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The Large Hadron Collider and the Compact Muon
Solenoid

We used 5.0 fb! (4.7 fb!) of
integrated luminosity from p-p
collisions at the LHC running at 7
TeV for a dark matter search in
monophoton (monojet) events.

The data was collected with CMS,
a layered detector that identifies
particles coming from these proton
collisions.
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Dark Matter (x) Production at the LHC

q q q X
Direct Searches Collider Searches

Nuclear Recoil Pair Production
(t-channel) (s-channel)

Dark matter passes through CMS undetected, giving rise to “missing
transverse energy”’, Epmiss,

To make this process visible, radiation of a photon or gluon 1s required.
Searches in the final states of y + Er™sS and jet + E1™s are presented.

S TR

Monophoton + MET Monojet + MET
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Phenomenology 1

+ Bai, Fox, and Harnik [JHEP 1012:048(2010)] have cast this process as a
contact interaction with the effective operators:

O, = (X }”‘X)((l r 4 ) Vector Operator = Spin Independent

A.
O ,= _(X Yl X)(f/‘/' }’5(1) Axial-Vector Operator = Spin Dependent
; A2
The observed upper limit on the xX production cross section, oXX s

transformed into a lower limit on the cut-off scale A (=Muoderator/ Ngygq) taking
advantage of the fact that ¢ o« A-4.

*  Agm =10 TeV (40 TeV) for monophoton (monojet)

+ o5 is computed using Madgraph-4 and Pythia-6, for a given phase space

O.Xh>_(
_ th.
Omeas.

1/4
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http://arxiv.org/abs/1005.3797.pdf
http://arxiv.org/abs/1005.3797.pdf

Phenomenology 2

With this lower limit on A, the upper limits on ¥-N cross-sections for the spin-
independent and spin-dependent interactions can be computed for various
dark matter masses, mpu.

9/ 2
— ) Spin-Independent

A2

T

2
0.33 (:2 ) Spin-Dependent

T

~ (i)
ILL_
Mppy + My
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Monophoton - Candidate Selection

+ Require an 1solated photon with: Photon Isolation

High energy: pr> 145 GeV Hadronic Calorimeter (HCAL)
Centrally located: |nY| < 1.4442 Hollow Cone: 0.15 < AR < 0.4

ZpThOHOW cone <2 24+0.0025 *pTy
EHC ALsolid cone /EEC AL < 0.05

Deposit shape 1s photon-like:
Ginin < 0.013 (a measure of the : ;
shower profile width along 1) 5 EM Calorimeter (ECAL)

_ . Hollow Cone: 0.06 <AR < 0.4
Require sufficient ET™S using

particle flow method, Zprietioveone < 4.2 +0.006*pr”
pfMET > 130 GeV A

Remove events with excessive L Tracker

.. Hollow Cone: 0.04 <AR <0.4
nearby activity:
. ' : ZpThOHOW cone <2 () +0.001 *pTY

+ No centrally located ptJets with +. 1/ Electrons vetoed by hits in pixel tracker

pr>40 GeV and [ < 3.0

+ No tracks with Pt> 20 GeV
within AR(track,y) > 0.04,
where AR2 = A([)Z i Anz TiaMiceli  UCDAVIS 6




Monophoton - Highest pt¥ Event

P, = 384 GeV

.li.u-m.|11 i,

Experiment at LHC, CERN 2
recorded: Sun Apr 24 22:57.52 2011 COT

et ABADTA [ 24 ATALAOA

E,miss = 407 GeV

Borrowed from M. Tripathi
UCLA Dark Matter 2012

LHC, CERN
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Monophoton - Backgrounds

+ Backgrounds are estimated using data-driven (DD) and Monte Carlo (MC)
techniques.

pp — Z'Y — VY irreducible background, estimated to NLO (MC)

pp — W — ev electron misidentifies as y (DD)

one jet mimics y, ET™ from jet energy mismeasurement.
Appreciable due to the high rate of Njets. (DD)

pp — Njets — “y”+ Epmiss
pp — VY -+ Jet E1™ due to mismeasurement of jet (MC)

pp —> ny_) IVY charged lepton escapes detection (MC)

pp — VY one photon mismeasured to create E™s (MC)

* Backgrounds unrelated to pp collisions

€ ——

1. Beam Halo Muon Showers
Mostly removed. Residual estimated.

2. Cosmic Muon
Induced Showers ~. 3. Neutron Induced Spurious Signals

Identified and removed. ' Identified and removed.

e \_/
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Monophoton - Search Results

Events /GeV

Events /GeV

Total uncertainty on Bkg
Zy—vvy

W-—ev

I MisID-y (QCD)

[ yHets, Wy

: [ Beam Halo

; ........ SM+ADD(M =1 TeV, n=3)

LA A
A T T,

600Y 700

5.0 fb™

CMSNs =7Tev

300

V77777 Total uncertainty on Bkg
Zy— vy

W—ev

I VisID-y (QCD)

F vHets, Wy

. [ Beam Halo
R SM+ADD(M =1 TeV, n=3)

| I T N 1T N W N A T T |

%%%%% 1

E. [GeV]

Source Estimate

Jet Mimics Photon 11.2 =28

Beam Halo 11.1 £ 5.6

Electron Mimics Photon 35+1.5

Wey 3.0 = 1.0

yHet 0.5 £ 0.2

Y

Z(vi)y

Total Background

Total Observed Candidates

No excess observed.
Background describes data well.
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Monophoton - Acceptance, Efficiency, and
Uncertainties

* A X emc 1s stable over the range m,=1-1000 GeV because the signal 1s an ISR vy

+ Vector y (spin independent): 30.5%-31.0%
+ Axial-Vector y (spin dependent): 29.2%-31.4%

+ Uncertainties in A x emc total to +4.8% -4.9% from:

photon energy scale

missing transverse energy scale and resolution
jet energy scale and resolution

photon vertex assignment

overlapping events (pile up)

parton distribution function

+ The scale factor between this MC A x € and data 1s estimated

Source Estimate for SF
Trigger 1.00 +0.02
Consistent Cluster Timing 0.98 +£0.01
Photon ID Efficiency 0.96 +0.02
Jet and Track Veto 1.00 £0.10
Cosmic Muon Veto 0.95 £0.01
Total 0.90 = 0.11
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Monophoton - Limit Setting

Use the Modified Frequentist CLs approach [J. Phys. G37(2010) 075021 |

For integrated luminosity 5fb-!, null hypothesis expected 75.1 + 9.5 events
and observed 73 events.

90% CL limits are shown compared to the expected limit in parentheses.

Vector Axial-Vector

My[GeVl  ra

A [GeV]

o [fb]

A [GeV]

1 14.3 (14.7)
10 14.3 (14.7)
100  15.4(15.3)
200 14.3 (14.7)
500 13.6 (14.0)
1000  14.1(14.5)

572 (568)
571 (567)
558 (558)
549 (545)
442 (439)

246 (244)

14.9 (15.4)
14.1 (14.5)
13.9 (14.3)
14.0 (14.5)
13.7 (14.1)
13.9 (14.3)

565 (561)
573 (569)
554 (550)
508 (504)
358 (356)

172 (171)

O-XN

meas.

N

The measured cross section upper limit 1s translated into a lower limit on A.

1/4

OX)Z
A= M ( X%h' )

Omeas.

Am. =10 TeV

XX
9¢h. from MC
Tia Miceli UCDAVIS
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http://iopscience.iop.org/0954-3899/37/7A/075021
http://iopscience.iop.org/0954-3899/37/7A/075021

Monophoton - Spin Independent Limits

T T T T T T T T T
:  Spin Independent

—=— CMS (90%CL) - - - CDMS Il 2011

- CDF -«=- CDMS 11 2010 -

XENON100 CoGeNT 2011 —

L

7”7~ ]

Lower limit on A
used to compute y-N
Cross-section.

7 2
(12)
Extends the cross-

section lower limits

= 1 ~43
for M, < 3.5 GeV. $<10 £ 0

— CMS, \s=7TeV
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CDF: Phys. Rev. Lett. 101 (2008) 181602. M, [GeV]
CDMS 11: Science 327 (2010) 1619. Phys. Rev. Lett. 106 (2011) 131302.

XENON100: Phys. Rev. Lett 107 (2011) 131302 o
T
CoGeNT: Phys. Rev. Lett 106 (2011) 131301 iaMiceli  UCDAVIS 12
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http://prl.aps.org/abstract/PRL/v101/i18/e181602
http://prl.aps.org/abstract/PRL/v101/i18/e181602
http://xxx.lanl.gov/abs/0912.3592v1
http://xxx.lanl.gov/abs/0912.3592v1
http://prl.aps.org/abstract/PRL/v106/i13/e131302
http://prl.aps.org/abstract/PRL/v106/i13/e131302
http://lanl.arxiv.org/abs/1104.2549
http://lanl.arxiv.org/abs/1104.2549
http://lanl.arxiv.org/abs/1002.4703
http://lanl.arxiv.org/abs/1002.4703

Monophoton - Spin Dependent Limits

I T T T TTI1 I IIIIIII| I I IIIIIIL

CMS, \s =7 TeV

+ Lower limit on A
used to compute y-N
Cross-section.

x-N 0.33 9! 2
Osp ~ m \A?
+  Extends the cross-

section lower limits
for M,, < 100 GeV.

| Spin Dependent

| —=— CMS (90%CL) -+ COUPP 2011

-~ — = CDF IceCube (yx—W*W")
—  SIMPLE 2010 Super-K I+lI+lll (xx—W*W’) -

|
CDF: Phys. Rev. Lett. 101 (2008) 181602. 1 10 10° 10
SIMPLE: Phys. Rev. Lett. 105 (2010) 211301. MX [GeV]
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COUPP: Phys. Rev. Lett. 106 (2011) 021303.
IceCube: Phys. Rev. D 85 (2012) 042002.
Super-K: ApJ 742 (2011) 78. TiaMiceli  UCDAVIS 13



http://prl.aps.org/abstract/PRL/v101/i18/e181602
http://prl.aps.org/abstract/PRL/v101/i18/e181602
http://arxiv.org/abs/1106.3014
http://arxiv.org/abs/1106.3014
http://prl.aps.org/abstract/PRL/v106/i2/e021303
http://prl.aps.org/abstract/PRL/v106/i2/e021303
http://prd.aps.org/abstract/PRD/v85/i4/e042002
http://prd.aps.org/abstract/PRD/v85/i4/e042002

Monojet - Candidate Selection

RN
= CMS Preliminary ~ [Ez>w

F |Ldt=a7mtat s7 Tev 2N

M

[Jacp

+ Basic Topological Selection — T ————
. 1 11 - =475 at (s=7 Tev """
reject prolific multijet events Jua-arvlaierme

4
[Jacp

- [z
[z

* Nijes = 1 or 2, Er™ss > 200 2 e o
GeV later tightened to 350 : S :
particle flow jets clustered
using anti-kt with R = 0.5 : f

lead jet > s _ . _ .
PT .> 110 GeV, |Tl|<2-4 Jet Multiplicity A‘i%(ﬁetf%etf
stecondJet > 30 GeV

+  Aop(jetl, jet2) <2.5

+ Lepton removal

Events /0.1

IR S B
CMS Preliminary  [Ez-w
Ldt=471" at s=7 Tev =1 """
| I
[ Jacp
[z
—@- Data

----- DM-AVd m=1GeV
ADD M_253

+ Reject events with 1solated e
or u (ARisolation:O-3)-

+ Reject events with 1solated
tracks (ARisolation=0.3).

+  Optimize Et™s cut for DM

search: Ermiss > 350 GeV. =600 800 1000
E™* [GeV]

Events / 25 GeV

T IIIII|T|l-: T
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Monojet Event

pri¢t = 574.2 GeV
Ermiss = 598.3 GeV

| CERN
4 02:50:32 2011 CEST
962676

|akSPFJet 0, pt: 574.2 GeV|

—

e

[pfMet 0, pt: 598.3 GeV|

CMS Expormreng 22 AHC. CERN
Jata recorded Tee Oct 4 0225002 2011 CAST

v 4

/Lm.u 0.pt 5742 GaV)|
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Monojet - Backgrounds & Search Results

*  Some backgrounds estimated with data-driven techniques, while others use
Monte Carlo simulations

Estimated Zvv from a Z(—pup)+jet

Background process Events
control sample

Z —vv 900 + 94
Wijets 312 + 35 Estimated W(—1v)+jet using Wuv

tt 8 + 8 control sample and detector
Z(l0)+jets 242 acceptance and reconstruction
QCD multijet 1+1 efficiencies

Single t 1+1
Total background 1224 4+ 101
Observed in data 1142

Remainder are from simulation

No excess observed.
Background describes data well.
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Monojet - Uncertainties and Limit Setting

+ Limit setting as before, but with a Ay set to 40 GeV 1nstead.

XX\ 1/4 Ay, =40 TeV

O
th. %
A = Ath. T 4. from MC
Omeas.

‘

Spin-dependent |~ Spin-independent
M, (GeV/c?) o(cm?) A(GeV) o(cm?) A(GeV)

1 3.37 x 1074 730 7.20 x 10~% 776

10 9.83 x 10~ 4 744 212 x 107¥ 789

100 1.33 x 104 718 2.65 x 10~ 776

400 5.14 x 10~40 514 6.66 x 1039 619

700 2.95 x 10~% 332 2.62 x 10738 440

1000 2.15 x 1038 202 1.57 x 10~% 281

Borrowed from S. Worm
Moriond 2012
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Monoijet - Spin Independent Limits

< 1 08

CMS Preliminary —— CMS MonoJet 90% CL
o 10730 JL dt= 4.7 6" at \s=7 TeV ——— CMS MonoPhoton 90% CL
XENON-100
10732 CoGeNT 2011
: CDMSII 2011
10734 CDMSII 2010
lceCube 2011 W'W
107 mrmrme lceCube 2011 bb

m

Lower limit on A
used to compute y-N
Cross-section.

107
107
10
10

-46 | | | | ||||| |
10775 10 103

XENON100: Phys. Rev. Lett 107 (2011) 131302 2
CoGeNT: Phys. Rev. Lett 106 (2011) 131301 MaSS X [GeV/C ]
CDMS II: Science 327 (2010) 1619. Phys. Rev. Lett. 106 (2011) 131302.

IceCube:

_ 9 ( A%
T A2>
Extends the cross-

section lower limits
for M, <3.5 GeV.

v-Nucleon Cross Section
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http://lanl.arxiv.org/abs/1104.2549
http://lanl.arxiv.org/abs/1104.2549
http://lanl.arxiv.org/abs/1002.4703
http://lanl.arxiv.org/abs/1002.4703
http://xxx.lanl.gov/abs/0912.3592v1
http://xxx.lanl.gov/abs/0912.3592v1
http://prl.aps.org/abstract/PRL/v106/i13/e131302
http://prl.aps.org/abstract/PRL/v106/i13/e131302

Monojet - Spin Dependent Limits

~
Q]

m

A"

+ Lower limit on A
used to compute y-N
Cross-section.

[\ 2
37)

0.33 (
T
+  Extends the cross-
section lower limits
for M, <100 GeV.

x-N
Osp —

Nucleon Cross Section

CDMSII: Phys. Rev. Lett. 106 (2011) 131302.

Picasso: Phys. Lett. B 682 (2009) 185.
COUPP: Phys. Rev. Lett. 106 (2011) 021303.
IceCube: Phys. Rev. D 85 (2012) 042002.

10°°
10°%
1072
10
10°°
1078
107
10
10
107

[ [ [ . [ I. T |
CMS Preliminary
Ldt=4.7fb at (s=7 TeV

——— CMS MonoJet 90% CL
—— CMS MonoPhoton 90% CL
CDMSII 2011
Picasso 2009
COUPP 2011
lceCube 2011 W*W

= lceCube 2011 bb

Spin Dependent

10

10° 10°
x Mass [GeV/c?]
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http://prl.aps.org/abstract/PRL/v106/i2/e021303
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Conclusions

A search was performed for dark matter production in the monophoton and
monojet final states using 5.0 fb-! and 4.7fb"! of integrated luminosity
produced by the LHC at 7 TeV and collected by the CMS experiment.

Results are consistent with the Standard Model.

The N-y cross section limits on the spin-independent and spin-dependent
moderator masses were extended.

+ o Nxgr extended for my < 3.5 GeV

+ o N%gp extended for my 1-100 GeV

Now exploring 8 TeV!

Thank You!
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