,, [L=201"8 Te [ATLAS-CONF 2013.017) 283 Z' mass
Z'(SSN) :m,, [L=471b".7 YeV [1210.6604] 147eV 7' mass
s Z' (eptopnobic lopcolar) ﬂ—)lqels m L=14.3 fb", 8 TeV [ATLAS-CONF2013-052) 18Tev Z'mass
VI (! ) m'” L=4.7107.7 TeV [1209.4446] 255TeV. W' mass
Wi(=tq,g.=1): My |L=a7M0".7 Tev 1209 6503) 430 6eV. V! mass
W (= tb, LREN) :mm [Citamtstovwiieconraooss  Teivov W mase
Scalar LQ pair (#=1) : kin. vars. in ejj, evjj |t=1.0t".7Tev [1112.4828] 0Gev T gen.LQ mass
g Scalar LQ pair (8=1) kin. vars. in pupjj, Lvjj |t=t.0m"7 Tev [1203.5172] s856av 2" gen. LQ mass
Scalar LQ palr([i 1) : Kin. vars. in tijj, wvjj [L=471b"7 Tev [1303.0526] s4Gev 3° gen.LQ mass
P 4" generation : {t'— WbWb |Ls47ib"7 ey (i2iosdss) 856Gav. ' mass
=€ dthgeneration : bit' — SS dilepton * jets + £, . [Zaamt sy riasconr 201305, 720Gev_ D' mass
§ 3 Vecter-like quark : TT— Hl+X L=ta3 b8 -
= Vector-like quark : CC,m, ,
i Excitec quarks :y-jet rasonance, m
§ § Excited quarks : cijel resorance, rf?4
ko) Excited b quark : W-t resonance, m,,
w Excited ?eplons I-y resonance, m Aft e r thre e
Techni-hadrens (LSTC) : dilepton,m,, .
Techni-hadrons (LSTC) : WZ resorance iivll), m ok
g Major. neutr. (LRSM, no mixing) 2-ep + jets f B SM
g Heavy lepton N° (type Ill seesaw) : Z-| resonance, m,, Ye ars o
3 H%' (DY prod., BRlH‘—)I) =1) : SS ee (u), m

Color octet scalar : cijet resorance, m
Multi-charced partices (DY prod.) : hichly ionizing lracks
Magnztic monopoes (DY prod.) : highly ionizing tracks

*Only a selection of the availatie mass limits on new states or phenomena

searches,
Limits, limits,
limits....

Bhawna Gomber, Dark Matter Searches at CMS
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m.‘hfb S
%’L-'t WS earwler Q- NoT Y
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What have we learned about

dark matter?
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Dark Matter at the LHC

Pair of DM
particles
SM DM

X

pp collisions

DM
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

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15



Possible Couplings

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

Two important couplings used by CMS are :

Vector coupling (V)
mm) Spin-independent (S1) O — (X '7}47() (7"q)
A2
Axial-Vector coupling (AV) (XY 15X) (37" 7159)
Oav = A2

=) Spin-dependent (SD)

Bhawna Gomber, Dark Matter Searches at CMS
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+
Dark Matter at the LHC

o Pair of DM
pp collisions particles
SM DM
X
SM DM
X

Mediator of mass M

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

couplings gy, gaq)

Spin-Independent (SI) and Spin-
dependent (SD) cross sections

Bhawna Gomber, Dark Matter Searches at CMS

Charaterizing parameters:

a) Scale of effective interaction
A = M/.\/8x&
b) Mass my

[Bai, Fox and Harnik, JHEP 1012.048 (2010)]

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

_a @
751 = A b= s
7 X p
H
) = (.33——
(73;1:) jT[jzﬁiél
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How to make DM visible at the LHC?
Mono-X Signatures — simple and striking

q w W
. X
X
- X
q X d
Monojet+MET Monophoton+ MET MonoW+ MET
CMS-PAS-EXO-12-048 CMS-PAS-EXO-12-041 CMS-PAS-EXO-13-004
Full 2012 dataset 20/fb Full 2012 dataset 20/fb Full 2012 dataset 20/fb

q DM DM

g t t
Monotop+MET Bbbar/TTBar
CMS-PAS-B2G-12-022 CMS-PAS-B2G-13-004
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Search for Pair Produced Dark

Matter in Monojet Channel

.| CMS Experiment at LHC, CERN
C S i| Data recorded: Fri Oct 520:41:32 2012 CEST
§| Run/Event: 204553 / 26729384
N E Lumi section: 31
N\
L \
£ ] [ L]
1 Signature: high p. jet + MET
Jet 0,
et = 921.98

%‘ﬁ; CMS-PAS-EXO-12-048 (20/1b)
G
\.

o /\ Channel to start DM
b sace searches at

phi = -0.657

colliders
2012 results

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15



L 10’WW"”“T”“‘T""”T’”‘T"""W%‘

. 8 .osf. CMS Preliminary E 5\,_:.: :

Event Selection — E
§10° det=19.5fb" EE)CD 3

Search for single jet recoiling against MET - — p AN 3

10*

m Good primary vertex

m Large missing E; > 250 GeV 10

1|||ITI'I| IHI'I'I'I'I| Illlmmm'ﬂl ||nm'll Illlﬂ'ﬂl TTIT

0 100 200 300 400 500 600 700 800 900 1000

m Anti-kT jet with R=0.4 within |n|< 2.4

m p:>110 GeV p,(Jet ) [GeV/c]

= Allow for second jet with py > 30 GeVif  2'F s preliminary  Loywvoon :
= AD (j1,j2) < 2.5 R (B=aTeV mt .

E F |Ldt=1951f" . 3

> 10°F EQCD_ -

' g Z—I"l E

m Jet quality k. e B ]
m Lepton Veto wE E

. 2
m [solated electrons, muons or hadronic i

taus with p; >10 GeV (20 GeV) for tau 10

0 5 6 7 8
Bhawna Gomber, Dark Matter Searches at CMS T Muﬁ%ﬁ!ﬂk}"o



T ..
Signal

Search for single jet recoiling against MET

m DM is undetectable === MET

m Jet to balance p in transverse plane
= High p; object

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15



+
Signal and Background

Search for single jet recoiling against MET
m DM is undetectable === MET

m Jet to balance p in transverse plane
= High p; object

Bhawna Gomber, Dark Matter Searches at CMS

Main background
70%

Z(v) +j

o ~600 pb

irreducible

W(lv) +j
o ~230 pb

30%

5/26/15



+
Signal and Background

Search for single jet recoiling against MET

m DM is undetectable === MET

Data driven from
m Jet to balance p in transverse plane (DR
= High p; object

Main background

70%
Z(w) +]j
o ~600 pb
irreducible

Data driven from
W(uv)+j

W(lv) +j
o ~230 pb

30%

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15
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Signal and Background
Search for single jet recoiling against MET

Possible signal and background in

®m Dominant background Z(vv)+j MET distribution after a11 cuts

197fb 8TeV)

m Data driven from Z +] D o107 T el '
(MM) ] O} . ECMS - Z(vv)+yljets %E
Q 108 _5 E W(v)+jets E—
B E tt =
Nobs _ Nbad Z(vv 2 - O si .
N(Z(vv)) = R () o 10° s =
AXe Z(ll’l) S = [ ] QCD Multijets =
i w 104 u I Diboson -
E [ Z(+viiets E
EPS (GeV) SB0 5300 5350 >S40 >0 >S50  >50 = < i1 ADDMy=2TeV, 53 =
Noss 3695 1538 685 348 183 % I 10° . "E e, . L. Unparticles d =1.7, Ay = 2 TeV 5
Nigd 129 60 3% 17 93 58 34 = Mg,  —— DMA-09TeV,M =1GeV
Acceptance 079 089 082 0881 083 080 0903 102 S -, ! —=
Efficiency 085% 081 0843  08% 0818 085 0812 = '
g* corr. fac. 03 W3 13 103 1 13 1023 10=
NZ(w)) | 3209741649 12734£719 54504359 27354216 1463144 747496 36264 =
Te
m Systematic uncertainty 5 ->15% - S
m Dominated by statistics and sele
« . 21— ]
efficiency Q e _
' O ® 0 0 0 9 ¢ ¢ @ Py Py [ ] "
E > 0 e, [ I 4 o V0¥ g Oy z Y ™
8 1 . =
21— ]

200 300 400 500 600 700 800 900 1000
E™® [GeV]
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Search for single jet recoiling against
MET

+ 29
Signal and Background |I

Possible signal and background in
MET distribution after all cuts

. . 19.7 b (8 TeV)
m Dominant background Z(vv)+j E 107;-0;\’;; LA AR Y " A AR A
. . = I Z(vv)+yliets =
m Data driven from Z(uw)+j 2 10°b B Wiv)sviets =
o = I 3
"GC: 105 _g [ singlet ) E_
Nobs _ Nbgd Z(vv) i 2 = :- gict:)c?s':: th =
N(Z(vv)) = R =— 10° I z()+viets =
ARE Z(!l}l) sF === ADDMy=2TeV,5=3 3
10 E Emei.. L8 ... Unparticles d =1.7, Ay =2 TeV §
" = ngg —— DMA=09TeV,M =1GeV
. . 10 iyt
m W+jets (~30%) data driven 2 =
10 E
m QCD :rejected by AD cut 1
10E
m EWK : veto events with isolated
. 2— —
tracks and isolated leptons o - |
gg 0 oo.o...-__....._-.'.....o 7 ..
o o 1 e =
m Other backgrounds are negligible =" | |
(~1 %), taken from MC 200 300 400 500 600 700 800 900 1000
ETss [GeV]
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==
Experimental Results

m Main experimental results : table of expected and observed

m Simple cut and count based approach use

m Compare expected and observed to get limits on new physics (alas, no
evidence)

= Limits on new physics (cross section) proportional to the (systematic)
error on background.

m “Generic” results very useful (next slide)

ERVSS (GeV) — >250 >300 >350 >400 >450 >500 >550
Z(vv)+jets 32100 £ 1600 12700 & 720 5450 360 2740 4220 1460 4140 747 £96 362 X 64
Wets 17600 =900 6060 & 320 23804 130 1030 & 65 501 & 36 249 £22 123 +13
tt 446 + 220 167 & 84 69 + 35 31+16 15+7.7 6.6 £33 28+14
Z(£0)+jets 139 =70 44 £ 22 18 £9.0 89 +44 52426 23+12 1.0x05
Single t 155 £ 77 53 + 26 18 £9.1 6.1 3.1 09 +04 — —
QCD multijets 443 + 270 94 £ 57 29 18 49 +£3.0 20+£1.2 1.0+06 05+03
Diboson 980 + 490 440 + 220 220 + 110 118 + 59 65 + 33 36 + 18 20 + 10
Total SM 51800 #2000 19600 £ 830 8190 400 3930 =230 2050 4150 1040 =100 509 £ 66
Data 52200 19800 8320 3830 1830 934 519
Exp. upper limit+1c 5940 2470 1200 639 410 221 187
Exp. upper limit —1c 2870 1270 638 357 168 123 104
Exp. upper limit 4250 1800 910 452 266 173 137
Obs. upper limit 4510 1940 961 397 154 120 142
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+
Monojet Model Independent Limits

19.7 o (8 TeV)

limits for generic applicability

: . Q' | l l ]
m Search performed in bins of ! _
w L e 95% CL Expected limits ]
MET X = 95% CL Observed limits -
o B+ o, 1
m CMS quote model-independent © [ Js2, X
[
=
N0
ﬂb>

16 = -
to SUSY compressed spectra, - .
invisible Higgs or any other i i
“monojet” signature - -
102

_IIIIII|

250 300 350 400 450 500 550
ET"° Threshold [GeV]

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15



+ . .
Translate production cross-section

lIimit into DM-nucleon limit

m Purpose : to compare to direct detection limits

Atomic nucleus

SM DM
- Dark matter
gq gl Nucleon
SM DM

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15



o x Ax g [pb]

SM
ois

+
EFT to translate limits to same

plane as direct detection limits

Experimental results Convert pp xsec limit into A

i 19.7 fo! (8 TeV)
T T T ]

CMS ] %‘1000‘_ T T T & L] T I & CIoEl T 1 \\III_
=+=+=+ 95% CL Expected limits i 9 L
—— 95% CL Observed limits -] <
(] 105, Atomic nucleus
ez, r i
10 vector I o | Dark matter
F L CMS Preliminary 4 —
_ particle
j.g 2iley Recoiling
r |Ldt=1951" T nucleus
=— CMS 2012 Vector B \
102 - 300+ —CMS 2011 Vector 4
| Lol Lol Lol
250 300 350 400 450 500 550 » 0 102 10°
ET** Threshold [GeV] M, [GeV/c?]
T e S U
1000 = 7 9
o c—
o 2 T A%
» | CMS Preliminary 2
o ocsp = 0.33
r JLdt=19.5fb'1 / SD . 4
L] 3
Ax1 l_ Y — CMS 2012 Axial Vector j I 1 &
a VeCto 300+ —CMS 2011 Axial Vector
Bhawna Gomber, Dark Matter Searches at CMS 1 10 e ! 5/26/15

M [GaV/c]
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DM-Nucleon limits
Spin-Independent Spin-Dependent

|—|1O-36§ T T T T 11T T T T TTTT T T TTTTTR C\'l_|10-36§ T T T RN TTT] T T T TTTTT] T TTTTT
AN F :m = = v
E F 8 cMs & ‘g ¢ \ CMS
G 10YE % 4 5,107¢
S gop s Sop SN
-2 = . “— =
@ 0%\ CMS, 90% CL, 8 TeV, 19.7 b @ 1% e =
D f T = @para ] P oqgel  OMS90%CL 7TV, 5,00 6wl L &
n10°F S G 2 T 0 ——— E
%, - . co A* %, Lo \ceCuP® ]
o 41 012 Vector B ; o CL, 8 leV, 19.710 =
O 107 SIMPLE 2012 Vee! o 1041?/&\/@__5;07/ CL, 8 TeV, 19.7 b’ -
O - O - (TY. ¥ 0 @y*y_q) .
c 102 q 107 Axial-vector operator —+-—=2——2 E
o = E A E
D10°E A NG D 10% g T
o - Yo (G )2 } O " 3
R s o 3 o
1 = o O 1 C .
210" - Scalar %20t 10 E Spin Dependent E
ESpln Independent a E 3
046 Lol ] Lol 1 R 10-46—| ] Lol ] |||||||2 ] ] ||||||]_3
1 10 102 10° 1 10 10 10
M, [GeV] M, [GeV]
LHC can access very low DM masses Exclude large cross sections for SD case
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Search for Pair Produced Dark _
Matter in Monophoton Channel "

Signature: high p, photon+MET

CMS-PAS-EXO-12-047 (20/fb)

CMS Experiment at LHC, CERN
Data recorded: Sat Nov 17 17:23:56 2012 IST
Run/Event: 207454 / 1095163126

Lumi section: 771

New 2012 results

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15



Event Selection

Search for single photon recoiling against MET
m Good primary vertex

m One energetic photon p; >145 GeV, |n|< 1.44

m MET > 140 GeV

m Veto
m JetVeto : veto events if second jet pp> 30 GeV
m Lepton Veto
m [solated electrons, muons with p;>10 GeV

m Veto on pixel seed (hit patterns in the pixel detector)

m AD (photon, MET) > 2

m Reduce fake met using minimized MET criteria

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15
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Signal and Background

Search for single photon recoiling against MET

“ MAIN BACKGROUND
- 3 (60%)

1 S -
. \ =

nl at LHC, CERN 2
Sun Apr 24 22:57:52 2011 CDT
Run/E 3374 1314736261

Lumi section: 604

ireducible
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Signal and Background

: | I
ECA
Zj=— wWj
(10%)
o~ 30 pb

_ HCAL

8 Wy—=lvy . ECA

= (15%) W] =]

O 0~2501b (10%)

% 0~220pb Z#

S W a

Q }

m . ;

o final state final state
lJI:J lepton lepton, jet
|._

@)

Instrumental backgrounds (~30%) from
misindentification and beam halo

SM backgrounds (~70%)
Needs good understanding of cross sections
for Zy, Wy

NLO corrections : p(y) dependent SF for Zy
(~1.4 global) and Wy (~1.5 global)

Bhawna Gomber, Dark Matter Searches at CMS

+97,1], 99 < 5%

final jet

Process Estimate
Z(—vv)+ 345 + 43
W(— lv)+ 103 + 21

— ev 6 6
jet — v MisID 45 + 14
Beam halo 25+ 6
Others 36 £ 3

Total background 614 + 63

Data

630

5/26/15
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Monophoton Results
Good agreement with data

Observed : 630 events, Expected : 614 +/- 63 events

19.6 fo™ (8 TeV) 19.6 fb™' (8 TeV)
> ] L I > — T 3
3 = y+jet, W) zaly - - § [ CMS [ v+iet W(pv), v7, 20y
310 [ Beam halo | 5 10 [—1 Beam halo
I= a 1 Qco = € 'V iE, 2 Qcb E
O EE.. @ Woev B o BN . O W ev -
1T} I Wy— vy i L E Wy-— vy ]
16— .. .. B Zy- vvy - 16 B Zy— vvy _
aaafee —— Data = —— Data =
7777] Bkg. uncertainty R /] Bkg. uncertainty .
B SM+ADD(M_=2 TeV, n=3) | S SM+ADD(M =2 TeV, n=3) -
10 N~ E T T E
(O = e B = 02 1 =
. __ ,,,,,,,,,,,,,,,,,,,,,, F
10°F (ol S TN
2.5F = 21
5 2 @O 1.5
fo 15 % 1E.- ___ gt e * .............................................
© 1 0.5
Q ()]
05 0 L - L e L
200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 y900 10
?. [GeV] Er [GeV]
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Monophoton Model Independent Limits

CMS unpublished /s =8 TeV,L = 19.6 fb™
[ [ [ [ [

m Set limits on cross section
within acceptance (0 x A)

m Computed as a function of
increasing cut of photon p;

| IllIIlll

m Most general result as can be
interpreted with any signal
glven acceptance

llllll

—
T IlIIIIII

| | Illlllll

90% CL Obs. Limit

-1
107 .. 90% CL Exp. Limit
Exp. Limit +- 95% CL

- Exp. Limit +- 68% CL
| | | |

> 145 > 160 > 190 > 250 > 400 > 700
Y
P! [GeV]
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DM-Nucleon Cross Section limits

Model-independent 90% CL upper limits on cross section
11 fb (V and AV) for M, < 200 GeV=p A > 700 GeV

'—'10-34 T T T TTTT T T T T TTTT T T T TTTTH

CMS (Monolepton £ = +1)

1 0'37 .

CMS Monophoton, 7 TeV, 5.1 fb!

v

®10'38 tpesfimEm¥TEEmmmmm=. -.'"‘r
' CMS Monophoton, 8 TeV, 19.6.fb"

_ o, 0@ a)
Spin Independent, Vector Operator —————

10-47 1 Lol 1
1 10 10?

10°

M, [GeV]

lllllllI 1

x-Nucleon Cross Section [cm?]

- —_ - —_ —_ —_
S5 © ©o o o o
A IS ) @ ) &
- S 73 > N &

-y

o
A
N

— —
o o
F'S IS
» w

III|T|] T IIlI|T|'| T 1110

oM (Monolepton©

c=+1)

T IlIIIIIE

10 x times higher sensitivity with 8 TeV statistics
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E 5.1 b

E Ms Monophoto™: Z.T?\_" Ceaspeeaes -

[ ettt 9.6 a

B GMS Monophoton: g JeV. 1 o

/ - N e Cube 3

3 E

(v, 150@ " 759)

EE Spin Dependent, Axial-vector operator “5—25 EE

_I | 1 | N | ] 1 1 11 1111 | 1 1 | I_

1 10 102 10°
M, [GeV]
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—_—

( MS CMS Experiment at LHC, CERN

Data recorded: Fri Nov 30 05:20:24 2012 CEST

— Run/Event: 208307 / 445184756
= < Lumi section: 287
— —

1121.1
hi z

n/Event:
Lumi section: 1557

Bhawna Gomber, Dark Matter Searches at CMS

Search for Pair Produced Dark "
Matter in Monolepton Channel ﬁ

Signature: W+MET
high pT electron +MET
high pT muon+MET

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

New 2012 results
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Interference

m Mono-jet/photon channel insensitive to quark type
m 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

1 X'.'Y# X Eiqi"f i contribute to MET

A2

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15
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Interference Parameterized by £E=-1,0,+1

Madgraph Simulation

8 TeV

—~~~ 1 1 LI L llll 1 | . UL P IIII I LI L | IIII E

-Q E E ; _I LI L I L I L I LI I L I L '_
= r— - 1 o o014 CMS -
By - 1 O B simulation ]
2 10-1' *—o - - O B -
T E ....... g N 0012__ —é:o(kuzo)_
= . A o - N - ---£=0(r =0) T
> T T e ] 0 0.01 _z-;:_ |
M 10°E A =600 GeV 4 & C — &=+ ]
% E E - - 1
b F 4 = 0.008r M, =10GeV ]
A —e—ViE=+ 1 2 A=600GeV ]
107°E e E p 0.006 —
C —_— V E.n- 0 - O] N
- ——V &= -1 2 I ]
" i e AV E= +1 gl 0.004; -
10 J— \VRT | I i
- --e- AV E= -1 0.002 -
10'5 I 1 1 Illlll 1 | - llIIII 1 11 llIIII 1 1 1 I 1 1 Il‘ I—_T—i—lfl Y - -

1 10 102 10° 0 200 400 600 800 1000 1200 1400
M, (GeV) M, (GeV)

Largest cross section for & =—1 .
For M, <~70 GeV same cross Interference type influences M,

section for V and AV coupling of Shap.e. — 1mpact on
fixed & sensitivity
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+ CMS Preliminary . +E™ [Ldt=20fb" (s=8TeV

R =1 n6LM ~3b0GevA=200GeV [Blw v tfl+slingl|elto[;
Monolepton Selection B, g L5 i Em :

\104 —— DM E=-1 .Diboson « data
Event Selection 240° 7 oystuncer.
D102
. . , T muon
m Single electron (muon) trigger with 108
pr>85(40) GeV 10_1
. . . 108 B
m Kinematics selection: e
= 0.4 <p;/MET <2 10°
500 1000 1500 2000 2500
B AD>2.5 M, (GeV)
. CMS Preliminary e+Ef™ |Ldt=20fb" (s=8Tev
. . . >10"Ev Z3bo Gev A = 200 Gev | |»'J R PR~
Transverse Mass distribution B 5 Spampensent ! oo
—an5 DM & = +1 .tf+single top .y+jets
e miss \1 0 —— DM £=0 |:|DY .Diboson
MT = 2 ‘ pT * ET ¢ (1 - COS A¢€ V) ([)104 —
! ‘E103 —— DM E=41 * data gz;; syst uncer.
()
>, 2
Background 10" €
: . , 105 electron
m Derived from simulation 1 »
. . -1
m Challenge High MT tail 1182

= Main bkg : W->In with MT binned K- 10°
factor 10° .

= NLO xsec 500 1000 1500 ZI&OO(GGZ\?;)O
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Limits on production cross section
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Monolepton €= -1 (max. Sensitivity)

2012 results in comparison to monojet and some direct detection

experiments, 90% C.L.

CMS preliminary, 2012, 20 fb" s =8 TeV

35
~ 107 E T T T T T T T 1171717 T T TTTT
NE S Spin Dependent
) = Observed 95% CL limit e+u & = .1
m - Expected 95% CL limit ™~~~ CMS mono jet 2012
x 1037 i .
© Expected 95% CL+ 10 Super-K W'W
10 Expected 95% CL+2¢ =~ IceCube W'W

1042 !
1 10 102 10°

M, (GeV)

Bhawna Gomber, Dark Matter Searches at CIMiS

x-nucleon cross section
=)
S

CMS preliminary, 2012, 20 fb" /s =8 TeV
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£ 103 N Spin Independent
o = Observed 95% CL limit e+u £=-1
e i
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T Validity of the EFT

Busoni, De Simone,

m EFT is strictly valid when g << M? and M > m, M‘;{Fga;‘;z’z R;‘;gg
AT AlV: .

m For the theory to be calculable, one further needs g,, g, < 4,
which implies : A > m, /4n

m Further, from kinematics of the s-channel exchange, g* > (2m, )?

ATLAS , arXiv: 1309.4017

m Now since 2m < q <M, implies A >m, /2n

1400_ T T T T T 1T |
_ Operator D8, SR3, 90%CL

*¥1200 [ - Expected limit (+ 1+ 2

exp)

m This is important condition to keep in mind

m This is the ATLAS monojet limit; it applies 1000

— Thermal relic

for m, <~ 1 TeV 800

600
[ Vs=8TeV

400 I J 1
- [Lat=1051

2001

Suppression scale M, [GeV]

effective tﬁéor
not valid
11 | 1 1 1 1 J I § I

10° 10°
WIMP mass m, [GeV]

ITIIIIIIIlIIIlIIIIIII|III|
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==
Light Mediator Case

m The most tricky case is that of light mediator

|

m First step : put in a mediating particle ( e.g s-channel Z’) and

look at limits vs m,

q 9 X

q X

m EFT gives good/conservative
results above a few hundred
GeV (high M)
= Regionl-EFT is good
= Region II — EFT underestimate
= Region Il - EFT overestimate

Bhawna Gomber, Dark Matter Searches at CMS

90% CL limit on M/\/gxgq [GeV]
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Light Mediator Case

m The most tricky case is that of light mediator

m First step : put in a mediating particle ( e.g s-channel Z°) and

look at limits vs m,

q g X

q X

m EFT gives good/conservative
results above a few hundred
GeV (high M)

m Region - EFT is good
m Region II - EFT underestimate
m Region III - EFT overestimate

Bhawna Gomber, Dark Matter Searches at CMS

Mmeq (GeV)

100

1000 |

10910(SeFT/ OFT)

Region | EFTis gd

il

o = DD W » O O N

10 100
Mpm (GeV)

Buchmeller, Dolan, McCabe, arXiv : 1308.9/&?/?5



* What’s Next

m Signature oriented searches strongly supported by theory

m Extend simple contact interaction

m A new ATLAS-CMS DM forum along with theorist formed in
January 2015.

https://twiki.cern.ch/twiki/bin/view/LHCDMF/Mandate

m Main focus to decide on small set of benchmark simplified
models by both collaborations for Run-2 searches

m Simplified Models : Summary from ATLAS-CMS DM forum

mpy (GeV) Mpeq (GeV) Table 1: Simplified model benchmarks
for all s-channel simplified models

1 10 20 50 100 200 300 500 1000 2000 5000 . . . .
(spin-1 and spin-0 mediators decaying
10 10 15 50 100 5000 |[to Dirac DM fermions taking the
Points in bold are only generated for
150 10 200 295 500 5000 | the V and A cases, while points in italics
500 10 500 995 2000 5000 |are generated for the monojet analysis

(V,A,S,P cases) but not for the search
including heavy quarks.

1000 10 1000 1995 5000
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Reach at 14 TeV?

FTR-13-011 CMS projection (s = 14TeV FTR-13-012

S‘ I T T lllllll T T lllllll T Illllll />\ 35 ITTI‘IITT‘TI{ rrrrrrrrrrrrrrrrrr
é 5000 F CMS Projection 1 :Dark rpatter, e + MET, 5S¢ dlsgcoveryéthresh Dld ]
< 40007 ey, v 0@y, q) 1E | —m— =1, signal efficiency 10% i
3000} Axial-vector, 7 4 < 3+ —
A - @ C=-1 signal efficiency 60% ]
2000 reeseeere s T A A S A R A s '
2.5 [ e
\ I P ]
1000 E ol
- —{s=14 TeV (DELPHES), _[L dt=3000 %" = :- /"""‘"—. ]
[ E=14Tev (DELPHES).JL dt = 3000.0 " : 15 i / _
300 - —5=8TeV. [Lm 195" \| :f ]
 E=7Tev I'L dt=47 " 1__ , _—
l M ....lll 1 llllIlII 1 1111 111 1 11 1 1 lllll[l[l 1 1 1 1
1 10 102 10° 0 500 1000 1500 2000 2500 3000
M, [GeV/cT] Luminosity / fb™

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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Summary

m LHC dark matter searches are exciting.

m Major opportunity for new physics!

m Several LHC BSM searches reintepreted in terms of
dark matter models.

m Work closely with theorists to develop therotical
assumptions and models.

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

m Improved sensitivity in Run-2 of the LHC

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15
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Backup
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Cross Section Comparison |.

+ The cross section of DIV2I interaction in DD experiments is
given by: opp = g39; 17
® Here g, and gq are the mediator couplings to DM and quarks,

M is the mediator mass, and p is the reduced mass of DM-
nucleon

4+ In contrast, at colliders one deals mainly with the s-channel
exchange, which gives for, e.g. a monojet production:

a9y 9z MSpr,
o15 ~ X
asg2g92 kM Zopr,
® Here pr is the ISR jet pr

® Naively, for a light mediator opp/o1; ~ 1/M* and direct detection
wins over collider constraints

© However, there is an interesting regime of 2m, < M < s'’? where
one could have two-body resonant production



==
Comparing DD & Colliders

+ Here is where the problems start to appear
+ Let’s consider a scalar mediator for simplicity

+ Compare the effective four-point interaction with the

matrix element given by: 0s = L (@)
ST

with the s-channel exchange expression for heavy
mediator, when the propagator is just -1/M?

01 = 5750 (@) ()
+ Equating the two ME squared, for g? « M?, gives:
1 gx94
A2 M2

+ This expression is crucial for translating collider limits
In the DD limits



+
Validity of the Limits

+ The problem is that we treat fundamentally 3D problem (A, m,, M) in the
plane of just two parameters, which integrates out the third one over the
entire range, i.e. over several fundamentally different regimes

+ The previous plot allows us to fix the minimum M for which the EFT approach
is valid for a given m,, but this doesn’t correspond to unique value of A

+ If we now translate the boundary 20" Relic density <
where the EFT limit applies in the  foolarge \
value of coupling, we realize that i ,
the EFT regir%e ?equires the 15; enrbatve 4
mediator to have the width | x [~
exceeding its mass, which defeats
the very purpose of using single-
particle exchange approximation,
as such an object can not be a
single particle!

+ It also makes the EFT approximation Ofo e —— |
applicable only to a very class of o [GeV]
AL RUNRIE A ARl Hle ) Buchmuller, Dolan, McCabe, arXiv:1308.6799

Bhawna Gomber, Dark Matter Searches at CMS 5/26/15
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Comparison w/ DD Limits
+ One can now compare the CMS EFT limits with the

DD ones:

N.B. CMS limits
always win over
DD limit for low
my, even in
the regime
where EFT
does not apply!

Buchmuller, Dolan, McCabe, arXiv:1308.6799

DM-—-neutron cross section cm2

DM —proton cross section [cm?]

— 1073 T .
\ (e r" 75 x)@ver’ q) Regionl .
— 10~ —36 A2 | T AL L b
10-37 \Spln dependent| _ 1000} region i
A s
_ \ ........................
1072 \ S Region Il
® B
1073 ‘@O £ 100}
~-- XENON100 limit
10740 CMS (EFT) stronger
1041 . . ‘ 10 Only win in Region lll
10 100 1000 10 100 1000
mMpm [GCV] mMpM [GCV]
-35
1075 '
0%\ S
CMS limit
10737} — 1000} Region I .
Y e
107 % Region Ill
£
107F (2v* 9 x) (@vu7*9) g 100¢
A2 PICASSO, SIMPLE or
1070} CMS (EFD) COUPP limit stronger
10-41 , , ‘ 1oL Only win in Region lll
10 100 1000 10 100 1000
mnwm [GeV] mnwm [GeV
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Couplings

Most prominent couplings 1 _ i}
XY X Gilivudi

1
Spin-dependent axial-vector coupling (AV) Pxfy"'ysx Ciljify,,fy5z;i

Spin-independent vector coupling (V)

Name Type Operator Coefficient
D1 scalar (qq) Xqq mgy /M
D5 vector XYEX TV 1/M?2
D8 | axial-vector | \v*v°xqv.7°¢q 1/M?2
D9 tensor XM Xqo 1/M?

D11 | scalar (gg) XG L GH g /AM3
Cl1 scalar X" xaqq my/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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Electron Selection

C I CMS Experiment at LHC, CERN
s D

ata recorded: Wed Sep 21 11:35:51 CEST o I_IIIIII|I|I|III|III|III|III|III|IIIIII|I_

| pni e R o6f - =
\ Orbit/Crossing: 49420229 / 1640 8 H CMS Preliminary \s =7 TeV .
Electron ET: 7995Gev ~ © 24l =

2.2 —

5 :_ barrel-barrel & barrel-endcap _:

1.8 .

C 1 I ]

1.6 —

] 4: Di-electron mass resolution (EXO-11-019)

pfMet: 822.2 GeV' L ]

ECAL made of matrix
of fully active crystals.
Measured energy
resolution ~2%

b b b b b b e b by by e by by
200 400 600 80010001200140016001800200%
m(ee), GeV/c

Electrons are reconstructed from energy clusters

In the ECAL and tracks from the silicon tracker
Electron ID optimized for high E; requires:

-E;> 85 GeV N NS

- In| <1.442 (barrel) or 1.56 < |n| < 2.5 (endcap)f

- Good quality of track and cluster
- Matching between the two
- Isolation

Bhawna Gomber, Dark Matter Searches at CMS
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Muon Selection

High redundancy of mu system, 4 stations along track

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

Event displays from

Z'>pp EX0-11-019
CMS Experiment at LHC, CERN
Data recorded: Sun Oct 23 20:23:31 2011 CEST

{ Run/Event: 179547 / 505584390
\‘| Lumi section: 319

Dedicated muon selection:

e Special algorithm to consider showering
* At least 1 pixel hit

* Number of measured tracker layers > 8

* Transverse impact parameter d0 < =0.2cm
(Z’), 0.02cm (W') reject cosmics, value for W” tighter than

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

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

* No cutonchi2 cutintroduces a 4-6% inefficiency for
muons >500 GeV

Mu = y
1380 GeV y

CMS Experiment at LHC, CERN
Data recorded: Fri Sep 23 20-46 22 2011 CEST
Run/Event: 177053 / 751646878

Lumi section: 506

MLQ =
1256 GeV
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Photon Selection

v Background contamination and invariant mass resolution depends on:

» pseudorapidity

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

* |solation and identification requirements:

P
N

ECAL
tracker

'4

r'Y
v Same approach like H->yy standard cut-based photon-ID
» ECAL fiducial region (Inl < 2.4 excluding EB-EE gap)
barrel endcap
Rg>094 | Rg <094 | Rg>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 44
Charged PF isolation sum 38 25 3.1 22
Oinin 0.0108 0.0102 0.028 0.028
H/E 0.124 0.092 0.142 0.063
Rg 0.94 0.298 0.94 0.24
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+
Higgs Modes : CMS VBF

Depending on its nature, DM will couple to theHiggs in various ways.
Assuming a Higgs -> Invisible branching, one can search in several

channels.
q Z-> fermions % 104L CMS —8— Observed
s O] E ; __ VBFm,=125Gey,
o . \s=8TeV,L=19.5fb B(H-inv) = 100%
N10°E vBE H(inv) i
; N - tt, tW, DY(ll)+jets, VV
i
-
[0
>
L

150 200 250 300 350 400 450 500
EMS [GeV]
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+
Higgs Modes : CMS ZH

- Z -> bb
_L->leptons L Tt
% 10" CMS —e— Observed S %M_ss ToV.L =18.9 fb" :%ﬁ%‘
O 10°E (s=8TeV,L=19.7 fb" _‘;“':'“uj“s_"::‘;’; £ 10°E 2(05) H(inv) high p_ L] zoe
? 405E Z(ll) H(inv) gl S
= 104 _ |:| DY(ll)+jets CI>J 10°
210 [ ] thtw,ww, waets w
Wy 102
102 10
10k
- 1
107EERE e 107
102 »
: Slo H +
......... f i 3= 1@-.-0*&0- -o-*-‘-t»—‘*“*‘ +~+- +
' 200 500 0 58060402 0 02040608 1
E?lss [GeV] BDT output
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==
CMS VBF + ZH limits

| s | 1 O- ! 5 3 \ I | I | . -l 1 I 1 I LI | 1 I I I I I LI
®) 2 Combination of VBF and
2 102 ZH, H— invisible CMS
G Vs=8.0TeV, L= 18.9-19.7 fb"' (VBF+ZH)
< -3 [ N

a~x 107E I\ Vs=7.0TeV, L= 4.9 fo' (ZH) B(H— inv) <0.51 @ 90% CL

O 1 0* k ' my, = 125 GeV
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o — ~ [ CRESST o

c (O CRESST 20 =

o) —— - XENON100(2012) 3

vvvvvvvvv XENON10(2011) =

Q [ DAMA/LIBRA 3

O B CoGeNT(2013)/90%CL

- Lattice [ CoGeNT(2013)/99%CL

C ] CDMS(2013)/95%CL

1 COUPP(2012)
E —— - LUX(90%CL) =

1 1 | 1 1 L1 1

0O 3

10° 10
DM Mass M, [GeV]
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