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+ .
Outline

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

m Different Channels
s Monophoton : 2015 (2.3 fb!)
= Mono-boson (W) :2012 (19.7 fb*!)
= Mono-boson (Z) : 2012 (19.7 fb-1)
m ZH : 2015 (2.3 fb*!)
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+
Detection Techniques

SM

m Three major categories
of investigations.

m Important to maintain
the theoretical
connection between
these approaches

SM
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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.
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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

SM DM

Bhawna Gomber, Dark Matter Searches at CMS 7/5/16



+
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
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+
Dark Matter at the LHC (Run-1)

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
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+ EFT and Simplified Models

« EFT depend only on two parameters:

« DM mass m, and interaction scale A~ M / v 818,

medtator

V4

Simplified Model, Run2

q

£

EFT, Runl

o EFT are reliable only if M Y <Q2> — not always true at LHC

energies!
] . 2 2
. Truncation: remove signal events where J > M
spin Name | Initial state Type Operator
independent D1 aq scalar MEXXAY
S—
— D5 aq vector T XV XDV
spin D8 qq axial-vector #)ﬁ" YXqvu7’q
dependent
— D9 qq tensor ML*Z)ZJWX(]J,“,q
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2
~ &g, A

x is a Dirac fermion
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+ .
How to make DM visible at the LHC?
Mono-X Signatures — simple and strikin

, 2012 - q 2015 2012 ,
Z w
g-l—
~ X
X
X
: X q X d &
MonoZ+MET Monophoton+ MET MonoW+ MET
CMS-PAS-EXO-12-060 CMS-PAS-EXO-15-014 CMS-PAS-EXO-13-004
Full 2012 dataset 20/fb Full 2015 dataset 2.3/fb Full 2012 dataset 20/fb

q DM q DM o0,

Monotop+MET See talk of bar/TTBar

Douglas Ryan Berry
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+
Search for Pair Produced Dark

Matter in Mono-photon Channel

miss

o Characterized by a high-energy photon and large £,
« Photon from initial-state EM radiation
- 8TeV: EFT with contact interaction, ggyy

- 13TeV: Simplified model with intermediate
boson in s-channel, gg — V — yy

« Electroweak model with direct photon-DM interaction q

- 13 TeV only: EFT with dimension-7 operator, yyyy K
Y*

N /O

q X
Phys. Lett. B 755 (2016) 102

CMS-PAS-EXO-16-014

CMS Experiment at LHC, CERN
Data recorded: Sat Nov 17 17:23:56 201,
Run/Event: 207454 / 1095163126

Photon + ETnrliss event at 8 TeV New 2015 results 7/5/16



Mono-photon : Event Selection

Search for single photon recoiling against MET

m One energetic photon p; >175 GeV, |n|< 1.44
m Missing Transverse Energy : MET > 170 GeV

m Azimuthal separation between photon and MET A® (photon, MET) > 2

m Reject backgrounds
m Backgrounds with leptons (W — (v, Z — ()
m Lepton veto: reject ¢ or u with p. > 10 GeV

= Noncollision backgrounds (electronic noise, beam-halo & cosmic-
ray muons):

m Timing: EM showers within * 3 ns of the time expected for collision
product

m Backgrounds with jets (y+jets)
m  Azimuthal separation between closest jet and MET A® (jet, MET) > 0.5
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+ Mono-Photon : Main Backgrounds IH

-, Same Final Sta
Zy —wy, Wy — (L)vy (£ not reconstructed) ~ 80% of total background

o estimated from simulations with NNLO QCD & NLO EW corrections

. validated using data control samples: Zy — E+E_y , Wy — Lvy

[ Fake photons ]

W — ev with e misidentified as a photon

« measured in W — ev data, with data-driven e — y mis-ID rate

QCD multijet events with a jet misidentified as a photon

« measured in jet-enriched data, with data-driven jet — y mis-ID rate

\ S

r Noncollision

Noncollision background (mostly beam halo)

Measured in data from a template fit to calorimeter timing profiles
. J
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==

Mono-photon

Results: Photon E Spectra

Vs =8 TeV, L=19.6 fb"

19.6 fb™ (8 TeV)
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+ Mono-photon
Results: Limits on Visible Cross Section
« Using the CLg construct and a profile-likelihood test statistic, 95% CLmll1sls‘n1ts are se
on the cross sectlon X acceptance at 8 TeV,in a region defined by E; > 140
GeV and different photon £, minimum cuts
Vs =8 TeV, L =19.6 fb~!
[ I

19.6 fo™' (8 TeV)
| | |

2 13 Tev CMS
i i i < 10 ~ miss =
« For comparison, the limit on the x E E™ > 170 GeVi
. . © B ]
13 TeV cross section is shown for i - E.'>175GeV ]
miss Y - -
E, >110GeV, E, > 115 GeV:
O 3oy XA < 10.71b
- PP YFE
[ —— 95% CL Observed limits
107 - 95% CL Expected limits

Exp. Limit + 95% CL
" Exp. Limit + 68% CL

I T TTTTT
1 IlIIlIII

1072 I | | | |
145 160 190 250 400 700

E! Threshold [GeV]
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==

Mono-photon

Interpretation: Vector and Axial-Vector Mediators

« Comparing the cross section limits with models of DM production via

vector
and axial-vector mediators, constraints on such models are set in the
DM mass-mediator mass plane, my, -M__,

 13TeV data, 2.3 fbo counting experiment approach, simplified

150

100

50

CMS Preliminary

irac, 9,= 0.25, Ion= 1
Observed 95% CL
Theoretical uncertainty
Median expected 95% CL
Expected +1o

IIIIIIIIIIIIIIIII|IIIIIIIII|IIII|III

100 200 300 400 500 600 700 800
M, .. [GeV]
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Is=13TeV, 2.3fb"
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+ . .
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 7/5/16



+ MOIIO-phOtOII: Limits on DM-Nucleon X-sectio

« For each model, limits on the DM-pair production at the LHC (gg — %)
Translated into limits on the DM-nucleon elastic scattering (YN — yN)
and compared with results from direct-detection experiments

— 10% CMS Preliminary Is=13 TeV, 2.3fb™ - CMS Preliminary is=13TeV, 2.3fb"
Al
£ o £, e
810 2107 excluded
S 10 excluded S C by CMS
210 by CMS 3109
2 10% S -
< < -
-38
E 10 g 1038 =
= 10% \ < f
Q40 C bw -39
107
-41 Vector| Dirac, g =0.25,g =1 -
10 Oblrac gg 00% CLgDM - Dirac,g =0.25,g =1
102 servea Sl 40 Observed 90% CL oM
wsE T Median expected 90% CL 107 ... Median expected 90% CL
10 —— LUX - PICO-60
10.44 i - —— PICO-2L
10" &
10% f‘//___._
10-46 1 1 IIIIII| 1 1 IIIIII| 1 1 L1 111 10‘42_ 1 1 IIIIII| 1 1 IIIIII| 1 1 L1 111
1 10 102 1 10 102
Moy [GeV] Moy [GeV]
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+ MOIIO-phOtOII . Electroweak Dim-7 Operator

. EFT with contact interaction of type yyyy opens channel gg — y* —
o Two main parameters: DM mass m,, and suppression scale A

|

. Upper limits on the production cross section are translated into lower

limits on A
q
CMS Preliminary {s=13TeV, 2.3 fb™
;1000:| T T IIIIII| T T IIIIIII T T IIIIIII : ,7
(E goo;— E yx
< 8005— —E X
C C —
S 700 : . .
£ 600F 3
£ ]
: 500~ —
o - -
S 400 excluded by CMs 7 Forlow DM mass,
— 300 o550 OL Exo. Lin 055 CL Obe. Lin 1 values of A up to ~ 540 GeV
- % xp. Limit = 95% s. Limit -
200 - are excluded at 95% CL
100 f_ . Exp. Limit +1o Exp. Limit +20 _f
El | 1 11111 I| 1 1 | I I | I| 1 1 | | I| E
1 10 102 10°
My, [GeV]
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Search for Pair Produced Dark v X
Matter in Mono-W({v) Channel ﬁ
TCMS_ | ems cvomon ot e, cern

Data recorded: Fri Nov 30 05:20:24 2012 CEST
T Run/Event: 208307 / 445184756
Lumi section: 287

MET O,

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

CMS-PAS-EXO-13-004
C RIpEEo Ml e sona ooy 20/fb of 2012 pp data at 8 TeV

Phys. Rev. D 91, 092005

2012 results
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Mono-W({v) : Interference

m Lower rate than mono-jet and mono-photon, but cleaner signature
m Lower background, lower trigger thresholds

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 mmmp mono-boson more
sensitive than mono-jet

Neutrino+DM

1 X'.'Y'u X Eiqi"/ i contribute to MET

A2

Bhawna Gomber, Dark Matter Searches at CMS 7/5/16




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

: = 06Em =3b0GevA=200GeV W iv Bl single oo
-— 010 in3n ependen .W—>|V .tt +single top
Mono-W({v) Selection =~ &&= B Hee

\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" E Z3boGev A = 200 Gev |»'J R PR~
Transverse Mass distribution B 5 Spampensent ! oo
— a5 DM & = +1 .tf+single top .y+jets
M — \/2 . e . EmiSS . (1 — COS A(P ) \184 —— DM £=0 |:|DY .Diboson
T pT T K'V "9 —— DM g=-1 ¢ data fof;; syst uncer.
qC.>4|03 szl
>.n2
Background 10" €
: . , 105 electron
m Derived from simulation 1 »
. . -1
m Challenge High MT tail 10
3 . . 1 0 2
= Main bkg : W->1v with M, binned K- 10°
factor 104

1 1 2000 2
= NLO xsec 500 000 500 I?/IOO(Ge\?;)O
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==

. Analysis performed on 19.7 fb " of data at 8 TeV

« Interpretation in terms of DM EFT with contact interaction ggy

MOIIO-W(EV): Results and Interpretation

M spectrum

Limits on the pp — W({v) yy production from binned-likelihood fit to

Converted to limits on the effective scale A

Lower limit on A

19 7 fb (8 TeV)

- CMS
L e+ ET5, u+ E:“'ss

Spin-independent

Limits at 90% CL

A =M@

A =2M,

W-+DM E=-1

g |
—— -
< 10
[0} UL U LR LI
S W-+DM £=0
<

W+DM E=+1

-------------------------------------------------------------
Yua
.
'.

— Observed
L1l I

.. Expected xc'Uded by CM

-
..
..
C
S
S
..
s A\ ]
o\
«\
.
'\

10

M, (GeV)

102

10°

Spin-independent vector operator D5

(similar limits for axial-vector operator D8)

A>0.3-1TeV, depending on the model parameter

For constructive interference (& = —1) exclusion
limits comparable with those from monojet

1/5/16



« Characterized by a pair of leptons from a Z boson + large ETmlSS

« Very clear signature, relatively low background, simple leptonic triggers

+ Search for Pair Produced Dark 23
Matter in Mono-Z({f) Channel |I

Dielectron + ETmiss event at 8 TeV

q I
CMS Experiment at LHC, CERN
C Data recorded: Fri Nov 2 12:30:36 2012 CEST
Z Run/Event: 206484 / 904367743
‘| Lumi section: 648
s )\
Electron 1,
pt = 150.27 GeV
eta=0.248
phi=2.078
Y two electron
Electron 2,
pt=94.02 GeV
_ — eta = -0.286
q X phi = 2.682

Phys. Rev. D 93, 052011
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+

_ + _
« Leptonpaire ¢ oru p withmassin M, + 10 GeV and p ({0) > 45 GeV

miss miss miss

« Large £,  + requirementson AQ({(,p, )angle andE. /p({l)balance

+ MOI\.O-Z(EE) . Analysis Strateqgy 24
. Signal selection

. No additional leptons, no b-tagged jets

19.7 fb™' (8 TeV)
o Main backgrounds > T e T T
O] 103 L CMS C3,m, =10 GeV, A =0.37 TeV —
o« 17 — 202v,WZ — 20(L)v o = utp channel v D5, m, = 10GeV, A =050 TeV =
S - T D8, m, = 200 GeV, A =0.48 TeV i
- estimated from simulation T o102k . 3‘:;'”‘; ?gie:/;::; ;?;v—z.
(with NLO cross section) % - E’ fgpm/wﬂets E
- . 2z i
g 1og E
e WW, tt,tW, 11 w g E
- flavor symmetric, estimated from eu data 1 J1. E
o Z+jets — 20 +jets 107g -3
- estimated from simulation, - -
with data-driven normalization 10
from DY-enriched control sample 0 200 400 600 800 1000 1200

m- [GeV]
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+ MOIIO-Z(EE) . Results and Interpretation

o Analysis performed on 19.7 fb~ of data at 8 TeV in the context of an EFT

. Limits computed from a profile-likelihood fit to the transverse mass spec

o Limits on the DM-nucleon cross section for different models

o Truncated limits are also provided

[— 10_28 1 I 1 | I I 1 1 LI |19.7 flb-‘I I(8I -Il-elvl)l 1
o
g 10—30 CMS P D5: untruncated
_,Z ’ pp —=Zxx = I'l xx ---e--- D5 truncated, gxgq=1
bxm ~—+— (C3: untruncated
B =S S C3: truncated, \\g g =1
107 s *"q scalar C3
-36 »
10 ——F vector D5
10—38 ® ® "_._l_‘,.—""\'
) _j;‘T;f;f!T:TLl.'Jfl'-'-'\:::'-' ------------------------ v S
107 . CDMSlite ! MS monopho 02; |(VI o onojet (D5)
10742
1044 o Lu% 2013
10—46 [ 1 1 L1 1 111 | ﬁll_l_l-—l-l—l—l— 1 910?/9 QILI
1 10 102 10°
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+ MOIIO-Z(EE) . Results and Interpretation 1B

q

« The same data can be used to search for Higgs bosons
with invisible decays

q

2 Higgs-portal models: Higgs as only mediator between SM and DM

. Signal: SM-like Higgs (125 GeV), B(H — invisible) = 100%

8 TeV  Transverse mass 13 TeV 23" (13 TeV)

ﬂ -IIII||||||l|||||IIIIIIII|II|||IIII|IIII- ‘.g 1 T T | T T T | I T T | 1 1 LS
§ - CMS —e— Observed _: GCJ | 8- data Y CMS

T 60:— s=8TeV,L=19.7 fb' __ ZH(m =125GeV), - LI>J 20 [ Z+etsly WW+top-quarkPrefiminary |

- 201 Hi B(H — inv)=100% - -wz — ZH(125) 0 iet cat .

50/ (1) H(inv) I:l 77 :.ZZ jet category i

40— v 157 E

D DY(ll)+jets
30 [ ] eawww,wejets ]

20[

o
20 e
2L

i %
3% Soileies wey
T R S
S um Wataers) aravavam

o :

900 300 400 500 600 700 s.v,oongcE?3 e{/cioo %OO 400 600 800 1000

Bhawna Gomber, Dark Matter Searches at CMS mT [GGV] 7/5/16



+ MOIIO-Z(EE) . Results and Interpretation

« The same data can be used to search for Higgs bosons

with invisible decays

2 Higgs-portal models: Higgs as only mediator between SM and DM

q

q

. Signal: SM-like Higgs (125 GeV), B(H — invisible) = 100%

7+8 TeV

-
[

- CMS

N
=)

o x B(H— inv) [pb]

95% CL limits

— Combination of Z(bb)H —
- and Z(l)H, H — invisible

(s =8 TeV (Both ZH channels) [

Observed limit
Expected limit
Expected limit (1o)

12~ L=18.9-19.7 fb" o
| = - 7
T L=49f0 % 6, (SM)
08—
06
04
02
o:llllllIIII|IIII|IIII|IIII|IIII|IIII|IIIII
105 110 115 120 125 130 135 140 145
my, [GeV]
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Oyq >z X B(H — invisible) (pb)

3

IIIIIIIIII?T'?H—IJ—‘-I-—IJ.J_]_I_I_LIJ_[I'IIIIIIIII|IIII|

13 TeV
231" (13 TeV)
_III|IIII|IIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIlIIII
— Observed CMS Preliminary 1
--- Median expected ZH — 2I+E'r|]'1iss+0/1-jets_

[l Expected + 1
Expected + 2¢

150200 250 300 350400 450 500 550 600
Higgs boson mass (GeV)

Eur. Phys. J. C 74 (2014) 2980

CMS-PAS-HIG-16-008

1/5/16



+
Summary

m LHC dark matter searches are exciting.

m Major opportunity for new physics!
= No DM yet ®

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

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

m Complementary to direct detection experiments.

m LHC Run 2 data taking is going pretty well

= New exciting results will come soon. Stay Tuned ©

Bhawna Gomber, Dark Matter Searches at CMS 7/5/16
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Backup

Bhawna Gomber, Dark Matter Searches at CMS 7/5/16



==

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)
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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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+ .. 31
Non Collision Backgrounds |l

m Non-collision backgrounds are estimated using
the ECAL timing information

m First we look at full timing distribution of photons

m Default supercluster reconstruction algorithm
discards hits with |t|> 3 ns cut

m Full re-reconstruction of 2015 performed removing
this constraint
Halo Template : Mip total energy > 4.9 GeV
Spike Template : Full candidate selection and
reverse the topological shower shape spike

cleaning cuts

Prompt Template : W Candidates selection with
pixel match and good shower shape

Beam Halo :13.41 +/- 6.27 events
Spike : 5.63 +/- 2.2 events

Bhawna Gomber, Exotica MET+X Group Meeting

Events /0.25 ns

W
o
o

Seed Time (ns)

N
o
o

200

150

100

50

C —— Candidate Events

:_ —— Beam Halo template

E Prompt template

— ——— Spike template

:....I.ML.MM_I N1 RS B T
-20 -15 -10 -5 0 5 10 15 20 25

Seed Time (ns)

Seed Time (ns)

10?2

Events /0.25 ns

_
o

107

—— Candidate Events
—— Beam Halo template

—— Prompt template

——— Spike template

| I ‘...I....I....

10—2 L1

-20 -15  -10 -5 0 5 10 15 20 25
Seed Time (ns)



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

6
n= —In [tan | =
K.Hoepfner, RWTH Aachen | CMS Heavy Resongnces | 2
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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

K.Hoepfner, RWTH Aachen | CMS Heavy Resonances | SEARCH2012 | 64



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

C =

@)
=

O

()

»n

n

n

o PR —-":____ —

| - U —”—:___, —

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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==

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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+ . . . . =
Limits on production cross section

. 1020MS' pr'el'i:\lirl\:rly 2(!12’ 1"0'1'1?:1’IG='8 "I'e.V' - . CHS prelmnaty 2012 20|'b F BTeV - . CIS preﬁnmary 2012 20|'b F OTeV .
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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
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100

1000 |
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10 100
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Buchmeller, Dolan, McCabe, arXiv: 1308.67;?/?6



+ 4]
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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