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[1naH Ookrnaoda

Ceudemenbcmea cyulecmeao8anus ‘memMHou mamepuu”
Hemnozo meopuu

IKcnepumenmsl no NOUCKY ~‘MeMHOU mMamepuu”
npsamvle
KOCBEHHbLE

KOJInauoepuvle



CBuaeTenbcTBa CyLleCcTBOBaHUA
“TEMHOW maTepun’

Rotation curves of galaxies Lensing Large Scale Structure

Bertone, Hooper & Silk, hep-ph/0404175. Bergstrom, hep-ph/0002126. Jungman et al,_hep-ph/9506380
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http://nedwww.ipac.caltech.edu/level5/March02/Plionis/Plionis3_2.html

CKOpOCTU BpaLLEeHUs ranakTuk

Speed is determined by
Observations dSSs

hydro gen

from 2\ cm

The speed at distance
r from the center of
the galaxy is determined
by the mass interior to
— that radius. Larger mass
20 30 - causes faster orbits.

R (x 1000 1y)

Paouanvnas ckopocmo 36e30 ne
3aeucum om yoaneHus om ueHmpa
2anaKmuKu Imo moxcem 03HaA4aAmo,
YUMo 2a1aKMUKa Ha 6CEM C80EM
RPOMANCEHUU COOCPIHCUM
3HAYUMENbHYIO MACCY HEBUOUMO20
eeuiecmaead.




‘['paBUTALIMOHHOE NMNH3NUPOBAHME”

Maccwl canakmuk He0oCmamouHto,
0114 00vACHeHUuA I hexkma
2PABUMAUUOHHO20 JTUH3UDPOBAHUS



CunbHoe “[ paBUTaALMOHHOE NIMH3NPOBaHME™

Abell 1689

CunbHOE rpaBUTALIMOHHOE
IMH3UPOBAHUE BbI3bIBalOLLIEE
NIErko pasMymnMble NCKAXKEHUS,
Takue KaK 3MHLTENHOBCKOE
KOMbLO, AYIY U Pa3MHOXEHHbIE
n306paxkeHus.




Cnaboe ‘[ paBuTaLMOHHOE NIMH3NPOBAHNE”

Bullet Cluster

2006 r. analysis of mass distribution
in the region of passing through
gallaxy clusters (1E0657-558) (*)

Two galaxy clusters colliding.

The pink shows the x-ray emissions.
Blue shows unseen mass as
measured with weak gravitational
lensing techniques. (Manble
NCKaXXeHUs1 B n306parkeHnn obbekTa,
KOTOPbIA HAaXoAUTCSA NO3aAu JINH3bI .




[opaYnmM ras B Knacrtepax

Hot Gas in Clusters: The Coma Cluster

Without dark matter, the hot gas would evaporate.

Coma Cluster
0.5-2.0 keV

0.5 Degree

Optical Image | X-ray Image from the ROSAT satellite

Ons yaep)xaHua atMmocoep “ropsiyero rasa” 60sbLUMX S/I/TUMNTUYMECKUX FaNIaKTUK
MaccChbl 3B€3/ U ra3a He AO0CTAaTO4YHO, YTO6bl NPON3BECTU HYXKHYIO CUJTY NPUTSHIKEHUSN
ANns. dNMNTUYECKUE raJlakTUKU AO0JDKHbI coaep)kaTtb B 5 pa3 6onbuie Mmaccol (B
BMAe TEMHOMN MaTepMMn), YeM Ta Macca, KOTOPYHO Aal0T BCe 3Be3Abl U ras.



IBONOUNSA BCENEeHHON

Dark Energy

Accelerated Expansion

Afterglow Light

Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
Inflation
Quan
Fluctuatio
1st Stars Wi |

about 400 million yrs.

Big Bang Expansion

13.7 billion years

NASA/WMAP Science Team



dnyKkTyaunumn penmkTtoBoro nanyvyeHud

Wilkinson Microwave Anisotropy Probe (WMAP)

PenukroBoe usnyuyeHme (BO3HMKLUEE B 30Xy NepBUYHON peKOMbuHauumn
Boaopoaa) 6110 n3oTponHbiM B pesynbraTte HabnroaeHnn 6bin
o6HapyxeHbl He6onblwiKne Bapuaumn. Pe3ynbraTbl HabnoaeHnn
COrs1acyroTCsl C COBpEMEHHOM KoCcMosiornyeckon moaesnoto ACDM i



Large scale structure

TéMHasa mMaTepust BNUSET Ha (POPMUPOBAHUS CTPYKTYPbI.

OHa KkaK 1 0bbl4yHas MaTepus, obpasyeT CryCTKu, HO Npu 3TOM
He B3aMMOAENCTBYET YEPE3 CTOSIKHOBEHUS C OObIYHOM
MaTepPUEN, HN C U3NyYEHMEM — €€ NPUCYTCTBUE U3MEHSET
pa3Mep M KONMYECTBO MasbIX ranakTuk, 60/blUMX ranakTuk, u
TO, KaK OHM K/1aCTepu3YyloTCS.

Kaxxgaa Touka npencrasnaeTr cobon Yyactuuy TeMHon matepumn. C ydeTom rpaButaumm n TEMHOM
9Heprum Yepes 13,2 munnuapaa net crnycrta HabnoaarTCs CryCTkKM TEMHOW MaTepumn, KOTopble
COOTBETCTBYIOT pacnpefeneHnio 3Be3, raflakTuk, CKOMmneHUn ranakTmk BUANMbIX CErogHs
Yncno n pacnonoXxeHne CryctkoB onpeaenseTcd HavyarbHOM TeMMepPaTypomn, CUITON TSXKECTH,
obLen maccom U CKOPOCTbIO paclunpeHus BceneHHoM. 11



Supersymmetry

M55M

12

Lictle Higgs

Axion-lilke F'arn'cl
Littest Higgs

QCD Axions




baproHHas TeEMHasa MaTepus

CocTtonT 13 6apnoHoB (MPOTOHOB N HEMTPOHOB), KOTOPbIE COCTABNAIOT 3BE3/bl U
NIAHETHI U CNabo B3aMMOAENCTBYET 3/1EKTPOMArHMTHbIM 06pa3oM (Mo KaKoM-TO

npuunHe). KaHanagatel (MACHOS: MAssive Compact Halo Objects): TéMHble
raslakTMuyecKue rasio, KopuuHeBble Kap/Iukyu, HEUTPOHHbIe 3BE3bl, YEPHbIE AbIpbl,
6enble Kap/IMKU U MaCCUMBHbIE NJIAHETDI.

Ecnu Bcs TEMHaa MaTepus npeacTaBieHa 6apMoHaMu, TO COOTHOLLUEeHue
KOHLIEHTPaLUui NErknx 3JIEMEHTOB Moc/ie NepBUUYHOro HyKJIeEOCUHTE3a,
Hab01aeEMOE B CaMbIX CTapbIX aCTPOHOMUYECKNX 06BEKTAX, AO/IKHO BbiTh APYrUM,
PE3KO OT/IMYAIOLLMMCS OT HabnJaeEMOro.

3KCﬂepMMEHTbI MO NOMUCKY rpaBuTallMOHHOIO JIMH3NPOBAHUA CBETA
3BE37 Hallen ManakTuku MOKa3bIiBaAtkOT, 4YTO AOCTaTO4YHOM KOHLUEHTpPauum
KPYNHbIX rPaBUTUPYIOLLNX 06BbEeKTOB TMNa NJaHEeT NN YEpPHbIX AbIp AN
06bsICHEHMS Macchl rano Hawen ManakTukn He Habnropaercs.

T.0. NPUHMMas BO BHMUMAHWE pe3ysibTaTbl HAbNIOAEHUIN U TEOPETUYECKME APryMEHTHI
MOXXHO YTBEPXJaTb, YTO TEMHasl MaTepus He ABAAeTcA 6apuoHHONK!

Death of stellar baryonic dark matter candidates
(Fields, Freese, and Graff, astro-ph/0007444)
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HebaproHHass TeEMHas MaTtepus

B oTnnume oT 6apuoHHOM MaTepuu, HebapuoHHass He CnocobCTBYOT (HOPMUPOBAHMUIO
3/IEMEHTOB B paHHEW BceneHHoW, W MO3TOMY MPOSIBNSETCA TOMbKO 4Yepe3 CBOU
rpaBUTALMOHHBbIE 3ddekTbl. KpoMe Toro yactuubl TEMHOM MaTepUM MOTYT @HHUTMIMPOBATb, C
POXXAEHWNEM Y-KBAHTOB W HEUTPUHO.

AKCHOHbI - HENTpPabHble NCEBAOCKANSAPHbIE YacTULbl.. KOCMONOrMyeckme aaHHble
OrpaHMYMBAOT MACCy akCMOHa Ha YpoBHe He MeHee 107> 3B.

WIMP (Weakly Interacting Massive Particles)

TsH)xkénble HeNMTPUHO (CTEPU/bHBIMUE), TO ECTb HE MPOSIBASIOLLMMUCS B CNabbix
B3aMMOAENCTBUSAX B 0ObIYHbIX YCIOBUSIX. TeopeTnyeckme Moaenu npeackasbiBaloT Maccy B
O4YeHb LUMPOKOM Amanas3oHe. M3 peHoMeHonormm Ans cnegyeT anana3oH Macc
npnbnuautensHo 10-1-10 4 3B, CTtepunbHble HEUTPUHO BMOJSIHE MOTYT COCTaB/ATb
CYLLECTBEHHYIO YacTb TEMHOWN MaTepun.

CynepcuMmmMmeTpuuHbie Yyactuybl (LSP) He npvHuMaeT yyactust B 3N1eKTPOMarHUTHOM U
CUNbHOM B3aMMoAeNUCTBUSIX. B kadyectBe LSP-yacTuupbl MOryT BbICTynaTb HEMTPAsMHO,
(dOTNHO, rPaBUTUHO, XUITCUHO (CynepnapTHEpPLI (POTOHA, rpaBUTOHa U 6030Ha Xurrca

COOTBETCTBEHHO, C Maccou nopsiaka 10 MB).

HeWTpanuHo (HenTpanbHas) y4accTByeT B C/1abOM M rpaBUTALMOHHOM B3aUMOAENCTBUSAX,
Macca 30-5000 B
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[Tpobnema “TemMHON matepun’

Takum obpasom, cyullecTBYEeT 4OCTAaTOMHO (DaKTOPOB, YKa3biBaOLLMX
Ha CyLleCcTBOBaHME “TEMHOW MaTEPUN':

* KpwuBble BpalLleHNs KOCMUYECKNX ODOBEKTOB
* [paBuTaUMOHHOE NNH3NPOBAHME
CsoboaHble BOAOPOA U rennin

* [ops4yunn ras B Knacrtepax
. BUIlet C|US’[€I‘ TémHas MaTepus
* PennktoBoe usnyyeHune

0.5%
3BE3abl

TAXKENbIe 3NeMeHTbI

TéMHas aHeprusa

Csounctea DM:

* B3aMMOOENCTBYET rpaBUTaLMOHHO

e cTabunbHagd

* OHa OenCTBUTESNIbHO “TeMHas” (T.€. KOHCTaHTbI AN APYrux
B3aMMOOENUCTBUN C YacTULamMn CTaH4apTHOWU MoAEeNn Manbl UM paBHbI
HYIH0)

e XonogHas

* HebapunoHHas

15



Tim Tait

Spectrum of Theory Spacé

Less Complete

Can we meet in the middle?

Effective Field Theories

Simplified
Models

-
Higgs
portal

Are sketches of models useful?

Sketches of Models




; 1 Effective Theory
q . DM
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Effective Field Theory

arXiv:1008.1783

Name| Operator |[Coefficient
D1 XX1q mq /M
D4 XY’ xa7v°q mq /M3
D5 XY XqVuq 1/M?
D8 |xv*°xavur°e| 1/M?

YacTuilbl TEMHOM MaTE€pUU ONMKMCHIBAIOTCS KaK JUPAKOBCKHUE (DEPMHUOHBI

Teopus conepxut 2 napamerpa M., my

I'ne M.. — XxapakTepu3yeT Cuily B3aUMOJICUCTBUS U SABISAETCS PYHKIIMEH MaCChI

MPOMEXYTOYHON YacTUIIB! M 1 KOHCTAHT B3aUMOJCHCTBHSA J, U 0,

Baorcnoe ycnosue: M >> Q.. , 20e Q,, nepedannviit umnynse

Run I —Run II: EFT — Simplified models

q DM q

i DM i

DM

DM
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Simplified models

s-channel z  t-channel
q ‘\PFP' I X
Z
q X |
n + q I X
I n oy
_mvdi:)r_ 4q I X r\/\/\/\/ yA
f
q X q | v
‘MeanaTopi: "\  Teopus cogepXuT 5 napaMeTpoB:
Ans s - KaHana: vector, axial, WIMP mass:  m
scalar, pseudoscalar meg!a:m madStSh Il\f
. . ediator wi .
Ana t - kaHana: colored scalar mediator. Coupling between the mediator and the WIMP: g,

Coupling between the mediator and the SM particle: g,

PekoMeHaaunn DM dopyma: \
GV e GV MoaennpoBaHne NpoBOAMIOCH
1 10 20 50 100 200 300 500 700 1000 2000 10000 C UCMONb30BaHNEM MadGraph
10 10 15 50 100 300 500 10000
30 10 100 300 500 700
50 10 50 95 200 300 500 700 10000 KOHCTaHTbl CBA3MU:

100 100 300 500 700 S-channel, vector and axial-vector case: g, = 1.0, g,=0.25

150 10 200 295 500 1000 10000 S-channel, scalar and pseudoscalar case: g, = g,= 1.0
500 10 500 995 200010000 | T-channel, coloured scalar case: : g, = g,= 3.0
1000 10 1000 1995 10000

\ black = recemmended, beld = requested/simulated initially, red = requested/simulated later to improve limit 18 J




DKCNepPUMEHTbI No noncky DM

KoceeHHbili nouck: aHHuaunaayua WIMP

[psimou nouck:
B3aumodeticmeue
WIMP ¢ sdpamu
(yripy2oe u Heyripyzoe,
usy4yeHue g3aumodeu-
cmeusi Yacmuty, memHou
Mamepuu ¢C 371eKmpo-
Hamu u sdpamu amomos )
3AkcnepumeHmsl: DAMA,
COGENT/LIBRAOS,
XENON,LUX

=
_|_
R

IkcrniepumeHmeol: PAMELLA, AMS ...

Y+xy—ehLpvy,..

——
e FYFYEPED

[loucK Ha ycKopumensx:
LHC: ATLAS, CMS,
Tevatron: CDF, DO

— - 4+
pP-pP-€ € .Y
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DKCNepPUMEHTbI No noncky DM

KoceeHHbili nouck: aHHuaunaayua WIMP

[psimou nouck:
B3aumodeticmeue
WIMP ¢ sdpamu
(yripy2oe u Heyripyzoe,
usy4yeHue g3aumodeu-
cmeusi Yacmuty, memHou
Mamepuu ¢C 371eKmpo-
Hamu u sdpamu amomos )
3AkcnepumeHmsl: DAMA,
COGENT/LIBRAOS,
XENON,LUX

=
_|_
R

IkcrniepumeHmeol: PAMELLA, AMS ...

Y+xy—ehpy, ..

——
e FYFYEPED

[loucK Ha ycKopumensx:
LHC: ATLAS, CMS,
Tevatron: CDF, DO

— - 4+
pP-pP-€ € .Y
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KOCBEHHbIE 3KCITIEPUMEHTTHI ITOUCKY
TEMHOU MaTepum

AMS, Pa mela - H3mepenure n1oiav aHTUYacTUL] B KOCMUYECKUX JTyYax.
WMAP, PLANCK - HMzyuenne penuxroBoro usmydenus.

FERMI-LAT - N3ydeHune y-u3iIydyeHUs: OT Pa3HbIX OOBEKTOB TaJlaKTUKHU

AMANDA, IceCube, ANTARES - HeiitpunHbie oocepBaropun. ITonck

MPOAYKTOB aHHUTWISIIMU YaCTUL] TEMHOW MAaTE€PUU B
MacCUBHBIX 00bekTax (Hanpumep CoJiHIle, IIEHTP TrajJaKTHKH)

21



AMS 2

* Ilomnck anTUMaTepun talk by S.Ting 8.12.2016
* [louck “remHOU Marepun’
* H3MmepeHnue 1011 aHTUYACTHUIL B KOCMUYECKUX JIydax

Dark Matter:

Collision of Cosmic Rays with the Interstellar Media

p, He + ISM

Dark Matter () annihilations y + % —>

The excess of e*, p from Dark Matter (x) annihilations
can be measured by AMS

M. Turner and F. Wilczek, Phys. Rev. D42 (1990) 1001; J. Ellis 26" ICRC (1999)

C pOCTOM 3HEPTUM KOJIMYECTBO AHTUYACTHUIL] JOJIKHO YMEHBIIATCA, €CJIN MO3UTPOHBI
(AaHTUOPOTOHBI) SABJISIOTCS TPOAYKTAMU AHHUTWISIIIAA YaCTHI] “TEMHOU MaTepuu’ TO
IPU ONPEACICHHON S HEPTUA MOXKET ObITh YBEINUYCHUE KOJTUYECTBA AHTUYACTHIL.
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AMS 2 peteKkTop

AMS: A TeV precision, multipurpose, magnetic spectrometer
Transition Radiation Detector

(TRD)
Identify e*, e-

-

Time of Flight
(TOF)
ZE

Silicon Tracker
Z, PorR=P/Z

....... - |

Zand P,EorR are
measured independently by Tracker,
ECAL, TOF and RICH

8 layers of silicon tracker (STD): position
with 10 mm, y ray measurement up to ~300
GeV Dby tracking e-e* pair

Time of flight (TOF) hodoscopes: 4 planes
of scintillators: time of flight with ~120 ps
resolution

RICH: silica aerogel and photomultipliers

EM calorimeter: lead and scintillating fibers
interlayed 3% energy resolution for e-, e* and
g at 100 GeV, hadron rejection factor of 104 in
1.5GeV -1TeV

Transition radiation detector (TRD): fiber
fleece with Xe/CO, straw tubes, hadron
rejection factor of 102-10°% in 1.5-300 GeV
range

28



Positron flux x E* (s sr''m? Ge%?

AMS 2: positron flux

Before AMS2 AMS2
Physics Result 1: The Electron and Positron fluxes
50 — S — S The electron flux and the positron flux are different
45§_ e PAMELA _i in their magnitude and energy dependence
20E- Fermi 3 250 - AMS (2016) — 25
~ | 2 HEAT94+95 3 - 5
35 + = c = B 16,500,000 }HHH{H 4
s0F- *  AMS-01 = 2 & 200 — electrons i} iﬂ‘ﬂ&; H] —20 E
= | v CAPRICE94 © 8E L i g fif 1 3B
25— — S o C t iﬂ&]ﬂ f }{ } ] e
sob . = T 150 — if *ﬁ%y*} 115 @
= X = 28 t 1 &
15E o % l 1 E g % - { Hiiﬂi[’f‘ﬁmfmm” Hi}{m“ f ] £
- ° % : ® ¢ + | ] W e- 100 :_ ‘}E i[_}i* 1,080,000 ! —: 10 §
10j —] B ; ¥ positrons 7
E {’i ﬂ% ‘[]L 3 L nii i
° :_ﬁ!ﬁﬁﬁ% E 50— 4 -°
‘;wl L1 ‘ A 1 | 1 1 111 | | 1 1 1 111 \l | 1 | [ " —
0.5 1 2 3456 10 20 30 100E 200 GeV) L e* energy [GeV] 7
nergy e P I.l Il 1 \I\l 1 1 1 111 II| N
1 10 107 10°

dopMa cnekTpa NO3UTPOHOB U 3/IEKTPOHOB Pa3/iyHa, Yero He J0/MKHO ObiTb
Npy B3aMMOAENCTBUN KOCMUYECKMX JTYYEN C MEX3BE3AHOW CPEOMN.
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AMS 2: positron flux

-

Physics Result 2: The origin of the AMS positron spectrum

B pe3ynbTtate aHHUMMNSUMM YacTUL, TEMHON MaTepumn obpasytoTcs
[OMNOSTHUTENbHbIE MO3UTPOHBI.

2'5



AMS 2: p-bar/p ratio

The AMS Antiproton-to-Proton ratio

*  AMS

o ' ——-'——-.___l__ ¢ Dark matter
g " —
il Collision —
E 'ﬂ'f fd'
Nary cosmi
Iﬂ_ SMic rays with 15p
10"
{_ Momentum [GeV]
100 200 300 a00 500

OTHOLLEHNE aHTUMNPOTOHOB K MPOTOHAM OT/IMYAETCS OT aCTPOMU3NYECKNX
Pac4yeToB 1 He MOXET 6blTb 06bSCHEHO U3TyYEHMEM OT MYybCAPOB.
I3mMepeHns MOXKHO 0OBbSICHUTb HaIMYMEM TEMHOW MaTeEpPUN.



0.3

0.2

0.1

Positron fraction ¢p(e”) / (o(e*) + d(e’) )

0.02

0.01

AMS 2: positron fraction
+_|_ e - )

et /(e

Before AMS2

——
B
el

;@LJ% i

L] PAMELA

PAMELA lower limit 90% CL
AMS-02

Fermi

Aesop

HEATOO

AMS-01

CAPRICE®4

HEAT94+95

TS93

4
X
*
0
w
v
A
*
1

10

10°

Energy (GeV)

OTHOCUTENbHbIN BKJ/1aA NMO3UTPOHOB TaK >X& XOpoLwoO corjlacyeTcd ¢ MOAEJIbHbIMU
paCy€TaMM, yKa3biBalOLLMMN Ha HaAJIM4nNeE TEMHOW MaTEPUN
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AMS 2: positron fraction
et /(e "+ e ")

Physics Result 3: The origin of the Positron Fraction

- AMS 2024 Pulsars

—
<
-

Positron Fraction

=)
n

e 10
By 2024, AMS will distinguish
Dark Matter from Pulsars

CyLuecTByloLMe OTKIOHEHNS MOXHO O0OBbACHUTbL BK1AA0OM U3y4YeHUs OT MyJ/ibCapos,
HO 3KCMepMMEHTAsIbHO 3TO MOXXHO NPOBEPUTL TONLKO K 2024 roay.
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[1aHHble aKcnepmMeHTa AMS2 He
MCKIOYAIOT CyLLIECTBOBAHME TEMHOWN
MaTepun HO ANl OKOHYATENIbHOro
NOATBEPXXAEHMNS ee CYLLEeCTBOBAHMA
HeobXxoanMbl AOMNOSTHUTENbHbIE AAHHbIE,
KoTopble 6yayT nonydeHbl K 2024 roay

29



DKCNepPUMEHTbI No noncky DM

KoceeHHbili nouck: aHHuaunaayua WIMP
IkcrniepumeHmeol: PAMELLA, AMS ...

[Tpsimol nouck: X +xy — e, 5, Y, ..
B3zaumodeucmeue [ —
WIMP ¢ a0pamu L
(ynpyaoe u Heyrpyaoe, = X p.p.e ,e Yy
usy4yeHue e3aumooeu- +
cmeusi Yacmuty, memHou N
Mamepuu ¢ 311eKmpo-
Hamu u sdpamu amomos ) T
OkcnepumeHmsi: DAMA, | =
COGENT/LIBRAOS, + - - 4
XENON,LUX & £ p.p.¢ .e 7

——

Lt FYEPEP

[loucK Ha ycKopumensx:
LHC: ATLAS, CMS,
Tevatron: CDF, DO 30



[IDSMBbIE SKCIIEPUMEHTTHI 10
rioncKky "Témepu matepmmn”

CDMS, CRESST, CoGeNT, EDELWEISS ... Cryogenic crystal detectors
DEAP, DarkSide, WARP, ZEPLIN, XENON, LUX ... Noble gas scintillators
DM-ICE, IceCube, DAMA/LIBRA ... Crystal scintillators

PICASSO, SIMPLE ... Bubble chambers

31



Underground laboratories

e

LN
/Y/ \SNOLAB Kamioka
HomestakelSURF% DEAP/CLEAN XMASS
LUX J PICASSO NEWAGE
N COUPP N fYangYang\ '
\ L kms .~ Ik
Boulby ' :
DRIFT
\‘Wt (ZEPLIN) D% 1° '
: : Soudan (NalAD) LNGS
wu:} Y:;;SuperCDMS / LSM XENON 7" Oto
DMTPC aﬁCoGeNT Canfranc EDELWEISS DAMA/lera\ PICOLON
"x MIMAC CRESST NG /%

oY,

DarkSide
. k\ S . JINPING qﬁ ™
Depth, m.w.e.; 4160 Depth, m.w. Panda‘x i >

. e S CDEX U\
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;' J) 4 SNOLAB 9 Boulby \i\"/
-
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) _5“":“" 4700 10 Kamioka
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' DM-lce
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[lpamoe demekmuposaHue

WIMP B3aMMoaencTBytoT C SApaMn MULLIEHW B MPOLECCE

YAPYroro 1 HEynpyroro paccesieHns B AETEKTOPAX

B detector

= scalar interactions (WIMPs couples to nuclear mass; from the scalar and vector part of L)

ms,

_ N . [pr + (A — Z)fn ]_ fp.n = effective couplings to p, n
47[(??1)( + mN)_

O-S]

= spin-spin interactions (WIMPs couples to nuclear spin Jn, from the axial part of L)

<S|J.n ) = expectation
_ 2.2 values of the spin content
32 ., mymy  J,+1

v
: . \)~ ofth in the target
O-SD = GI_: 2 (ap (*Sp> + au (‘Sn >) ﬁucI:u% e
T (m, +my)" Jy

apn = effective couplings to p, n
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Direct detection experiments

CRESST I
PICASSO CUORE

COUPP , |
SIMPLE 'PHONONS
(Superheated liquids)

uperheate L / f \\\
.,

coms S CRESST
EDELWEISS /77 WN{)SEBUD

: - gl
v o = L e, 1
a - L]
r . - s, | .
i I r i , % 5
] L L] 1l
, Lol ) o ™,
13 5 i i i
lf it : (4
€ i ¥
h o 1
.| |
. ..-' L] ¢
- 25 " I
Y - 4

CUGeNT / / *r_:'._x ":;'
CDEX

, “ ’ 1 KIMS
Texono CHARGE | LIGHT KIMS

DRIFT DMTPC 7§EE%N thi’[inxda}( XMASS
MIMAC NEWAGE DarkSide ArDM DEAP/CLEAN

(Directional)
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[lpamoe demekmuposaHue

June
WIMP Wind V“ S —
—_—)

December
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DAMA/LIBRA

25 Nal necuposannvix manauem Kkpucmannog 5xX5 cm

Jlamuuku pasmeuienvt 6Hympu 2epmemuuHo20 MeoHoll
KOpooOKe npo0dysaemoil azomom 8blCOKOU YUCHONbl

1 m concrete

lowe-box in HP Jltl"ﬂlﬂﬂﬂ atmos phere
or calibrating in the same running

011 YMEHbUICHUS eCIECMBEHH020 (hOHA KOPOOKa meou iy L e M T
OKPYHCEHA HU3ZKOPOHOB0I MHO2OMOHHOU 3aUUMOUL, U "2 cap
00NOJIHUMENbHO, OKpYHceHa, 1 m 6emona,
uzzcomoenennvle uz mamepuaia nopoowt I pan-Cacco. P

ere™

*.E‘!l—r“'n"g"’

2
U3yuaomcs 63aumMo0eiucmeus Yacmuy memHou 5% U
Mamepuu ¢ INEKMPOHAMU UL AMOMHBIMU AOPAMU. 5@
EB
L
Bcneocmeue opoumanvnozo u cymounozo 0guiicenus S eonep,,

oemeKkmopa emecme ¢ 3emiéil memn cuéma 0emexKmopa
O0yoem ucnwvimviéams 200UYHbIE U CYMOYHDIE 6APUAUUU.

1 m concrete

Simplified schema of ~ 100 kg Nal{Tl) set-up

Maxcumanvuotit memn cuéma oxcuoaemcs, K020a
npoexuus opoumanbHou CKOpoCcmu 3emMau Ha CKOPOCHb
osuixcenusn Connya omunocumenvno yenmpa I anaxkmuku
(u 6umnog) maxkcumaivHa.
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DAMA/LIBRA

2-6 keV

~ =  DAMA/Nal-100kg ——> | | <—— DAMALIBRA=250kg —

0.08 B | i | i ! 1 | i | | i I i I i I
é’i 5 1 ; 1 ; (0 ’9 ﬁDllX\l) 1 : | ; 1 : 1 (0 8?7 t{I'Il.lX‘\l) 1 ; 1 i 1
Sooos oL UL
=< 0.04 F % N PR O 1{[ : L ﬁ P ! A A
S o002 B 1 Lo lILL LT ,1%\ Coo : T4 b
S ei/r“\\s_,ﬁ\}ulle S A A gl | g G
z oo G | IR RS T O R Y N
oo BT L TP T
F 006 B o | | | | | | | | |
008 F | Lo T i i | i I I I I i
m _01 :‘: I: | : |i : :I : Ii :l iI: Ii :I il: !: :I i I: il :Ii I: iI :li I:

1000 2000 3000 4000 5000

Time (day)

[loka3aHa TOSIbKO NepeMeHHas YaCTb CUrHana, OCTaBLUAsACa Nocne BblueTa
MOCTOSAHHOrO poHa. CnMOLWHON NIMHMEN MOKa3aHa CMHyconaanbHas yHKLMS
C NepnoaoM poBHO 1 rog 1 MakCMMyMamu, NPUXOAALLNUMUCA HA 2 UOHS
Bapuauumn CKOpOCTH cyeTa Ha YpoBHe 9.3c
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CoGent

CoGeNT experiment (COHERENT GERMANIUM NEUTRINO TECHNOLOGY) uses
p-type point-contact (PPC) germanium detectors.

The CoGeNT Experiment uses
a single, 440-gram, high-purity
germanium crystal cooled to

i = l\a _ Aluminum Shell liquid nitrogen temperatures

Lead acon/ el sin) in its measurements.

<0.02Bq =m == > | '

Clean = n ’ : “ 5 = & ; A —r— - Th CoGeNT d h

e — S ey - = P T e CoGe etector has an
Stock | i ‘ advantage of an very low

Lead | e | energy threshold (~0.5 keV)
Bosch— z \l\]s | a3 g which allows it to search for

Table “ | O 17 nuclear recoil events due to

Frame '-=|| I“““I“III“:adnll s S0 T dark matter particles of relatively

low mass (> 5 GeV/c?).

Vibration damping mat

Bt shoun) Liquid Nitrogen Soudan Underground Laboratt
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CoGent

]0) - D e T B e e S S E et
0.5-2.0 keVee BULK
0 L
;} L 4
- 60] i
o )
(A - J
= .
n i J
— ! 4
o | ) r =
2 204 .
O : :
0 [ & ¢ fgre e Ot s .wA L% 2ot o * £y = e & g ﬁ
0 200 400 600 800 1000 1200

days since December 3, 2009

KonunyectBo cobbitnin B AaHHbIX CoGeNT, oTBeyatowmnx sHeprosbiaeneHnto 0,5-2 k3B B obbeme
aetekTopa. lMokasaHa cTaTUCTUKa 3a BCE BpeMsl paboTbl C MOMEHTA 3arycka 3KCrnepMMeHTa B
nekabpe 2009 roga. Cepasti nonoca — BbIHY>KAEHHbIM NPOCTON 3KCNEPUMEHTa M3-3a NoXapa B
lwaxTte. B AaHHbIX NPOCNeXMBaeTCa Ce30HHasA MOAYNALMA C NepnoaoM OKOSI0 O4HOro roaa,
MOKa3aHHas BOIHUCTOM JIMHUE. BepTukKanbHble CTPEesIKM OTMEYAIOT MOMEHTbI
MAaKCUMMYMOB CTaTUCTUKN B 3kcnepumeHTe DAMA/Libra. (Ce3oHHas moaynsauus
o6bHapyxeHHas CoGent paBHa 2.20)
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[lpsmoe demeKkmuposaHue: pe3yribmamal

SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Thresheld
XENON 10 S2 (2013)
1 0-39 ; = 4 CDMS-II Ge Low Thresheld (2011) . : 1 0_3

|\ \\\ ‘,\ i ».\\ CoGeNT
g g o (2012 y
o=t ER \\\\ N g )CDMS i ~ 110~
\9: N | \\\ (2013) // / 2
& 1074} CE ) gwmEe® 2107 =
. B N ep 28 =
Q Vi ) \ cQ 00\ 2 =
—_— —-42 o ‘ N-\\\ 26
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S Sy Wi T A\ 0 =
= 43| \“?CC \\ \‘ -_' “ \Q‘\ CDN\ S soudaf\- 7 05
o 10 4, RN COM 10 o
o ISs Al BR. 0elo==012) | ?
o [ \'*--A-IQ N IR S Sk =200 e50.-" )
2 04N B AR I e I
8 10 .7 N % ) 4__‘_—,.’"’\5”( /. 10 e
5 Be \ O R il i st 0259;05/'4: o
o 10_45 _Neutnnos o8 . ~\..\\:_ oA _.,939’/ | 10_9 -
o Neutrinos .\ S« \ s e e ot ; 8
2z RS e S e 5
S 1074} Sl e MR oark?;e 110-10 8
AR o & =
|c \\\ “n.'__'::;._q ____________________________ ’i/’ QL
% 10-47 I (Green ovals) Asymmetric DM \\ _‘_,f"— ’ ’ 10'” z
(Violet oval) Magnetic DM B TSR, S / =
—48 | (Blue oval) Extra dimensions ; -12
; 107 (Red circle) SUSY MSSM \ /DS NaNe““‘“os 110 =
A MSSM: Pure Higgsino ’\’\'\;ﬁ and
10749} @ mssMm: A funnel Wy o= AtmosP 110-13
@ MSSM: Bino-stop coannihilation
10_50 # MSSM: Bino-squark coannihilation

. A -14
i 10 100 1000 T
WIMP Mass [GeV/c?]

Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of ® B solar neutrinos, atmospheric neutrinos and diffuse supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.



[0AMYHbIE MOAYNALUMKN, NOSTYYEHHbIE B
skcnepuMeHTe DAMA/LIBRA (1 noaTBep>XaeHHbIe
akcnepmMeHToM CoGent Ha ManeHbKoW
CTaTUCTUKE) MOIYT CBUAETENbCTBOBATbL O
B3ammogencteum WIMP ¢ yactmuamm CM HO ans
OKOHYaTebHbIX BbIBOAOB HEOH6XO0AMMO
NOATBEPXAEHNE 3TUX Pe3yNbTaToB APYrnMM
3KCNEepUMEHTaMuU
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DKCNepPUMEHTbI No noncky DM

KoceeHHbili nouck: aHHuaunaayua WIMP

[psimou nouck:
B3aumodeticmeue
WIMP ¢ sdpamu
(yripy2oe u Heyripyzoe,
usy4yeHue g3aumodeu-
cmeusi Yacmuty, memHou
Mamepuu ¢C 371eKmpo-
Hamu u sdpamu amomos )
3AkcnepumeHmsl: DAMA,
COGENT/LIBRAOS,
XENON,LUX

=
_|_
R

IkcrniepumeHmeol: PAMELLA, AMS ...

Y+xy—ehLpvy,..

FYF Y P FP

[loucK Ha ycKopumensx:
LHC: ATLAS, CMS,
Tevatron: CDF, DO

— - 4+
pP-pP-€ € .Y
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IKCrIepuMEHTbI MOUCKY "TEMEDU
marepumn” Ha Kosi/iangepax

ATLAS, CMS, DO, CDF

S

=

2

[}

12

<

\ ]

= . s
°

\ @

< | o
E

3

o
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DM: nouck Ha Konnauoepax. Mono-X

Q|
x|

invisible — visible

> DM particles are not detected
> Imbalance of transverse momentum "missing
energy” MET+X: X =y, Z W jet...

» Background -> MC and/or data driven
AN > MC signal simulation
MET > Setting limits for cross section (comparison
v A —— with the Direct measurements) and for
the beam direction mediator and DM particle masses
X ’ A. Korn, DM@LHC
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DM: nnouck Ha Kosinauoepax

> Mono-X . pp — E™Mss - + X,

where X =jet, y, W/Z (— lep/jets), —
t/b or H

» Associative production (EM™ss + + X),

three searches: hadronic, semi-leptonic —
and di-leptonic decays of the t/b quarks

> Search for dark mediator (djjet resonance) —>

weM OTKNOHEHMS OT NpeACKa3aHun CTaHaapTHOM Moaenwu!
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DM: nouck Ha Kosnaudepax Mono-X

Mono-jet: ”\;{L/ﬁ >@<

simplified model

Mono-photon
o < §w< Pt
Mono-W (leptonic/hadronic) - J J V(

Mono-Z ( /epton/c/hadron/c)

e el 2



Events/10 GeV

Data/Pred.

m, [GeV]

ATLAS &CMS results for mono-Z, Run |l
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ATLAS Results for associative
production Run Il

> Select events with b-jets plus EM™*

> Simplified models with scalar and pseudo scalar
mediator used for analysis

> Background dominated by top pairs

» Hadronic, semi-leptonic and di-leptonic decay
under study

» Limits obtained for DM and mediator masses

Fully hadronic Semi-leptonic
(O leptons) (11lepton + jets)
250" e DM+t scalar mediator, g =9,=9
3 F = Observed imit, g-35 {5=13TeV, 133 1" - % 200-ATLAS Prefiminary o
&2‘_ 555 Expected limit, g=3.5 (£1 0,,,) A ) 180' fs=13TeV, 132" 5
£ 200 ot F i E
. ~  ATLAS Preliminary ;» g 160?.... 2::3::.:,:‘:(11%“) _§:
[ s 140} Contours for g=3.5
L E 120-
E
[ 100
100:* soi
t = GO
501 40%
7 " 20
EA e '5%'3”'3%5“&56“&%6“‘500 (00T AR WO DOUE TURRNTUUR o AN cc L
mio) [GeV] 0 50 100150200 250 300 350400450 500

m, [GeV]

ATLAS-CONF-2016-077 ATLAS-CONF-2016-050

m(x) [GeV]

g £(b)
% <
-
X
8 t(D)
Fully leptonic

(2 leptons + jets)

1 + $ production, ¢ — x X
T -

300 - —~ 1 ‘ i
- Sas Expected imt, g = 35 (+10,,) . Ts
E of
250 — w—Observed limit. g = 3.5 Scalar Mediator K
F o
F - 8 b
- ATLAS Prelimina ry 186
200 b [
: 1E
-t

P TP WS IR L S I . [ Loy
50 100 150 200 250 300 350 400 450 500
m(¢) [GeV]

ATLAS-CONF-2016-076

Associate production of bottom quarks also studied in ATLAS-CONF-2016-086
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ATLAS Results for dijets analysis
Run Il

Look for dark mediator decaying into quarks
— dijet resonanses
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DM Mass [TeV]

ATLAS & CMS results summary for the
2015-2016 (partly)

DM Simplified Model Exclusions ATLAS Preliminary August2016 CMS Preliminary Dark Matter Summary /CHEP 2016
1 2 E Axual vector n edlator Dlrac DM 3 %, 1200 o
2r ' g,=025,g, =1| 9 i
\ LY NP = —
| g,‘,\* L A é:’ B Axial-vector mediator, Dirac DM
1:- | 3"&\\(-‘// ‘ 1000 fr 9, = 0.25, gﬁm =
L % 3 5 S ,(\-\j’ A -
- s g ' - 3 -
0.8 35 8% P 2 800 1+
L o5 0% o = - Observed exclusion 95% CL
0.6 B <«® > 5 o N T E’Eﬁx ﬂffffér;
I sl 5 I~ Boosted dyet
% b =" [Ex0-16-030)
r= _ b 40 fh DM +JV_
g F 3 [ [EXO-16-037]
oy - § 200 ui s })E';c;fvsam
=3 - r‘%
0%z | 4 DM+2Z,
L [EXO-16-038)
i g 9. - _g- Qg g -9 W] g g 0‘(!; lllllllllllllllll 1111111111111111111
1.5 2 25 0 500 1000 1500 2000 2500 3000 3500 4000 4500
Mediator Mass [TeV] Myeq [GEV]

Regions in a dark matter mass—mediator mass plane excluded at 95% CL by a selection of
dark matter searches, for one possible interaction between the Standard Model and

dark matter with axial-vector mediator described in arXiv:1507.00966 (ALTAS). A dotted curve
indicates the kinematic threshold where the mediator can decay on-shell into dark matter.
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Comparison with Direct & Indirect
Detection Constraints
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Phys. Rev. D 94, 032005 (2016)
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[lonoXXuTtesnbHble pe3ynbTaTbl, NO/y4YeHHbIE B
skcnepuMeHTax AMS2, DAMA/LIBRA, CoGent
TpebyloT AOMONHUTENbHbIX MOATBEPXKEHNM

NMonckn TeMHOU MaTepumn
npoao/mxKaroTcal
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Astrophysical point sources like pulsars will imprint
a higher level of anisotropy on the arrival directions of
energetic positrons than a smooth dark matter halo.

Physics Result 4: Measurement of anisotropy
o -l:{l_

Significance

' 0.03 . : . : Galac_lic, .
E - The anisotropy in galactic coordinates coordinates (b,l)
+ , W 1]
o 0 d\_/ﬁ fAm The fluctuations of the
o B C, is the dipole moment . . e
g positron ratio e*/e” are
g' Current value isotropic
£ 0.02- 16 < E [GeV] < 350.
n l
a
: =
<
o ‘
- Pulsars
=~ 0.01} - T T e P T C TP EEP T E PP T e P TP T EUPTPPPP PP PP EUPEPR PO RERERRE
AT N Isotropy
Pulsar Model bosed on D. Hooper, P. Blosi & P. [ Serpico, JCAP 0901 (2009); K. lota, PTP 123-4 {2010) 743

0.00 [ 1 1 1 1 1 1 1 [
) 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Data taking to 2024 will allow to explore anisotropies of 1%
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WIMP-nucleon cross section [cm®]

ATLAS results from Run |
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[lpsmoe demeKkmuposaHue: pe3yribmamal

'39 T T T T Ll
10728 ! ! !
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O6nacti NnapaMeTpoB MacChbl U CEYEHNSI B3aMMOAENCTBUS YacTULL TEMHOW MaTepuu,

Ha KOTOpble YKa3blBalOT YETbIpe 3KCrNepuMeHTa C NOSIOXUTENbHLIMU pe3yfibTaTaMu.

B pamMkax onpeaeneHHbiX MoAenen pacrnpeaeneHms Yactul, TEMHOM MaTepumn Tpum
pe3ynbTaTa YAaeTcs cornacoBaTb Apyr € ApyroM. Ho, 3T 3HauyeHus nonagatot B 061acTb,
3aKkpbITyto akcrnepuMmeHTtamn XENON100 mn LUX.



®oHoBbIe NpoLiecchbl: Mono-Z

ZZ (MC based)
WZ (MC based)

KaHall

WW (data driven: ez control region)
Z+]ets (data driven: ABCD method)

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

tt-bar (data driven, ez control region)

SM higgs (MC based)

IIpasunvubli yuem gonosvix npoyeccos

A67151emcs OYHOAMEHMOM OAHHO20

anaauza !

c (nb)

proton - (anti)proton cross sections

4 10°

10° ¢
]
10° o, . T
107 | Tevatron  LHC:
10° [ E 1
h: ]
o, : :
10° 5 A
10° L ! : /
10? d OB > Vs/20)
10' S,
o f . K: d
10° £y (E* 100 GeV) ! ><
10" | ; /)
10° : /
10° q:" s
. ~
-4 GR ' :
10 3 CgaH : :
105 [ M =125 Ge‘u’{ﬁw“ ' :
10° [ e
107 -
0.1 1 10
Vs (TeV)
57

— 10°
4 10°
410
4 10°
4 10°
4 10°
4 10°
4 10°
4 10’
4 10"
4 107
4 107
4 10?

4 10*

4 10°

— T,

10%em%s’

events / sec for «



CRESST

Cryogenic Rare Events Search with Superconducting Thermometer (Gran Sasso)
Elastic scattering of DM with nuclei of CaWO4 crystals.

thermometer coupling to

heat sink

(x CRESST Il - Detectors target crystal

simultaneous Light and
\ Phonon
Thermometer

incident
particle

I (WIMP)

3

LiE:ht Detector
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. Ch5/6
o 1
g
o
20.5- s
o low mass (n, low mass WIMPs, ..) i ) s
2 ' Sohas 67 events in nuclear recoil £ _
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S 00 o P
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bapuoHHas acummempus BecerneHHou

N3HayanbHble ycrnoBus paclumpeHns BeceneHHom yxxe Oblniv HECUMMETPUYHBLIMM,

BSM: B HEKOTOPbIX peakunsax BO3MOXHO bornee cunbHoe HapyleHne CP-MHBapMaHTHOCTU MO CPaBHEHMIO C
eé€ HapyweHnem B CtaHgapTHon mogenu. B aTnux Teopusix npegnonaraercsi, YTo M3HavarnbHO KOSIMYECTBO
GapMoHHOM N aHTUBGaAPUOHHOW MaTepumn BbINIO0 OAMHAKOBO.

MaKpOCKOMNM4YecKoe pasaeneHne obnacrten nokanmsaumm BelecTsa 1 aHTUBELLEeCTBa
(4TO NpeacTaBnseTCs MarloBEPOSITHbIM),

NOrnoLleHe aHTUBELLLECTBA YEPHLIMU AblpaMn, CMOCOOHBbIMU OTAENUTL Ero OT BELLECTBa Npu YCrnoBum
HapyLueHnsi CP-MHBapMaHTHOCTMW.

B 2010 rogy 6bina BblgBUHYTa runoTtesa, Yto 6apruoHHas aCMMMETPUS CBA3aHa C Hannyinem TEMHOWN
matepun. CornacHo caenaHHOMY NPeanonoXEHUI0 HOCUTENEM OTpULaTenbHOro 6apmMoHHOro

3apsga aBnAgalTCs YacTuubl TEMHOW MaTepuun, He OOCTYNHbIE A4S HENOCPEACTBEHHOIo HabnoaeHNs B
3eMHbIX 3KCNEPUMEHTAaX, HO MPOSABMSALIMECSH Yepe3 rpaBUTaLMOHHOE B3aMMOAENCTBME Ha
MacLwiTabax ranakTuk
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CMS results for mono-jet, 13 TeV, 2.3 fb-!
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CMS results for mono-jet, 13 TeV, 2.3 fb
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CMS results for mono-Z, 13 TeV, 2.3 fb!
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Figure 7: Observed 90% CL limits on the DM-nucleon scattering cross sections in both spin-
independent (left) and spin-dependent (right) cases, assuming a mediator-quark coupling con-
stant gq = 0.25 and mediator-DM coupling constant ¢, = 1. The line shading indicates the
excluded region. Limits from the LUX [75], CDMSLite [76], PandaX-II [77], and CRESST-II [78]
experiments are shown for the spin-independent case. Limits from the Super-Kamiokande [79],
PICO-2L [80], PICO-60 [81], and IceCube [82] experiments are shown for the spin-dependent
case.
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PocT konnyecTtBa cobbITU B
06/1acT ManbiX 3HEPrMK B AAHHbIX
CoGeNT. fucrorpamma —
HakonseHHble K 2011 roay AaHHble,
KpuBble B obnactn 1-1,5 kaB —
BK1aAbl paANOaKTUBHbBIX M30TOMOB.

Pe3ynbTaT BblYETA 3TUX (POHOBBIX
BK/1Q0B U3 AaHHbIX, pa3Hble KDMBbIE
Ha 3TOM BCTaBKE OTBEYAlOT rmnoTe3am
0 YacTMuax TEMHOW MaTepun
pa3/IMYHON Macchbl C Maccon 7-8 3B.
arXiv:1106.0650



VIicmoYyHUKU gbu3uyecko20 hoHa

MoHTe-Kapno oLeHKa Bkaaa OHOBbIX
MpOLIeCCOB MOC/E BCEX OTOOPOB

ZZ—Hlvv . ocHOBHOM (DOHOBBIH TpoIlIece,
PEKEKTUPOBATH HEBO3MOXKHO.
OueHuBaeTcs ¢ NOMOILBIO MOHTE-KapJIO. owers.

— |

Wijats —

WZ (6 ocnosnom W(zv)Z(ee,pt)): BTopoii
1o Bkiaxy ¢GoHoBbIN nporecc. Dopma
pacnpeesneHnii 0epeTcsi U3 MOHTE-KapJio.
HopMupoBka o1ieHUBaeTCs ¢ TOMOIIBIO 3X
JIEITOHHOW KOHTPOJIbHOM 00JIACTH.

Z+jets: mist oueHKU (hOHA UCIIONB3YETCS e
ABCD wmeton, hbopma pacripeeneHus

OepeTcs U3 MOHTE-KapJIo.

TOP,Z— 77, WW: o1ieHuBa€eTCs ¢ MOMOILKIO =

€L-KOHTPOJIBHOI 001aCTH, HOPMHUPOBKA Sy Mooz Wz W Too/w/ziauay  [zsjers WMsjers
oepeTcst U3 MOHTE-KapJio.

W+jets: fake-factor meton Signal Region (SR). “curHasibHas 06sacre”
tt\V/tribosos: BKIax MaTeHbKHA, I 00/1aCTb, 14€ BK/1a CUrHa/IbHbIX COObITUM
OLIEHKH HCIONb3YIOTCS TEOPETHUECKUE U e

Control Region (CR). "KOHTPO/IbHAS
06s1acTe” 06/14CTB, A€ AOMUHUPYET
UCCrIeqyembivi QOH. 6767

PaCUETHL.




EFT Operators

Name| Operator |[Coeflicient

D1 X7 mq /M
D2 Xv'xqq | img/M;
D3 |  xx@v’q | img/M?
D4 | xX¥’x@v°q | mg/M:
D5 [ xvxqwa | 1/M?
D6 | Xvv°xqwug | 1/M:
D7 | X¥*Xxqw’q | 1/M:
D8 |xv*v"xqv’g| 1/M:
D9 | xo"'xqowq | 1/M:
D10 |Xouw Y’ XxGoasq| i/M?
D11 | ¥xCGuG*™ | ag/4M?
D12 | yv°’xGuwG* | ias/aM3
D13 | ¥xGuG* | ia,/aM?
D14 )fﬁr-f’)gcm;@'”” g /AM 2

D1 — cxansap (cnun He3asucumbiii)
DS —sexmop (cnun Hezasucumbiii)
D9 —menzop (cnuw 3asucumotii)
D8 — axcuan (cnun 3asucumotii)

D11 — ckansap (cnuu He3a8uUCUMbILL)



[loucku HosoU U3UKU 8 KaHarle
Z (o By tmiss

Ioucku oononnumenvHbix SERERER

msorcenvix bozonos Xueaca.
H' —Z7—tvv

lloucku Xueeca Cmanoapmmoti

Mmooenu 8 pacnaoe:
/H, Z—U, H—inv

g

l=e, 1, T

l=v, Vv, V.

N

Tlouck wacmuy memnou mamepuu
(WIMP) npu uznyuenuu Z 6 nauanvhom

cocmosanuu (I1SR) u pacnaoe Z—
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Ombéop obbekmos

@GCU’OHS:

\
Likelithood medium
p; leading > 30 GeV
p-subleading> 20 GeV|
| n | calo cluster <2.47
Object Quality cuts
|A(zp)*sin(0)| < 0.5 mm
|d,Significance| < 5
&oose isolation WP j

A/Iuons: \

Likelihood medium
Inl<25

P+ leading > 30 GeV
P+ subleading> 20 Ge\
Object Quality cuts
|A(z0)*sin(0)| < 0.5 mm

Gets:

Inl| <45
JVT < 0.59 (for

Jets cleaning

|d,Significance| < 3

u_oose isolation WP /

&

AntiKt4EMTopo jets
p+ leading > 20 GeV

pr<60GeV, [n|<2.4)

~

>

Possible overlaps among the various objects are resolved
followed recommendations from the harmonisation group

MET: track based soft term (TST)
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Ombop cobbimuu

Event Selection

_____cut | HighMass | Low-Mass

Di-Lepton Exactly one ee or pyu pair with opposite charge
Lepton pT (leading, sub-leading) > (30, 20)GeV
Di-Lepton Mass 76 GeV ~ 106GeV — Within Z mass range
MET > 120GeV > 90GeV — Remove Z+jets events
AR()) <18 — For boosted Z
. — Back-to-back
Ap(Z, _Etfmss) >2.7 (pT balance)
|Pr(Z)- Pymissiet|/P(Z) <0.2 Specific cuts to
Ap(Jet E/™ss) > 0.4 wilet_pT>100GeV > 0.7 w/ Jet_pT>25GeV further remove
ZpT/mT <07 <09 Z+jets events
B-Jet Veto No B jets (P> 20 GeV, |n| < 2.5, 85% working point) — Suppress Top

bkg

12
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lpedenki Ha ceveHuss DM (Run )
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(b) Limits on the ZZyy EFTs.
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CpaeHeHue ¢ OaHHbIMU Opyaux
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Figure 48: Spin dependent limits. Figure 49: Spin independent limits.
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OcHoeHblIe pe3ynbmamas! Run |
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tering cross section as a function of m for the spin-
dependent D9 effective operators mediating the inte-
raction of the dark-matter particles with the qq initial
state.

M., of considered effective field theories as a function
of m, . For each operator, the values below the
corresponding line are excluded.

(e B pe3ynbTaTe aHanm3a AaHHbIX OTK/IOHEHUM OT NpeAcka3aHn CTaHAAPTHOW 0
MoAenn He obHapy>keHo.

e YCTaHOBMEHbI Npeaenbl Ha MacCbl MeaMaTopa Kak yHKLMS YacTULbl TEMHOW

. Marepuu (c ncnons3zosaHueM EFT) ans onepatopos EFT: D1, D5, DO9. )5




Cross sections: example for D1’

, M2
dor = —| 1dg .
4(p1 - m2)
M - AMIJINTY/AA MNMPOLIECCA d®; - 3x yacmuuyHelli paszoesili o6vem

P; P, —VMNYAbCbl HAYANbHbIX YacTUL, P; P, _ UMMY/IbCbl HAYaNbHbIX
yactuy, “remHon matepmn”, k —mnmnynbc CTpym.

- T H.‘IE -
g, -_IJ'_“"T:.-.: 14 (1— 2
d*a ey Tyras 1 |7 - TiTos AL
dprdy |y Wwr? AY pr VI—T
_ pririe™ " + rae”)
flpr.m.T1,T9) =
TiTa/s

X1, X, YaCTb MMMYNbCa MPOTOHA, KOTOPYIO HECET NAPTOH (Xg;)
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Cross sections: relations

D1 & D3, D2 & D4, D5« DT, D6+ D8, D9 « D10,

dé d24 dé d2a d24 d2a
dprdn|py  dprdn|py dprdn|pg  dprdn|pg. dprdn|pg  dprdn|pg
'3-’ E""" E " ‘3.-
d=a R d=a _dg
dprdn|p.  dprdn|ps dprdn|pe  dprdn|pi ’

P -
d=a

dprdn

m o2 425
- (Ij‘iq)q d;in-:iﬁ

D, 02,003,004 D1 D2 D3 DA
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