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Dark Matter Candidates

® Weakly Interacting Massive Particles (VWIMPs)
® They are expected to interact with SM particles via new couplings.
® Assumptions:
® WIMPs are produced in pairs at LHC.

® Mediating particles between VWIMPs and SM are too heavy to be
produced directly.

Name Initial state Type Operator

B Effective field theory approach
(contact interactions) DI qq scalar

q
D5 qq vector MLi XV xqyuq

D8 axial-vector MLi ;\?7’“‘)/5 )(Z])/M)/S q

D9 qq tensor MLi X xqo g
q X

D11 gg scalar ﬁ)_()( s(G4,)?

® Detector signature is a jet or photon from initial state radiation (ISR) and
missing transverse momentum (MET).

ICHEP2012 David Salek: Searches for Monojet and Monophoton Events with the ATLAS Detector



Large Extra Dimensions

® Models of large extra dimensions can provide an essential ingredient to
a solution to the hierarchy problem.

® Arkani-Hamed, Dimopoulos, Dvali (ADD) model
® Gravity propagates in (4+n)-dimensional bulk space.

® Standard Model fields are confined to 4 dimensions.

2 241 n  Me = 4-dimensional Planck scale
MPZ ™ MD R Mp = fundamental (4+n)-dimensional Planck scale
n = number of the extra dimensions
R = size of the extra dimensions

The extra spatial dimensions are compactified resulting in Kaluza-Klein
towers of massive graviton modes.

At LHC, gravitons can be produced in association with jets or photons,
leading to monojet or monophoton detector signatures.

q9 — qG

99 — 9G
qq — 9G,yG
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Event Selection

® monojet selection ® monophoton selection
all 201 | ATLAS pp data (4.7 fb'!) e all 2011 ATLAS pp data (4.6 fb™!).

MET trig/ger (plateau above 150 ® MET trigger (98% efficient at 150
GeV, 987% efficient at 120 GeV) GeV)

primary vertex with at least 2 ® primary vertex with at least 5
associated tracks associated tracks

eading jet pT > 120 GeV, |n| < 2 eading photon

Acp(jet2, MET)| > 0.5 T > 150 GeV, |n| < 2.37,

in order to suppress excluding calorimeter |
back-to-back diiet events barrel/endcap transition region

no more than two jets with .37 <n| < 1.52

lap removal
pT > 30 GeV, ] < 4.5 overlap
no electrons with 2%(%{"‘3')5'1-!0%4?-4’

pT > 20 GeV, |n| < 2.47 Ap(jet, MET)| > 0.4

no muons with : :
no more than one jet with
pT > 7 GeV,|n| < 2.5 T > 30 GeV, |n| < 4.5

no electrons with
signal regions with symmetric cuts pT > 20 GeV, |n| < 2.47
on the leading jet pT and MET

no muons with
pT, MET > 120, 220, 350, 500 GeV pT > 10 GeV, |n| < 2.5
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Background Estimation

® monojet analysis ® monhophoton analysis

® celectroweak backgrounds °
#estimated in data-driven way
rom control regions)

® [/ —VV+jets
® W — |V +jets
® /|l +jets

jet

| < undetected
V  or hadronic T decay

jet

electroweak backgrounds
#estimated in data-driven way
rom control region)

® /- VWH+Yy
® W—olv+y
o /Z-ll+y
O

WI/Z + jet
V
V
Y or jet misidentified as Y
| < undetected
V  or hadronic T decay

or misidentified Y

Y or jet misidentified as Y
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Background Estimation

® monojet analysis ® monhophoton analysis

® celectroweak backgrounds ® electroweak backgrounds
#estimated in data-driven way #estimated in data-driven way
rom control regions) rom control region)

® 7 VV+jets ® /o VW+Yy
® W —|v+jets ® W=lv+y
© 7 Il +jets o 7/ —-ll+y
o W/Z+jet

Y * jet and multi-jet production
(from data)

top quark production (from MC)

multi-jet production (from data)
® di- or tri-jet events

non-collision backgrounds top quark production (from MC)

(from data) YY processes (from MC)
® detector noise
® cosmic ray showers

® beam-induced background non-collision backgrounds
leading to fake jets (negligible)

di-boson production (from MC)

di-boson production (from MC)
o WWWL/L ZZ
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Electroweak Backgrounds in the Monojet Analysis

® Data-driven estimation in four control regions (CR):

Z — 77T +jets
Z — uu +jets

W — tv+jets

Z - )
HU SR | Z — vv+jets W = uv-ets

_’
W HV W — ev+jets

L ee W — uv+ijets
W — ev Z — eTe +jets
Z — uu +jets

W — ev+jets

W — uv+ijets | W — ev+jets | Z — u™u +jets

® Background is estimated in the following way:

predicted Data
NSR — (NCR — NBkg) - C -

MC
NSR
NM
jet/ E%“SS
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Electroweak Backgrounds in the Monojet Analysis

® Data-driven estimation in four control regions (CR):

Z — 77T +jets
Z — uu +jets

W — tv+jets

: +]
W = pviets W — ev+jets

Z — Ul SR | Z — vv+jets

W = v W — ev+jets
L ee W — uv+ijets
W — ev Z — eTe +jets
Z — uu +jets

Background is estimated in the following way:
predicted Data . .
NI — (D G c
The corrections are:

multi-jet background in CR
fraction of electroweak processes of a given kind in the control region

lepton acceptance and reconstruction efficiency

efficiency of the Z and W selection
trigger efficiency and the luminosity correction (only for the electron CR)

transfer factor from the full lepton phase space to the signal region (SR)

W — uv+ijets | W — ev+jets | Z — u™u +jets

ICHEP2012 David Salek: Searches for Monojet and Monophoton Events with the ATLAS Detector



Non-Collision Backgrounds

® Beam background muons can deposit significant energy (up to ~TeV )
in the colorimeters that can be reconstructed as fake jets.

® Fake jets are balanced by MET.
® Therefore, they lead to similar event topology as monojet signals.

® They fire MET triggers.

T | T T T T | T T T T | T T T T | T T T T | T T T T |_
. [] Fake jets sample
ATLAS Preliminary [ after Looser cuts
Data 2011,\'s = 7 TeV @ after Loose cuts
- 3 after Medium cuts
t
pJTe >150 GeV @@ after Tight cuts
-= Good jets sample

B Monojet analysis requires efficient
fake jet removal.
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® |et cleaning techniques based on jet quality criteria (e.g. jet charged fraction,
electromagnetic fraction) provide efficient rejection at the level of 103,

® Residual level of non-collision backgrounds is estimated with dedicated tool
that searches for signatures of particles traversing the detector parallel
to the beam pipe.
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Monojet Results

® Signal region |

1
= ATLAS Preliminary
:g

- J Ldt=4.7 fo"
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—e— Data 2011

D5 M=100GeV M*=590GeV
ADD §=2 M,=3.5TeV
Sum of backgrounds
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(— M+jets

+ single top
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i-boson

on collision
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Di-boson
Non collision

IIIII|_|_|,| IIIII|_|_|,| IIIII|_|,|,| IIIII|_|_|,| 11

500 600 700 800

900

1000 1100 1200
Leading jet P, [GeV]

ICHEP2012

David Salek: Searches for Monojet and Monophoton Events with the ATLAS Detector



Monojet Results

SR1 SR2 SR3

Z — vv+jets 63000 + 2100 5300 + 280 500 + 40

W — tv+jets 31400 = 1000 1853 £ 81 133 £ 13

W — ev+jets 14600 + 500 679 + 43 40 + 8

W — uv+ijets 11100 + 600 704 + 60 55+6

tt + single ¢ 1240 + 250 57+ 12 4+ 1

Multijets 1100 = 900 64 + 64 8+9

Non-coll. Background 575 + 83 25+ 13

Z]y* — tT+jets 421 + 25 15+2 2 +1

Di-bosons 302 + 61 29+ 5 5+1 1 +1
Z]y* — uu+jets 204 + 19 8+4 - -
Total Background 124000 + 4000 8800 =400 748 +60 83+ 14
Events in Data (4.7fb™1) 124703 8631 785 77

Four independent determinations of Z = VvV + jets, based on the four control
regions, are combined.

® Background estimates are consistent with the number of observed events in all
signal regions.

B 90% and 95% confidence level upper limits on the visible cross section (OxAXg)
are set.
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Monophoton

Background source

Prediction

Z(—vw)+y

ZIy' (=) +y

W(— &v) +y

W/Z + jets

top

WW,WZ,27Z,yy

y+jets and multi-jet
Non-collision background
Total background

93
0.4
24
18
0.07
0.3
1.0

137

Events in data (4.6 fb~1)

116

Ll I T L L )

ATLAS Prellmlnary

IL dt=461fb’

>
77777777777

A B DA B
—e— Data 2011 As = 7 TeV)
L Z(—=vv)+y

0 WiZwy
I ] W/Z+jet
- top, y+jet, multi-jet, diboson

llllllll | nmul | 11111111 L1l
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] I L] ] ] ] [ ] ] ] ] l ] ] ) ) I Ll ) L L)

111

L1 Z(—vv)+y

0 W/Z+y

0 WiZ+jet

- top, y+jet, multi-jet, diboson

ADD n=2, M)_1 0 TeV
.- WIMP, D5, m 10 GeV, M =400 GeV

Lll 1 lllllu[

L1l

Llllull

ki

107°

3
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® Background estimates are consistent with the number of observed events in the

signal region.

B 90% and 95% confidence level upper limits on the visible cross section (T*XAX¢)

are set.
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ADD Limits

® Theoretical uncertainties on ADD are associated with PDF uncertainties,
ISR/FSR, factorization and renormalization scales.

® 95% CL limits on Mp as a function of the number of extra dimensions are set.

monophoton monojet
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95% CL limits
=—=== ATLAS Observed Limit + 1o (theory)
E=i=rl ATLAS Expected Limit (= 10)

CMS (5 fb™)

f Ldt=4.61",Vs=7 TeV 7]

Number of Extra Dimensions Number of extra dimensions

= Mp values below |.74 TeV (n=2) and [.87 TeV (n=6) are excluded (monophoton).
= Mp values below 3.79 TeV (n=2) and 2.34 TeV (n=6) are excluded (monojet).
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Limits on VWIMP mass

:_AfLAS'P'r'e'Iir'ﬁinaril I

- \s=7 TeV

- |Ldt=4.71"

Name Initial state Type Operator

Dl qq scalar

Cutoff scale M. [GeV]

D5 qq vector ML% XY xqyuq

Operator D1, SR3, 90CL
- - . Expected limit (+ 1o

DS qq axial-vector M%% )2)/'“)/5 )(Z]*yﬂyS q

)

exp:

theory) D9 qq tensor Lot XG0 g

. M

— Thermal relic *

1 111 | | | | I T | | | L1 1 111 | 1 — a 2
10 102 10° gg scalar X s(Gy,,)

WIMP mass m, [GeV]

—h

e Lower limits at 90% CL on the suppression scale M are set for different
operators as a function of WIMP mass my.

® SR3isusedfor DI,D5 and SR4 is used for D9,D11I.
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Limits on VWIMP mass

:_AfLAS'P'r'e'Iir'ﬁinaril I

- \s=7 TeV

- |Ldt=4.71"

(©))
o

2
1 my

Ox o — ~ —X

(ov) 9x

Cutoff scale M. [GeV]

observed thermal relic density =~ 0.24
thermally-averaged annihilation cross section

WIMP mass
WIMP coupling

Operator D1, SR3, 90CL

- -. Expected limit (£ 1cexp)

theory)
— Thermal relic
111 | 1 1 1 L1111 | 1 1 1 I 1 11 I|
10 102 10°
WIMP mass m, [GeV]

—h

® WIMP miracle:The observed thermal relic density can be due to dark matter if
the mass and the coupling of WIMPs is comparable to weak scale masses and

weak force. (mx,g9x) ~ (Myeak, Jweak)

Thermal relic density based on WMAP measurements is also indicated assuming
that WIMPs annihilate exclusively via a particular operator to four light SM
quarks.

Above the thermal relic line, other couplings must exist if the WIMP miracle is
still true.
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Limits on VWIMP mass

Cutoff scale M. [GeV]

Cutoff scale M. [GeV]

- ATLAS Preliminary

s=7 TeV
Ldt=4.7fb"

Operator D1, SR3, 90CL
- - . Expected limit (+ 1o

— Thermal relic

exp)
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—h

10

10 10°
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WIMP-nucleon scattering cross section limits
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e Bounds on M. can be converted to bounds on WIMP-nucleon scattering in the
effective operator approach.

B comparison with direct dark matter detection experiments
® spin-dependent (SIMPLE, Picasso)
® ATLAS provides stronger limits for D8 (axial-vector) and D9.
® spin-independent (XENON100, CDMSII, CoGeNT)

® ATLAS provides stronger limits for DI and D5 at low my region.

ATLAS Preliminary \s=7TeV, 4.7 fb'1 ATLAS Preliminary \s=7TeV, 4.7 fb‘1

l SIMPLE 2011 —— D8: C]C]A (xx) 3 —— XENON1OO b1 : qq% (XX)
: Picasso 2012 —— D9: qo— (XX)DwaC - ---- CDMSII low-energy —=— D5: qq% (XX)
~.. D8: CDF 6g—>((X)_ 1 | Rl CoGeNT 2010

: - v D5: CDF qG—(X)..

DlraC Dirac

D|rac i

monojet analysis

Spin-dependent Spin-independent

10° 10° 10 10° 10°
WIMP mass m, [ GeV ] WIMP mass m, [ GeV ]




WIMP-nucleon scattering cross section limits

e Bounds on M. can be converted to bounds on WIMP-nucleon scattering in the
effective operator approach.

B comparison with direct dark matter detection experiments
® spin-dependent (SIMPLE, Picasso)
® ATLAS provides stronger limits for D8 (axial-vector) and D9.

® spin-independent (XENON100, CDMSII, CoGeNT)
® ATLAS provides stronger limits for DI and D5 at low my region.
C10%°F 90% CL, Spin Dependent ~~ £90%CL, Spin Independent '

5 SIMPLE — Picasso XENON100 — CDMS —;.
= CDF, D8, @— j(xX) — CoGeNT - - CDF, D5, ad— j(x%) . :

Dirac Dirac

CMS (5 fb), D8, qG— y (%) CMS (5 fb™'), D5, qG— v (%)

Dirac Dirac

— ATLAS, D5, q— v (xx)

Dirac

- — ATLAS, D8, qg— v (x%)

Dirac

42[ ---- ATLAS, D9, 6~ v(x¥)

Dirac

monophoton analysis

\s =7 TeV,f Ldt=4.6fb

A7I'LAS Pr§limlinlalry

L 111111 Ll C ol l|| l IIIIIII| l IIIIIII| l IIIIIII|

1 10 10? 10° 1 10 102 10°
ICHEP2012 m, [GeV] m, [GeV]




Relic abundance of WIMPs

The limits on vector and axial-vector interactions can be translated into cross
section upper limits on WIMP annihilations into the four light quark flavors,
assuming the interactions are flavor universal.

The results are compared to the annihilations to bb from Galactic high energy
gamma ray observations by FERMI| LAT.
ATLAS Preliminary \s=7TeV, 4.7 fb"

— I IIIIII| IIIIIII| I IIIIIII|

7))

> 10'20% 2 x ( FERMI dSphs (xx)Majoranae bb )
The results are comparable 5,102t —a— D5: qg— (x%)

Dirac

and complementary. 510%22f —~— D8: G~ (x)

3 Dirac
-

23 [
o107

Below 10 GeV for D5 and o
70 GeV for D8, the ATLAS limits 810 |
are below the values needed for 5 107}
WIMPs to make up the cold S S 10}
dark matter abundance in the early <1027}
universe (provided WIMPs ﬁmzs----' ’ ]
annihilate exclusively via s 10_29? B E
a particular operator). S AN B I

= 1 10 107 10°
Above the thermal relic line, WIMP mass m, [ GeV ]
the abundance is too large and other operators are needed.
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Summary

Searches for physics beyond Standard Model in events with monojet and
monophoton signatures are carried out with the full 201 | pp dataset.

ATLAS-CONF-2012-084, ATLAS-CONF-2012-085

Four signal regions in the monojet analysis and one in the monophoton analysis
(symmetric in the leading jet pT and MET lower boundaries) are defined.

In each region, data agree with the Standard Model predictions.
Limits on the visible cross section of any Beyond Standard Model signal are set.

Extra large dimensions (ADD model)

® |ower limits are set on the (4+n)-dimensional Planck scale Mp for different
numbers of extra dimensions n.

WIMP pair production

e Effective field theory is used to derive limits on a mass suppression scale M.

® The results are converted into limits on WIMP-nucleon scattering and WIMP
annihilation cross sections and compared with direct dark matter detection

experiments.

® ATLAS provides complementary results to the direct WIMP searches.
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Limits on the visible cross section (OXAXEg)

® monojet analysis

a°% at 90% [
V1§

o P at 90% [
V1S

o°b at 95% [
V1S

o P at 95% |
V1S

® monophoton analysis

® 90% CL upper limit=5.6 fb
® 95% CL upper limit = 6.8 fb
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ADD limits in the monojet analysis

The limits on ADD are extracted using the full simulated phase space.
However, the effective field-theory is valid only for /s < Mp.
The difference between the full cross sections and the ones truncated to the

region of validity of the effective theory is between 6% and 60% depending on
the number of extra dimensions.

R [ pm ] Cross section truncation [ % |
3.3 x 10’ 0.2
5.6 x 107 5.9
2.1 19.9
8.0 x 1072 45.1
0.9 x 1072 63.4
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ADD limits on the visible cross sections
in the monojet analysis

95% CL limits on the visible cross sections (0xAx¢g) at LO are obtained from
SR4 for 2 - 6 extra dimensions.

1 ' 1 L 1 ] l L 1 | 1 l 1 ] 1 | | | | || l 1 | 1 | I 1 1 1 1 l
= == Expected limit (x 10,,) 7

\/§=7TeV,J.L=4.7fb" 45555 n=2
; n=4

o X A x € [pb]

—
Q
L

pa
‘N7 1, \
{ 4. P l _ V| l | T |

2000 2 0 3000 3500 4000 4500 5000

M, [GeV]

|
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Sources of systematic uncertainties
in the monojet analysis

Source

JES/JER/EM'S

MC Z/W modelling

MC stat. uncert.

1 - few

Muon scale and resolution

Lepton scale factors

Multijet BG in electron CR

Di-boson, top, multijet, non-collisions

Total systematic uncertainty
Total statistical uncertainty
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Muon Control Regions

® /- U e W — uv
® MET trigger MET trigger
® exactly 2 muons exactly | muon
® 66<m<I116GeV MET (calo-muon) > 25 GeV
mt(l, MET) > 40 GeV

® Otherwise, except for the lepton selection, all control regions use the same
cuts as in the signal region selection.

ATLAS Preliminary W(— ev)+jets CR1

IIIIII| IIIIIIII| III|||I.I_| |IIII|I_I_| IIIIIIII| IIIIIIII| III||||.|.|_L

ATLAS Preliminary W(—uv)+jets CR1

—e— Data 2011

1
f Ldt =4.7 fb Sum of backgrounds
[ ] W(—> Iv)+jets
\s=7 TeV ] Z(— y+jets
] 1t + single top
] Di-boson

—e— Data 2011

J Ldt = 4.7 fb” Sum of backgrounds
[ W(— Iv)+jets
Js=7TeV T3 Z- lets

[ QCD multi-jet
1 tf + single top
[ Di-boson

g==1
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Electron Control Regions

® /D ee ® W —ev
® electron trigger MET trigger

® exactly 2 electrons exactly | electron
® 66<m<I116GeV MET (calotelectron) > 25 GeV
40 < m7(l, MET) < 100 GeV

® Otherwise, except for the lepton selection, all control regions use the same
cuts as in the signal region selection.

ATLAS Preliminary Z(— ee)+jets CR1

ATLAS Preliminary Z(—up)+jets CR1

—e— Data 2011

-1
j Ldt = 4.7 fb —— Sum of backgrounds
_ [ ] W(> Iv)+jets
\'s=7TeV [ Z(— I)+jets
[ 1 + single top
] Di-boson

—e— Data 2011

J Ldt=4.7f0" ___ Sum of backgrounds

[ ] W(— v)+jets
\Ns=7TeV [T Z(= l)+ets

[ 1 + single top

[ ] Di-boson
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Example of beam background event
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