


ObHapyxeHuUe ‘memMHoOU Mamepuu”
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PaduanbHasi ckopocmb 38€30 He
3asucum om yodaJsieHusi om
UeHmpa 2ajgakmuku 3mo Moxxem
O3HaYyamb, YMO 2ajlaKmuKa Ha
8CEM CBOEM MPOMSsIKeHUU
codepxum 3Ha4umesibHyH
Maccy HesuduMo20 eeujecmaa.

Maccbl 2anakmuk HeGocmamo4HoO,
0nis1 o6 bsiCHeHuUs1 aghghekma
2pasumayuoHHO20 JIUH3UPOB8aHUSs

N>

WIMP — weakly interacting massive particle



JkenepumeHmsl no noucky DM

lpsamou nouck: Bsaumodeucmeue WIMP ¢ ssiopamu \ .

(yripy2oe u Heyripyaoe, usy4eHue 83aumooelcmaeusi
yacmuy, meMHoU Mamepuu C 371eKmpoHamu U sopamu

amomos ) g g
AkcnepumeHmsbl: DAMA, COGENT/LIBRA08, XENON,LUX

KoceeHHbIU nouck: aHHuzunnayus WIMP %
IKkcriepumeHmbl: PAMELLA, AMS ... . ;

[louck Ha yckopumernsx: ATLAS, CMS, Tevatron %



KoceeHHoOe 0emekmuposaHue: AMS

M3M9peHue 0oJ1U aHMu4Yacmuuy 8 KOCMUYECKUX

nyyax. C pocmom sHepauu Kofiu4ecmeo
aHmuy4yacmuy, OO/mKHO yMeHbuamcs,

eCJiuU ro3UmpOHbI(@HMUrpPOMOHbI) SA8J1SH0MCs
[lpodykmamu aHHU2uAUUU Yacmuy, “memMHou
Mamepuu’ mo rpu orpedesieHHoU sHepauu

Moxxem bbImb ygeriudeHuUe Koriudyecmea
aHmu4acmuu,
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[ Ipamoe oemeKkmuposaHue:
DAMA/LIBRA T

or :ulbruln? im the same running
conditiens of the production runz

. . :ﬂ? ﬁangtﬂw
u3y4aromcs e3aumodelicmeusi Yacmuuy memMHou ey, | 1 g
Mamepuu ¢ 3rieKmpoHamu Usiu amoMHbIMU SS0pamul. <~
Bcrnedcmeue opbumaribHO20 U Cymo4YHO20 O8UXKEHUS o axigias box
o o c = aintained in
demeKkmopa emecme ¢ 3emnéu memr cHéma .
demexkmopa 6ydem ucribimbi8amb 200UYHbIE U ;E
CYymOoYHbIe eapuauuu. )
MakcumarnbHbIlU memrn c4éma oxudaemcsi, kKoeoa .
rnpoekyusi opbumarnbHoU ckopocmu 3emsiu Ha A e
ckopocmb 0suxxeHusi CosiHua omHocUmersibHoO ueHmpa Topongrety
[anakmuku (u eumros) MakcumarsibHa. Simplified schema of ~ 100 kg Nal(TI) set-up
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DM: nouck Ha Kosnnauoepax

DM yacmuusbl He Mo2ym bbimb 3apeaucmpupo8aHsbl MPSIMO C MOMOUWbIO
demekmopos, nomomy chakm ux obpa3oeaHus ornpederisemcsi KOCBEHHO C
rnomouwibto ‘Hedocmaroweli ” nonepedyHoul sHepauu Ymobbi uamepums
Hedocmaruwlyr 3Hepaur Heobxodumo Yyem-mo cbarnaHcuposame ee, Harpumep

7/,2, VV,_]et l(/,-"_ -
/ |
I|
; LY
Y ___/
Missing Energy:
B ==} pf' =3 pr=3 pb-3 pi-) ¥
5, e e 0T W
[ |
of _Rll_"&.ﬁq_l
e Mono-photon ~ - .
e Mono-jet A
e Mono-W

e Mono-Z

L

Sy
<) Op



DM: nouck Ha Kosnnauoepax

Mono-jet: SR S

EFT simplified model

Mono -photon :

"\L WW%

Mono-W (leptonic/hadronic)

Mono -Z ( /epton/c/hadmn/c) /©<



EFT: DM

Effective Theory
e DM

\ % | - _ P

o
( N > ]
___ljcavy Mediator .-

e 4

'M* A= M oM
’ /\f YqY9x

Yacmuubl meMHoU Mamepuu onucbkiearomcsi Kak Oupakoeckue ¢ghepMUOHbI

Teopusi codepxxum 2 napamempa M., my

I'de M. A — xapakmepu3yem cusny e3aumodelicmeusi u sienissemcsi pyHKyuel
Maccbl MPOMeXymo4yHou 4Yacmuysbl M u KOHcmaHm e3aumodelicmeusi g, U

Ex

BaxHoe ycnosue M > Q,., e0e Q, nepedaHHbIl UMybC

Run I —Run I1: EFT — Simplified models

0l



EFT Operators

Name| Operator |Coeflicient
D1 YXqq mg /M d
D2 XY Xqq img /M3
D3 YXqY°q img /M3
D4 X XTI q mq /M3
D5 | Xvx@wg | 1/M:
D6 | ¥ XqVuq 1/M?
D7 | xv¥*xqwu’e | 1/M?
D8 [Xv*7°xqwy’a| 1/M?
D9 | xo"'xqouwq 1/M?

D10 fr:Tw'f-'Sx:’jaraﬁq i/M?

D11 | ¥xGuwG*™ | a./4M3
D12 | yv°x G G | iae /AM3
D13 | ¥xGuwG*™ | ic./aM?3
D14 | YV°xGuwG* | as/4M?

D1 — ckansp (criuH He3agucumbiu)
D5 —eeKkmop (criuH He3asucumbiu)
D9 —meH30p (criuH 3agucumMsbiu)
D8 —aKcuan (crnuH 3asucumeiu)

D11 — cKarnsip (CriuH He3asucumbiu)



MC mooenupoeaHue “cucHalnbHbIX”

cobbimuu (DM)

Generator:
MadGraph5 + Pythia6 Onsi
ModesiuposaHus
“underline events”

PDF:
MSTW2008LO

S‘ T | T T T | T T T T T T | T T T
O n ATLAS Simulation [ -
g D5
& 5 m=200cev js=8Tev == ZZxx E
= -t mima ZZyy max.y -
- :_Ij ----- 1 Mediator ]
Ué — - E“ funn n
L e — 77—y
Z 107 \ =
© C I LT oy -
Z C LT ]
= L Ty,
107 =
- I— ]
- | |
i |._I |
103l P et S R Y = B
0 200 400 600 800 1000 1200

ET [GeV]



Obuwasi cxema aHanu3a OaHHbIX

MooenuposaHue choHOB8bIX U cucHalrlbHbIX cobbimuu
(2eHepauus, y4Hem oemeKmopa, PeKoOHCmMpyKUuus)

Onmumu3sauyus Kpumepues ombéopa “cucHasibHbIX "
cobbimuu (8blbop cueHasnibHou obrnacmu “SR”)

OueHkKa yucna “goHosbIx” cobbimuu (8b160p
KOHMporsibHbIX obriacmeu “CR” m.e. obnamedu, 20e
OoOMUHUpyem uccriedyembit “GooH".)

Yuem cucmemamu4ecKkux owubok.
BbiyucrnieHue npeoderiog Ha ceveHus (oriepamopsbl)



Hemexkmop “ATJIAC”

ELECTROMAGNETIC CALORIMETER HADRONIC CALORTMETER MUON DETECTOR
BARREL ENDCAP BARREL ENDCAP BARREL EXDCAP
Accordeon lead absorbers Accordeon lead absorbers Flat iron absorbers Flat Copper absorbers fl|
Lignid Argon Liquid Argon Scintillator Tiles Liguid Argon f
T /
INNER DETECTOR ; / ,"}
/
/ -LI_'C']II
{
|III I|I i
it gt - i/

2

SHIELDING: DISK TOROID FORWARD

ENDCAP TOROID
0500 A -4 TESLA

SOLENOID
6000 A -2 TESLA

BARREL TOROID
20500 A -4 TESLA

‘ MAGNETS:




®DoHOoBbIe npoyeccsl

ZZ (MC based)

WZ (MC based)
WW (data driven: eu control region)
Z+jets (data driven: ABCD method)

W+jets, multijets (data driven: like sign
method and fake factor method)

tt-bar (data driven, e control region)

SM higgs (MC based)

[lpasurbHbIU y4em ghOHO8bIX rpoueccos
Aersgemcs gpyHoamMeHmMom 0aHHO20

aHasnuza !!!

c (nb)
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Events / 10GaV

data/MC

Kinematical distributions for background

10" wATLAS Internal + Data I

=
; L — T T T T 1]
10" - 4 Data [ L0 (] . COz+x [ ||
EATLAS temal COz+x B ZZ S ' b [ Ldt=203 & B w-x I 2z siiev
1 | Lt =203 5::—*%1_' E;z dhey — . — Ef.w i [
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10 {s=8TeV DTes I __'_'_" o 10 fe=2Tel 4 TN v 4
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w10
10°
10*
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| 1 1 1 1
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12E = = 2E — el e - ST
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Onmumu3sauyus kpumepues ombopa

D o "C_avent_weight™(z_m > 76e3 34 z_m < 106e3 44 absiz_sts} < 2.5 BE dphi Ejé‘téi“ D‘V\;’Z
Eww  [Owiets
[Czzllvw  [Eltop

Jx10°

(‘d) E%liss

. L N
Jlyqdwee coomHouwleHue cuaHar/poH significance = —=

« CoxpaHumb cmamucmuky rosie3Hbix cobbimuu / N,

19




Ombop cobbimuu

Event selection :

76 <m, <106 GelV

AD(Z,E}™) > 2.5

n" <2.5

(pr —E;"™)/ pr <0.5

Jetveto:p, >25GeV, abs(n) < 2.5
E™ >150,250,350,450 GeV

TABLE III. Observed yields and expected SM background._
in each signal region. Statistical, systematic, and luminosity
uncertainties are added in quadrature to give the total back-
ground estimate and uncertainties.

ET"* threshold [GeV]

Process 150 250 350 450
ZZ 41+15 64+24 13+0503+01
W2z 80+3108+0402+0.10.1401
WW, i, Z— vy 1914 o3l et} el
Z +jets 0.1+01 - - -
W +jets 0.540.3 - - —
Total 5218 7.2+28 1.4£09 04707
Data 45 3 0 0

=
z 10 —+Data Wz
) 10 Wi +jets ZZ—llvy
o 108 R VYW Top quark::.. Systematic Unc
e D1, M=0.050 TeV
— 10 —imem Z2yy max. y, M=07 TeV
& 10° -s===e 1] Mediator, m =1TeV, =5
E 10° j L=20.3fb" ys=8 TeV

Data/MC

10 L = ==1) mmmneennn
1 ad "-j:..-'.‘. —
_1 D_1 -

m, =200 GeV

——

f L L} .'-F

0%, e
?
0.8 R }
o6
050 100 150 200 250 300 350 400 450 500
ET* [GeV]
17
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i) Limits oa the 1SR EFTs.
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CpaeHeHue ¢ 0aHHbIMU Opyaux

3KcnepuMeHmoe

'_'10_31 T T T T T TTT T T IIIIII| T T | PR R B |
. w —a—s DO ) . |
5,10 . P D9 ATLAS 8 TeV W/Z had.(x)
c 10% ATLAS v DA ATLAS 7 TeV jetiyy)
2 B EEEE COUPP 2012
8 16> _[ L=20.3fb" Vs=8 Tev— — SIMPLE 2011
B, 35 —— Picasso 2012
i = T —— lceCube W*W’
810 \ — —— IceCube bb
O 37
S 10
© 10
(&
-39
el B A
=104
g e e R . ol
10 pmrm st e spin dependent
10—43 ] ool ] Lol ] TR B R B S
1 10 10° 10
m, [GeV]

Figure 48: Spin dependent limits.

T T T T TTT T T T T T T1TT T T T T TT1T
— [}
D5
D5 ATLAS 8 TeV W/Z had.(x)
_ __ DI1ATLAS 7 TeV jet(yy)
_[ L=20.3fb" ys=8 Tev— — D5 ATLAS 7 TeV jet(yy)
weeme- CoGeNT 2010
— XENON100 2012
- LUX 2013

ATLAS

" spin independent
1 | | L 11 ||| 1 | | | I | || 1 | | ] S ) 25 |

10 102 10°
m, [GeV]

Figure 49: Spin independent limits.

BepxHsisi oyeHka (“upper limit”’) 0N CriuH 3asucumbix cedeHul D9 u criuH-
He3asucumbix DI, D5 8 cpagHeHuUU ¢ OaHHbIMU 3KcriepuMeHmos “diret detection”

19



Bbi600bI U rinaHbl

Pe3ynbmamel, nony4deHHble 8 Run I (20.3 fb-') cosrnadarom ¢
npeockasaHusiMu cmaHdapmHou modenu &

[Nonyy4eHbl npederssl 0ns EFT ornepamopos
Oxudaemas cmamucmuka Run 11 100 fb!

Obsszamenbcmeo NNA® e aHanuz mono-Z DM

[lposepka pe3yribmamoe 2eHepayuu cuaHarnbHbIx (DM) cobbimuu
(MOHMe-Kapsio) Ucrnosib3yemMbix 01 aHarnu3a 0aHHbIX (validation)

OueHka ¢poHo8 (Wjets...) “data-driven” MmemooOamu
Onmumu3ayusi Kpumepues ombopa
Cmamucmudeckasi uHmepripemauusi pe3yribmarmos
KoopouHauyusi no02o0moeKu Homekl rno aHarsusy






Cross sections: example for D1’

5T M2
— d

RELLALINET
A(py-pa)

M - AMITJINTYQA NMPOLJECCA d®, - 3x yacmu4HbIl ¢ha3oebil 06 beM

P, P,—VMNyNbCbl HAYanbHbIX YacTuu, p; p,_MMNYNbChbI
HayanbHbIX YacTuL, “TeMHON MaTtepun”, k—MNysibC CTpyn.

12 [ ¢ dmi % I + (1 - 2]
L (xy T3T35 1 B ! TITIS i o Ll
'.:aJ.f]'li.lf 44 .1[._:I"? ‘l! |!I[ | =, i
L ] ] ll.- = |
pririe” 7 + TaeT)
flpr.nxi,Ta) = L 1.. ——
T{TX9 /8

Xy, X, 4aCTb MMIYJIbCa NPOTOHA, KOTOPYIO HECET NaPTOH (Xg;)

)9



D1 & D3, D2 & DY, D5 & DT, D6 + DS, D9 « D10,

das

Dt dprdn |pe  dprdy
d2a d2s

B d?a
py  dprdn

B d2a d2a
D . dprdn D4 dprdn
s | d%
dprdn|py  dprdn

d2a

dprdr

‘ﬂf;-

2 d%

A% . ('mq)
pipapaps A/ dprdny

dprdn

D1t D2 D3 DA
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E_ - ATLAS Preliminary
= | Data 2011
E [ ;
= B
El -
E |
m -
1
- RMS
- x=15.7 um
- y=135um
n-g i i i i i i i 1 i i i
0.2 =0.1 0 0.1

Primary Viartax x [mm]

EMCAL: LAr-Pb

HCAL: scintillating tiles barrel
LAr endcaps



Indicative resolutions of the ATLAS detector components. The
uniis for energy E and transverse momentum p; are in GeV. The

symbol @ means adding both parts in quadrature.

Detector component Resolution
Tracking op,/pr = 0.05% pr & 1%
EM calorimetry Iy og/E =10%/VE & 0.7%
Hadronic calorimetry (jets)

barrel and end-caps og/E = 50%/VE @ 3%
forward og/E =100%/E & 10%

Muon spectrometer op,/pr = 10% at pp = 1 TeV

N>
©n



FrROM UV cOMPLETE TO EFT (1) i

UV complete Theory

By Taylor expanding the SM-DM propagator around the momentum
~ transfer and only keeping the leading order we get an effective coupling
;% constant:

el 1+ 40 ()~

This approximation is only valid if Q7. < M? otherwise all other terms in
the expansion complete theorv) must be considered.




EFT: udes

Lrns meopemu4eckoz2o ornucaHus rnpoueccos ¢ ydacmuem 4Yacmuu memMHoU
Mamepuu ucriofib3yemcs “agbgpekmusHast meopus rnoss” : EFT

SpbekmusHasi meopus rnosisi — 3mo rpubnuxeHue K HeKomopou (0OCHO8HOU)
u3uyYeckKkol meopuu (Harnpumep K8aHMmMo8ou meopuu roris).

SphbekmusHasi meopus rosis 8krrodaem coomeememesyrouue cmerieHu ceobookl,
ymobhkl ornucame huuYecKUe S811€HUS, MPOUCX00AWUX rpu 8blIbpaHHOM Macwmabe
OrTUHbI UIU SHepaemuYeckou wkKarie, U2HOpUpYys rpu 3mom rnoocmpykmypsbl U
cmeneHel ceob00b! rnpu MeHbWUX pacCmosiHUSX (Uru, Ymo 3K8UuearsieHImHo, rnpu
boriee 8bICOKUX SHEP2USsIX).

Unu, 2oeopsi Opyaumu criogamu, OHU rnodpasymesarom “ycpeOHeHuUe” rnpoueccos,
Komopble rnpoucxo0sim Ha “maribix” paccmosiHUsIX Orisl oJlyUeHUs yrpouleHHbIX
Mooersieu Ha “6ornbuwiux” paccmosHUsIX

I
~J
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AkcuanbHbie U eKMOpPHbIe
MOKU a,b - cnuHopsl Oupaka (6rcnuHopsl) 4x

ckansp (1) KOMIMOHEHTHbIE BEKTOPA, ON1UCbIBatoLLnE
ay“b - BEKTOp (4) PENATUBUCTCKNE YaCTULbl CO CMTMHOM % (BOMNHOBLIE
a o’ b— TeH3op (6) DYHKLMN).
a 7/5 2ph- akcman (4) BekTtopHbIn (V) 1 akcnanbHbln (A) TOKM BeayT cebs
ay’b - ncesgockansp (1) OAVHaKOoBO NMpu NnpeobpasoBaHnax JlopeHua,
i HO MNPV NPOCTPaAHCTBEHHON NHBEPCUMN BEKTOPHbLIN TOK
jihe o . B Y
=—(%y" —y"y%) HE MEHAETCS, a akCuanbHbIN MEHSIET 3HAK.
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Assumptions:

- DM particle is only new state accessible to the

collider

- Effective field theory so interaction between DM
and SM particles is contact interaction
- Mediator can be integrated out

.

SM

SM

DM

I——————

L=Lsyu+iX70,X —MxXX+> Y G;';j [XT"X] [al%q],

SM
Lagrangian

H//_,/ q
kinetic terms for DM W_/

V2

1,7

set of 4-Fermion interactions
between DM and SM quarks

Operators I' describe scalar, pseudoscalar, vector, axial
vector, tensor interactions



B

neagplilis
" -
—
Assume DM is a Dirac fermion and interaction is characterized by

contact interaction, Bai, Fox and Harnik,
JHEP 1012:048 (2010)

Set mass of mediator (M) to very high value

SM DM

&x

DM

SM

—— —*
Operators describe nature of mediator and form of SM-DM couplings.

Consider two possibilities:
(a) vector operator
(b) axial-vector operator




-

Assume DM is a Dirac fermion and interaction is characterized by

contact interaction, Bai, Fox and Harnik,
JHEP 1012:048 (2010)

Set mass of mediator (M) to very high value

SM DM

SM

: —
~ (a) For vector mediator, effective operator

O — (xvux) (@ q)
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Assume DM is a Dirac fermion and interaction is characterized by

contact interaction, Bai, Fox and Harnik,
JHEP 1012:048 (2010)

Set mass of mediator (M) to very high value

sM”~

p——— '—— —*
- (b) For axial-vector mediator, effective operator

O = (i:'m'rsxigﬁ'r”'rsﬂ A= M/\/9x9,




-

Light mediator
- Assume DM interaction is mediated by light particle

- Etfective theory breaks down and explicitly have to include mediator mass.
- Consider M = 100 GeV, 400 GeV with width set to 1% of mass.

SM DM SM DM

M =100, 400 GeV

8q &x

SM
—
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Translating collider limits to the same planeas direct detection experiments .
SM

_ (X)) (@)
A2

coefficient relates nucleon and
_ _ quark operator
need to know quark content
of nucleon
mxmp .

L e e
x T Mip

asr = A4

‘reduced mass of the DM—m;ﬂem.system
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Translating collider limits to the same plane as direct detecﬁon-éxpéﬁments

SM DM

DM

Axial-vector O = (X776X)(77*759)
operator L A2

oM _ AN-[N?:”‘%I?] (XYu7rs5X)
B A2 ’

2
Ng 3# N2
a = —7 i
T A4 (Aq )
sum of quark helicities

e Upper limits on monojet/ monophoton cross sections converted to lower limits on A
e Lower limits on A then translated to spin-dependent DM-nucleon cross-section



CMS Results

p Z({Il) + Eymiss
o [CMS, CMS-EXO-12-054 ]

— 1073
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ATLAS

EXPERIMENT

II\‘II\Ill\lll\III|II\I|IIII|\II\lII\IlI\IIlIIIL

ATLAS Online 2015, {s=13 TeV [Ldt=4.21 fb”

80

um 616

B <p>=13.7

Delivered Luminosity [pb/0.1]
»
[an ]

III\|\III|\III|II\I|II\I‘II\I‘II\I‘IIIIL_

0 5 10 15 20 25 30 35 40 45 50
Mean Number of Interactions per Crossing




Onmumu3sauyus kpumepues ombopa

EBEY

Pk, i o Tl U A i + 1.1 e S DWI

Cut valus

s R

(a) .E.?.'*' 2
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* mono-jet + ETMSS (axv:1502 01518, submitted to EPJC)
« event selection
+ central leading jet with
pt> 120 GeV and prt > 0.5-Epmiss
« 9 signal regions with Ermiss
thresholds from 150 to 700 GeV

- jet and Er™iss back to back / recoiling
Ad(sel. jets, Ermiss) > 1.0

+ lepton and isolated track veto
« main background
« Z(vv) + jets, constrained using
W(lv) and Z(ll) control regions
+ W(lv) + jets, mostly when I=t

a ;ﬂ.‘

N




ATLAS searches

* mono-photon (amxiv-1411 1559, PRD 91, 012008 (2015)) SO
» event selection : N
- high-energy photon

)
+ large Eqmiss >MM£::: .-,- _
* nho leptons, at most one jet ! ' ) R

Bl
-

» main background . Sy
- Z(VV) Lg 109 | Ldt=2031" ys=8TeV B (v

el
W W/Z+jet top dibosan

« Wy / Zy with lost leptons

« W/ Z with leptons / jets
misidentified as y

» estimated via dedicated

control regions

Events / 100 GeV

f;ffrﬂ;wﬂ#f!@rﬂmfwﬁﬁ
150 200 250 300 350 400 450 ﬁgﬁ 550
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ATLAS searches

* mono-W/Z (hadronic) (amxiv:1309 4017, PRL 112, 041802 (2014))
» event selection
= very central, large-radius jet with

pt> 250 GeV, 50 GeV <mj< 120 GeV, 3
momentum balance of subjets 2 -

- two signal regions with : i
Eymiss > 350 / 500 GeV / ey

« max. one narrow jet with pr > 40 GeV
» |lepton and photon veto
* main background
« Z(vv) + jets
= Z(Il) + jets and W(lv) + jets,
with lost lepton

| — DSfu=d) xa0
— - DS{us-ch 02

[
L =]

Events [ 10 GeV
oo

I
o




S

(arXiv:1407 7494, JHEP 09 (2014) 037)

* mono-W/Z boson (leptonic) . 14010051 PR 0, 012004 (2014)

» event selection W
+ one high-pt lepton
B ETmiss
+ large my, incompatible
with directly produced W
» event selection Z
- two leptons with invariant
mass consistent with Z
- large Et™Miss
+ jet and third-lepton vetoes




Describing Dark Matter with Effective Operators

DM direct detection

FELIX KAHLHOEFER ROYAL HOLLOWAY K WEDNESDAY, 16 JANUARY FAGE &

Dark matter particles from the Galactic
halo that pass through the Earth will
occasionally scatter off nuclei.

The resulting recoil energy of the
nucleus can be measured in dedicated

low background detectors.

Dark matter

Dark matter

d i ey

de

1
— = dvvf(v,vg)——
dby,  mymy _[ ; dFE,;

11111

Typical event rates are less than
1 event per kg per year
A great experimental challenge!
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Describing Dark Matter with Effective Operators

DM indirect detection

FELIX KEAHLHOEFER ROYAL HOLLOWAY, WEDNESDAY 16 JANUARY PAGE 7

Indirect detection experiments look for
the products of DM annihilation in
regions of high DM density (e.g. the
galactic center) with satellites, balloons
and ground based telescopes.

Difficulties arise from
astrophysical backgrounds
and the DM density profile.




II. EFFECTIVE FIELD THEORY

WBmmmthntumm[andaﬂnhmthm]}rnmpuhnhupmmmt.]:&mmu:hufﬂml.ﬂﬂ{ﬂ.“mu.m}nk
particle); this allows us to describe its internction with standard-model quarks securately in terms of an effective
field theory whose degrees of freedom consist of the standard-model (SM) particles plus the WIMP itsclf. For the
purposes of the discussion, we also specialize to the case of a Dirae fermion. The effective field theory consists of the
SM Legrangian plues kinetic terms for the dark matter X and a set of effective four-Fermion intersctions betwoen X
and the quarks g = w, d. 5,2, b, ¢,

L=CLay+iX+"8X —MxXX +3% %" Eﬁ (XTI X [aTigl. (1)
q .y

where the sums i, j are over scalar, psendoscalar, vector, axiel vector, and tensor interactions (in Lorentz-inveriant
combinstions) deseribed by the operators {I'}. We will assume that the interaction is dominated by only one of the
above forms.! The mass dimension of Gy is minus two. Although it would be straightforward to account for WIMPs
m@ﬁnghlm&m,hrﬂmﬂsmﬁ,mdundmhthnpﬂmhhtjmmmtmmmuhm and we further speciahze
to the case in which the WIMP couplings are independent of the quark flavar, Gy iy- With these assnmphtions,
mﬂthnmﬁmht&adﬁmﬁmdma@mmtqmmm&ﬁﬂmmmﬂmhmuf
the X=, thnmmm&’uﬂudﬂmmndmhghptm Ewvon if the WIMP proves not to be & thermal rehe, the
uﬂ'a:hwﬁsﬂdthmq (with the s uncorrelated from My ) may still provide a wseful language to deseribe WIMP
coupling to SM perticles.
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Particles

Branching ratio

ik

Predicted for x = 0.23

Experimental measurements!'®!

Loy :
Neutrinos (all)

3y

20.5%

20.00 +0.06%

Charged leptons (all)

(Yo + xR+ 03

10.2%

10.097 +0.003%

Electron

“lo+x

v P+

3.4%

3.363 £0.004%

Muon

-lo+x

(-5 + 12 + 22

3.4%

3.366 £+0.007%

Tau

oy

(et xR +®

3.4%

3.367 £0.008%

Hadrons (all)

69.2%

69.91 +0.06%

Down-type quarks

o+ Yax

3(-"%+ a0 + 3(han?

15.2%

156 +0.4%

Up-type quarks

-2

~Zix

3(%s - %) + (-2

11.8%

116 +0.6%



Cmamucmuka 2015

Total Integrated Luminosity [fb]

- ATLAS Online Luminosity
S LHC Delivered
E ATLAS Recorded
4 :_ Total Delivered: 4.2 fb™
- Total Recorded: 3.9 fb!
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Data driven

methods



Control Region

> Control samples used to verify and/or determine the
normalization of different backgrounds from data.

> The control regions attempt to preferentially select specific
categories of background events, for example events with no
genuine Z bosons (top, inclusiveW andWW) or events with b-

jJets (top and Z/W + b-jets).

ol



ABCD method

Used for Z+jets background

fraction pr
difference the Z background in the signal
H";Z““ = H'ET" region can be estimated with
the following equation .
0.2 l.,'.rrn':l'-'
:ig?a} Region hﬂ T N lll'lr”bl' "'.'r”'r:“'
pah
Contributions from non-Z
7% d®(Eqmise, Eqmiss.tack) backgrounds are subtracted
before applying this equation.
Fizure & The concept of the ABCD method to estimate the Z background in the signal region.
In practice, slight differences could show up between N /N, and N /N,
Nr'}bﬁ NM( ,f NM'{
NE’ st N::;r!'n < O where
Nr;vf;-ﬁ N 51‘3' C/ N D

In order to also estimate the shape of the EmissT distribution, Nobs is considered bin by : }
whereas a single scale factor is extracted from N°b . /N°b ),
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Figure 15: Comparison of the shape of E{'f'“ distributions between Region A and B (left plots) and C and

D (right plots). Events in the ee-channel after the Z mass requirement (upper plots) and jet veto (lower
plots) are shown.

On
(@5



Method

> In the “control region” the correction coefficient is
calculated:

Ndata (SS) i NotherMC (SS)

SF(SS) = NW+jets (SS)

* Then this coefficient is applied to the MC sample for
W+jet background produced with the selection for
signal events (i.e. OS + event selection)

N7+ (08 ) = SF (SS)- N+ (0S)

data



Results from note
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Figure 17: The EX distribution for data and Monte Carlo estimated background samples for events
with a like-sign ee or eu pair, no b-jets and a di-lepton mass in the sidebands of the Z-mass region. In
the figure on the left the W background is unscaled. whilst in the figure on the right the W background is
scaled by the same factor 0.7 that is applied in all other figures.
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Events / 5GeV

W+jets control region

Good (G) Bad (B)
Electrons Track iso < 0.1 Track 1s0 > 0.1
and MEDIUM++ or 'MEDIUM++

Muons Track iso < 0.1 Track 1s0 > 0.1
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26: The E;ﬁ”'-""" distribution in the W+jets control region after the jet veto requirement.
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Missing Energy:
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Kinematical distributions
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Kinematical distributions (u+u-
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