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Annotation

Astrophysicists now know that 80% of the matter in the universe is ‘dark matter', composed of
neutral and weakly interacting elementary particles that are not part of the Standard Model of
particle physics. Its expected that dark matter particles can be produced at the CERN LHC. At
particle colliders, dark-matter particles may be produced in pairs via some unknown intermediate
state. The final-state WIMPs (Weakly Interacting Massive Particle) are not directly detectable,
but their presence can be inferred from the recoil against a visible particle.

A search is presented for dark matter produced in association with a hadronically decaying W or
Z boson using 3.2 fb-! of pp collisions at Vs=13 TeV recorded by the ATLAS detector at the Large
Hadron Collider. Events with a hadronic jet compatible with a W or Z boson and with large
missing transverse momentum are analysed. The data are consistent with the Standard Model
predictions and are interpreted in terms of both an effective field theory and a simplified model
containing dark matter.
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Recherche Nucleaire 0039 CERN-o0, ®53 999mddo 996s0bmbos doOmzweo 33e93900L
9360Md MOY60DoE00L 536M305EH WM, HMIgeoE 1954 fierol 29 bydEgddgMl osMLS.

CERN-0 39905 22 3dmbsfowmg §93600  9399bologob, 8sa®sd  d93bogtgdo  dogero
ABMRE0mLb 009096 Imbsfogrgdsl dol 9JudgMHodgb@gddo.

6.2 LHC - 0o@o sotmbyemo 302¢m30@09M00

OO  SOMBMWOo 30000 M0 [4] M0 AsrGBEoMmL MEOEILO S Y39Wwsby
990360 b5(0e53900L 5358590900 (bob.4), Losa MmMo SBJsMgdero bsfowszgdol bs3oo
IX9bgds  gMmBsbgml. dobo LogMdg 2739-05 ©5 2900 8390350001 s Lag®msbagmols
LoBE3zODBY.
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Lobsd Boffoers3gdol 635000l Fgyz96s dmbgds LHC-ob 2730-056 Gamendo, 956509
obobo sBdo9dM0s 9339 450 293 9690539 4 F9MYd0m F30Mg BmIol 535BJoMgdGdOL
9096. 9909y b535000L 5BJo9gds Bgds Lobsmerols Lobdsndwg, MmLsg gl Imbgds
360GHMbyd0L 65350900 9HmBsbgml gxobgds 9dugdgaodgb@gdol 396&®Mgddo. LHC-bg mmbo
do6omo©o  9Ju3gM0dgbE0s, gugbos: ATLAS, CMS, LHCb o ALICE. s3g5dsc0 LHC-o
360GHMBId0L 65350g0L sxsbgdL 13 BHgg dsboms 39bGHMOL 9bgMyosby, dobo bsomgdss 1034 s3-2

fo-L.

CERN's accelerator complex

CMS

LHC
T North Area

ALICE

e

LHC Large Hadron Collider  SPS Super Proton Synchrotron  PS  Proton Synchrotron

AD Antiproton Decelerator CNGS Cern Neutrinos to Gran Sasso IS¢
LEIR Low Energy lon Ring  LINAC LINear ACcelerator

Bob 4. CERN-0l 535Bg5690e9d0l bidqds.

6.3 55esb 99b39(50896H0

0OM3ME0 3393900l 93MM3Me  MmMHRB0BsE30530, O SPOMBMW  3MWS0EIOHDY
(CERN-do, LHC-%g) 890gdbs s¢eol (ATLAS - A Toroidal LHC ApparatuS) gdudg®odgb@o

oo gbghaogdbg  sbowo  gmbsdgbGHMMo  50dmBgbgdolsmzol.  (bsb.5). ATLAS
©9399FH™60 M36093969bEGH™ Bmdol s LoOMYOLLS.
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""""""""""""" ' AT = ® B hempe D 1T toroid magnet

\ Tile calorimeters
X i LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electfromagnetic calorimeters
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Muon chambers Solenoid magnet | Transition radiation tracker
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6sb. 5 ATLAS ogdgddm®o

ATLAS-0l 565003500 LogMdgdo s®olb 453, bmwm bogsbgdo 253-Bg dg¢o, dobo bLOHo
fmbs osbemgdom 7000 @GHmbos. 030 9900390 ©odm©gbodg J39-0939JB™MOOLIRD (65b.5).
039600 ©9BJBH™O0 ATLAS-0l dos bsfordos, Grradgelsg ol 53638 bemergbmow®o
0536030, 350MOH0dgEHMYO0, 30MMbMMO LolE s, S BHMOMOEIMO doabodo [5].

64 BBomo BsBgBools fisB8emddbs s 50dmBIBs 53l glisg@odnbd by
Bofoas3gdol  3mesog®do  dbgwo  Fo@gmool  bofoeszgdo  Ggodwrgds  Homdmoddbsb
093009050, ®owsg MEbmdo FMomgOO  dyMIsMgMdIOm. LsdmEm®  dEYMIsMgmdOL
0bgero  BsBHgmools bsfoers3zgdol  gB9d@B0Mgds G9gdegdger0s, FogMsd dobo  sMLYdIMBS
d90dgds 5351336000  Ubgs, Folmsb  odsgdmwo  bsfowszgdol  smdmbgboom. dsmo
0963gddbol G0 Jogo0mo dmyzswobos bsb.6-bg.
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09mO00b - VVxx dobgz00 s (b) gods®@H0390wwo dm@gerols dobgozom

OO SEOMBMWO 3M0EIOOL 3MWSdMMS305d BEOZMJIO O™  pp->X BGHo-X + X,
36MHm39L9d0L 339005, BooE X 5MOL b SEOMbMO Fogwo, 56 GmEHMbo, 56 W/Z dmBmbo, 56
30pLob dmbBmbo. dg36 Fgdmbgzgzsdo BL3MYO0 g™ JBIIGHMOO MJMOOOL 35659xEMJOL
[6].

9390mm  256boyemos dbgero do@gmool Bofloszgdol Fo@dmdmds W b Z dmbmbomsb
9605, H™MIgwog 0dwgds sEOMbMws© (q, 6GH0-q) ©s dobo Mg3mbLEHMWJ30s bgds,
GMO3 9OHmo JsLoMo 3930 (oo Msonbol - R-ob dgmby Fogzwo) bmem 3bgwo
3539600l 8sB396999o 30 960L OO Bogmmo gsbogzo 0d3Mlo. 259mygbgdmos
36OMEMB-3OGHM™bMo 653500900L 13 BHg30 oboms (396GHMOL 9bgeR0sBY Tgx sbgdolsls s@esls

©9393GMM0L 096 sMHM30¢0 Jmbs39dgdo.

©OEO M5©oMLOL dJmby Fogwol dos LBEBMWJGHMOOL Fobolinsmgdgwos MmMo bowowy: D2,
6HmIgos 0©gbGHORB0E0MGOL 993990l MmMO  odm3zgmoo  9bgMyool  3mbi39bGHMmoEo0L

Fo3l @ mjer, ®MIY0E F9300L 06350105630 Asbiss.

Bogaemmo a56030 96900 EFF 9s8m0mgmgds, Hmymmg 693mBLEmM0Mgdmmo Fogwgdol,
@wg33HMbgdol s Lbgs 393900l 206030  033Mlgdol  wedygmaomo bodbols djmbg
39d&H™Mgd0L xs30. dobo dbgogbo ooy E}’J‘;f“gbamom(;@g?)o 0BoeMy0Mo, DogMsd

d0m™mbgdol  godm3zwgdom. dgusdg Loowy pr 5oL bogmmo  gobogo  0d3marlo,

60Igeroi 0DmIgds H3960mL 9EHIJBH™OOL BHMY3900L d9339mMmd0m.
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©M30bsbGHMM0 BMbMMHo 3OMmEglos Z-> v 5b@o- v o®Bmddbs 393w 90msb gMmo. dgmeg
RMbMOO 30039LL FoMIMoAgbL Fo3wgd0l Ho®dmgdbs W 96 Z 3cmBmbmsb gdoms, Hmdgaog
93¢ ™Mb 0dgds s Wg3EHMbol 00gbE0BOEMYdS 3960 BYdY, 56 T g3GHMbo 0dwgds
5QOMbMws©. dgbedg 9608369 m3zs60 BMbMMO  3BMEgLos GM3 339630 {iygzowol
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50b0odbogl W 6 Z dmBmbl) 9x39J@Me0 390l mgm®os [7] s 39JGHMO-250503 960
39956303900 8mEgwo [8]. 983GV 390l 1IN0l YOMOIHMIIJEYdOL Lodwogey
boboomgds ool Voo M., bmwm gsdsMEH0390vo dmEYol MOHMD0YOH™JIgEIdoL
bodeogMyg bolosmgds bsIMOZWOm - gsmMgpM,BOOE gsM O gpM 39adBbo bofogmszol
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LogbsEOl o LZMBEBHMMEM BHgyombgddo.

16



= 10f T T T T T = T T T . —— T
T ATLAS —c-—De_Ie::ﬂ.. o [ aras —1—:555_20 3 1
2 G =13 Tev [Lot= 32’ :lf\'-—rjg;:} 2 “TE_E—BTEVl- ot=32f’ |:|".:.r+'eet-|:1 E
® z - AT Singee toa ) E - L = Sirgle tep E
£ 10 = 1T conrel region % b= E F Zilj+jers conurol region  —— % 3
= [ Dibasan k4 Dibosen
L === Unieenainty L M0E =] Uneartzinty —
] e Pre-fit backgrourd E e Pre-1it bagsground 3
F 1 =
e g v E
T -1 __ __
107 107 E
F j B + 3
10¢° = 1 1 1 I 1 I 10% I 1 I 1 1 L —
e 12 T . : . — z 12 — . : B——
= 13E 3 = s Y R
% 1 P T T ey, i ........................... _ﬂ_ﬂ] i # -------------------------------------------------------------- g
o HEZ N N R T S R ] ng N N I E I T BT
o o 400 GO0 2101 1000 200 1400 [= e 11] 400 B00 800 1000 1200 7400
B e m [GEY] BT e ma [GEV]
[a) (b)
= T T T
—a— D bl
@ IPEATAS . Cozes
= fs=13Tev |Lar=32fp” [ WHets
£ _ [ Wejers conwal region g En’ & up
B iy Diba:
= = Ditason
i) == Uneertainty
..... Pre-iit Dacxgrautd
10
i

Data’Bky

{c)

Bob. 8. Episs.

Errem [GEV]

b 2965H0gds Bo3mb@®mmem Mgy0mbols Imgzwgbgdolsmazols s dligogligdols

8mbs(39990bg BoE0Mgd0l 9909y FBMM® BMBEYGMO 3MIMmELYd0L 303m0)BOLLL. (a) tt

Uo3MmbGHOMEM M9a00b0; (b) Z+F593wgdo LogzmbEMmMEm MHgaombo (c) W+IFogwgdo

Bo3mbEMMem H9ga0mbo. Bo@sdg 65Hobolifo®dgdy39wgdo yzgws BmbrMo 3Mmgbgdols

9O0MOoMdS (LHVIEO0 BMbBO) 453MbEBYIE0s 9390w BsBOm. MOMMIMWOo JM5030L

9390 6583969005 dmbs(399900L BsMIEMBS LEOWIE BMbME BoEOMYd5Y.

17



N L L B By o e
—— Ddld 2013
AtLas - T E:‘}EHFEZ: vector mocel

n = = W =35 dp = 8y, m__ = Bl
1 15 =13 Tew |Ldi=3.2 10 Tl e

signal region ] WiHets

Events / Ge\

== Zinge 1op

 —

] Ditasaon

=] Uneertainty

..... Pre-it Daskgraund

10%

@

—

i _inra 2

Data/Bky
(=) —

E™E [GEY]
B9b.9. ET=2-15 g565F0omgds Logbowol H930060L 3cmgenbgd0smgols 8s60wdlysgligdols

9mbs39990D9 BoGHOMIOOL 9909 IBMEME BMBMGO 3OMEILYOOL 303MmmgBOLLL. {MIT030L
9398 6563969005 3b5(399900L BIOMIMBdS LEWM RMbMIB. slig3zg 6583969005 25056303900
dmgol 39GHMOwo dBMboL 39@sd@E60L gobsfowrgds. 3o@sdwy
Bo§0obslfo®dgEY39wgdo LMo BMBMMO 3OMEILYO0 Fodmbobmwos §iYyz9@0wo bsboo.
©5dGHM0bY0 ©0535HMmbo 5639690L LEWE 46 HBOZOIP ML BMBYG 3GM(39U9dTo.

LoLEBHYBSBHO0ZNOO0  3EMINEYOJIOL  BoMYEgddo  dmbowmEbywo Logbswol s B™bMMo
36i3gLgdol 35605305 900fgMgds  Ggdxmmgdol  356MsdgBemgdom,  MMIgwog
399mU5DO3M0s 2oLOL 5EdI0MBOL Fobsfowgdol bd000 s Logbswrol s BMbMMO
36391900l 3209305 FoMNZ5eoL0bYdE0.

R0GH0MJds TbMwmE  BMbMOO 3OMmEgLlgdoL  303mmgbolsl (U = 0), O 930P3969dL
UGobIMEGHMWO  INEIXOEIB  FoIBOSL, bsb.8 s 9-Bg 2odMLsbos  Aobsfowrgdgdo
oL s39d0L BoEH0MYOOL F909.

H-b Bgos Be35M0 95% Lo0dgMMdol bsMolbom gsdmomgwrgds g.f. CLs dgomoom [10].
VVxx 989939600 390008 0gm©ool dmgerolsmgol gl Begsmo 35600 Egds, OHmymO3
dsLol Bgogrol, M.-ol, 39Bwm3s (bsb.10(a)). Bob.10(b) 330639693L p-U BO35GL 39dGMOWIO
390593560l mM30L godsMGH0390vE0 IMEgEol msbsbdsc.

18



2

"1|:||:||:|||||||||||||||||||| >-1UE||:|

= C ] :||||||||||||||||||||||||||||||||||||||:—: -
& [ anas — Observed & ggf ATLAS 9, 0%5.0,=1 3 1 &
= 00F [L-aem’ E=13TeV - Expected E £ goof [L=32f7 (E=13Tev 3] E
= C 7 = miss o 3 [
I+] . VWyy EFT 7 E +W/Z: vector model q 4 D
s F [z2o . 600F- 3 i
= 7oof- 3 E E o]
o o T 500 — —J 10 :.;:
E C ] E 4 3
o ool = 4005 471
5 _F E 00 3
500L- 3 200F- 3
anob- 3 100F- =
E 1 L ! R R BN T SEPE N S A P N P T P |
D 200 400 600 a00 1000 200 400 F00 80D 10001200 1400 1600 18002000
m, [GeV] My e [GEV]
(a) (bl

Bob.10. (a) VVXx 989d&60 3900l 009m®ool dmgerobsmgol dsbol Bgseol, M.-ob bw3smo
(b) p-0b BLZ5M0 39JGHMOMWO T EHbOLIMZ0L 45850EH0390I0 IOl MsbsHTs.
0JNMO 569900 F0MNOMYGOL BOZsHDBY, HMIolmzoLsg p=100.

133365

O smfjergmegdol dsbdowbg 393600 M0 4539MS 0ToLOMZ0L MMI F59aMm S SGOL
0690 FoBHgMos. LYLEBHO MONO0JOMNIJO FoboMMo Boflowszgdol (WIMPs) 303momgbsd
3900 bshgobo  Fgddbs  9dL3gMOBBEGHMO  godm33e93900BOM30L.  MsbsdEIO™M3Y
99b3960896@9d0 5335605 2963000560930 5M056 Sbgmo 396EOEsEHOL 50TMLSRBS.

SHWOL  9db3gm0dgb@ds godmozzwos  ¥bgwo  FoGHgMmool  [omdmddbol  Brzmgdo,
30636093 Mws© gobbowrmmo ogm dmgzmgbgdo, G®mdwgddog W 96 Z dmbmbo s®mmbmwso
03905 5 5MLYdMIL OO Bs3Eo 256030 0337LO. 3OMEHMB-3OHMEMbMWO Bs3ogdols
13 G930 dsboms 396@O0L 969600%g Tgxobgdololl sadMmzowo dmbszgdgdol sboscrobols

0565b3o 96 50330603905 F5IBES 1EIbIM G0 FMgol Hobolifo®dgEYy39wgd0sb.

19



2590yg9b90meo EoE MGG

[1] Michael E. Peskin, Dark Matter and Particle Physics, SLAC-PUB-12493.

[2] Felix Kahlhoefer,
Review of LHC Dark Matter Searches, arXiv:1702.02430v2.

[3] Andrea De Simone, Thomas Jacques,
Simplified Models vs. Effective Field Theory Approaches in Dark Matter Searches,
arXiv:1603.08002v2.

[4] Thomas Schorner-Sadenius,
The Large Hadron Collider - Background and History

[5] ATLAS Collaboration,
The ATLAS Experiment at the CERN Large Hadron Collider, JINST 3 (2008) S08003.

[6] ATLAS Collaboration,
Search for dark matter produced in association with a hadronically decaying vector boson in pp
collisions at p s = 13 TeV with the ATLAS detector, arXiv:1608.02372v2.

[7] L. M. Carpenter et al.,
Collider searches for dark matter in events with a Z boson and missing energy,
Phys. Rev. D 87 (2013) 074005, arXiv:1212.3352.

[8] D. Abercrombie et al., Dark Matter Benchmark Models for Early LHC Run-2 Searches: Report
of the ATLAS/CMS Dark Matter Forum, (2015), arXiv:1507.00966.

[9] G. Cowan et al., Asymptotic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71 (2011) 1554, arXiv:1007.1727.

[10] A. L. Read, Presentation of search results: The CL(s) technique, J. Phys. G 28 (2002) 2693—
2704.

20



