Dark Matter
searches at the
LHC

T Je
signatures - an
example

niss

E7' 4 HF
signatures -
connections to

SUSY

more DM
searches: a rich
phenomenology

Run Il roadmap
and prospects

Conclusions and
references

Backup

Status of searches for direct production of
Dark Matter at the Large Hadron Collider

Priscilla Pani (SU)

Priscilla Pani

on behalf of the ATLAS and CMS Collaborations

Stockholm University, Sweden

24 August 2015

nrepr-»

SUSY 2015, Lake Tahoe (CA)

1/27



Dark Matter
searches at the
LHC

example

€_rF\|ss +HF
signatures -
connections to
SUSY

more DM
searches: a rich
phenomenology

Run II roadmap
and prospects

clusions and
ences

Backup

Why Dark Matter (DM) and why at the LHC

* DM existance has compelling

proofs.

* We don't know anything about

it except it interacts
gravitationally and is stable

DM-nucleon cross-section [sz]

CoGeNT, 99%CL * \
CRESST II, 20

CDMS, low mass
I DAMA/LIBRA, 30
—— LUX, 90%CL
Xenon 100
Xenon 1T, proj.
—— ATLAS data, {s=7TeV, 5 fb”, 90%CL
| |

DM mass [GeV]

Il d
1 10 10? 10°

Direct detection scattering

Indirect ion of annihilation me——
SM x
SM x

- >
Production at colliders

Tantalising (but
controversial) hints of
direct and indirect
searches (FERMI,
PAMELA/AMS) point
to a WIMP-DM'.

If this is the case, DM
can be produced at
the LHC.

Tother DM candidates exist and are studied, but for sake of time will not be

included in this talk
Priscilla Pani (SU)
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Theoretical approach to the collider DM searches
Benchmark models and paradigms

Dark Matter 5
searches at the “‘;l:ﬁ:'a:;nbt):homas Jacques
LHC signature
#

&é m J>b overlap with
gww Q production other searches,
Al 5] a (] mechanism e literature,
7/4, ‘&\o %) g implementation

. STRES COMPLETE mediator type
U ~ and characteristics
"5 Q THEORIES (mass, width..) - X
-5- E_-:. (i.e. susy) exchange channel
E \< coupling to SM coupling to DM

e Q
Sl v SIMPLIFIED MODELS
EPISS 4 F SM SM
signatures -
connections to x
SUSY

e EFFECTIVE FIELD THEORIES
searches: a rich SM x
phenomenology

Run Il roadmap O EFT operators

and pros

onclusions and

* EFTs have been the Run | paradigm
* Simplified Models will become the Run Il paradigm
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Effective Field Theories (EFT)

Dark Matter
searches at the
LHC - SM

& s, Leir = E . GxO(x,q) + G O(x, G). x
S o) quarks
S W T
s P one M X

YV 5 o X X

v/ 1
GX _ ( 8a8x ) = ( - parameter O EFT operators
My M. (+ x mass)

example WIMP-DM (x) 1D interaction Operator Gy

miss.
fig;atu':;:f'c Dirac scalar D1 quarks XXqq mq /M
connections to Dirac vector D5 quarks XY*xqv.9 1/M*
LB Dirac axial-vector D8 quarks XYY XGruY’q 1/M?
more)DM - Dirac tensor D9 quarks X" xGouwq 1/M%
Phenomenology Dirac scalar D11 gluons XXGpuw GHY as /AM3,
RL"? Il roadmap complex scalar C1 quarks x xGq mq /M
S PG complex scalar (] gluons xFxG GHY ag/4M2

Each operator O can be classified in a systematic way. Different
signatures have different sensitivity to each operator.

Backup
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Interpretation of EFTs

Dark Matter
searches at the . . .
LHC Results are translated in terms of lower limits on M.,

< @

£ & Jﬂ)on 1/y

awww = M//mit — pgEen < Oth )

7, &S * &
W W Oexcl

(y depends on the operator)

At the LHC energy, EFT assumption (Qyansf << Mpeq) might not
hold. To verify this we need to assume something about the

e underlying physics

SUSY

Different truncation strategies are used:

more DM

searches: a rich

phenomenology

Run Il oadmap * assume simplest interaction structure and correct the cross
1 prospects . .

and prospect section for Only valid events (Qtransf < f(gqu, M*))

ons and
* Evaluate the fraction of valid events Ry, using an effective

references

Backup i
ackuy coupling Quanst < gertM
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Simplified Models

Dark atter * Reduce a complex model to a simple one with DM, a mediator
LHC between the SM and the Dark Sector, one interaction channel
S * Few free parameters: r
Suplpat p - * Mmed, MpDM, gSM, gDM, med
e,% ‘\5 + nature of mediator and DM and their interaction
+ S

diagran by Thomas Jacques
experimental
signature

overlap with
other searches,
literature,
implementation

exalmple production
A mechanism
signatures -
connections to
SUSY

" mediator type
and characteristics
(mass, width..) - X
exchange channel -,

more DM
searches: a rich
phenomenology

coupling to DM

Run Il roadmap .
and prospects coupling to SM

 Simplified models can (also) be systematically classified
e They are always theoretically valid, although is up to the
theorists to re-connect them back to the complete models

Backup
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Dark Matter
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ETY 4 jet
signatures - an
example

Eg_ﬂss T HF
signatures -
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more DM

rich
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Conclusions and
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Experimental approach: ATLAS and CMS

1
=
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ity [
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Experimental approach: signatures

Dark Matter
searches at the
LHC

&, Dark Matter searches all rely on high amount of transverse
& o . , o
2 z momentum imbalance in the detector, indicating the presence of
7 . . .

K28R weakly interacting particles that escape undetected.

DM searches have a very rich phenomenology:

V. Ippolito and B. Gomber's talks

jetEmiss
pataes 7y + Efiss V. Ippolito and B. Gomber's talks
connections to
:::DM W= /Z0 + E7iss (had, lep) V. Ippolito and B. Gomber's talks
prSl t/tt + EMss (0L, 1L, 2L ) J. Piedra's talk
B b/bb + Episs P. Srimanobhas's talk

H + E’T"iss, H— xx

Backup
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Experimental approach: strategy

Dark M: . e . . 9
i @ Definition of a set of Signal enriched Regions (SR)
LHC
& s, @® Definition of a set of Control Regions (CR) to derive’a
.,:Zw,,w ) % data-driven normalisation of MC with transfer factors (TF).
©)
KRS > SYSTEMATIC
=
— TFs S
=| | CRbkgl SR £ | stamsmc
> o o
::: - si-gr-la.l- -
CR bkg 2 P VR contamination
S
miss
Snaties + | CR closeness to SR
connections to var 2
SUSY
L © Validation of the TF in the Validation Region (VR)
phenomenology
R izl ® Unblinding — check whether an excess is observed (p-value)
and prospects
conclusions and @ If no excess is found the results are interpreted in terms of
Bty limits on selected models.

2This is a simplification, most of the cases CRs and corresponding SR are fitted
simultaneously in a likelihood fit and multiple SR or shape fits can be used
Priscilla Pani (SU) SUSY 2015, Lake Tahoe (CA) 9/27




An example - mono-jet searches
Eur. Phys. J. C 75 (2015) 235, CMS-PAS-EXO-14-004, Eur. Phys. J. C (2015) 75:299

Darl}(}Mane}; miss E S ATLAS ‘;gava‘zmz , 3 B
o ae . E] e e o
RS [+ 1 jet ey E
& m”’% * 1 central jet with E
oW o i
TR S pT > min(120 GeV, 0.5E7"%) ‘
7 N +
Wy P . : .
i o Ag(jets, Ef") > 1 .
* veto leptons
o 9 FS hins ?‘EE 2z
T e 200 400 600 800 1000 1200
J E] [GeV]
4 HF 18.8 fb™ (8 Tev)
si%natu[es- . P%m%aw 5 \Z\;;)le:S ’
pusssa g dijet with Razor o o et
. 2y () + jets
more DM e atleast 2 jets (pT > 80 GeV) e
searches: a rich J p ------ x;—gm E i i gsz
I logy . . DM m =
e e form 2 megajets with all
Run Il roadmap

preselected jets.

references MR:\/(Ip_i |+|pq2 ‘)2_(p21 +p22)2 MIT€= 10
Backup \/E¥ﬁss (pri+pr2)—EFSS-(pT14-p72) /2 Qmi
s %
e binin R = M}/Mgand Mg. | & ‘ !
) G.E5 0.6 0.7 0.8 0.9 1 11 12.2
R
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Mono-jet results

Dark Matter 3 3000F a1s A T g Aevsciod ek 10t20) > 1600;14TLAS " g expected it (+1oz20) |
searches at the o] [ 1s=8TeV, 20.31" observed limit [OX s=8TeV, 20.3fb! observed limit 3
LHC ; 25001 D27 10,9 Bt s 14001 0s: 2, %0 —— Thermsl relic ]
- F Ep™>700Gev £ truncated, coupling=1 © | ET">500GeV — - truncated, coupling=1, 1
< mﬁm © E -~ truncated, max coupling El -~ truncated, max couptng |
& Y & 20000 E ® 3
2 Sy z § ] é ]
“_‘,/ bS § 1500————— E 8 E
4’/7 ISy g8 ] § B
2 1000 E 2 ]
] 400 3
500F Y E N
n 200
i j C: \ | 11 oLl | 11
signatures - an 10 10° 10° 10 10° 10°
example WIMP mass m, [GeV] WIMP mass m, [GeV]
£ 4 1 - 18.8 fb* (8 Tev)
slgnatur.es = % E CMS
connections to 8 Preliminary
SUSY . o
¢ D9 (tensor), D8/AV (axial < Razor 0 90% CL it AV EFToperator R, =80%
more DM Expected limit 9,51
searches: a rich vecto r) + 10 expected limit 02
phenomenology Observed imit O
. L. Ae<zm, o
R i e truncation weakens limits B < R
and prospects .
A— * the weaker the scale that is
references probed, the more the
Backup . o o
’ truncation affects the limits R m—
10 10* 10*
M, (GeV)
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more DM
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THE PLOT

* Complex plot to interpret and compare with other experiments

* nevertheless it highlights the great complementarity with direct

searches

[ e —r e
0% CL . DAMAILIBRA, 30
8 CRESST I, 20
15-8TeV, 203" (5 CoGeNT, 969% CL
« Cliydq &5 CDMS, 16
" CsigG, G £ CDMS, 20
»

EATLAS |

oo vund Vol o i v ol v i v ol ol vl o v v ol

1 1
10 10? 10°
WIMP mass m, [GeV]

informations. (N. Weiner, DM@LHC, 2014)

2
Oy (€M?)

18.8 fb™ (8 TeV)
CMS “ IceCube W'W
Preliminary
E “— Razor DM " SIMPLE 2012
% - COUPP 2012

Spin Dependent

cn

QY0 @"Y,9) = SuperK WW
VTN

If it’s not on this plot, it’s “speculative”. If it’s on the wrong side of a line on this plot it’s
“excluded”. [..] These plots are totally misleading except when they convey important

Priscilla Pani (SU)

B el
1 10 10 10*
M, (GeV)
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http://indico.cern.ch/event/312657/session/0/contribution/16/material/slides/0.pdf

Monojet simplified models: Z' mediator

Dark Matter
searches at the K(m?()
LHC Free parameters:
< m‘ 0
£ % * Mediator mass
b AA
e Wi 7
2 S o Dark Matter mass
4”7 + o

¢ Mediator width

x(my)

19.7 fo! (8 TeV)

gnatu
example

- e — = F 3
: % FCMS é 3.5 F m,=50GeV, I'=M, /3 ATLAS B
EMSS 4 HF S, 400 N F — m,=50GeV, I'=M,/81 ]
signatures - of T 200 oV o = 3 mes00Gev,IMs  \s=8TeV,203fb"
connections to ) E M, =500 GeV, I'= M/10 3 25 [ —— m,=400GeV,T=M, /81 !
SUSY S s000h { = M-S0 Gour - e | BF — g, comtours E
e (O] S pin Independem Vector B, o 3] [ --- EFTlimits 1
searches: a rich = v, n@r'a) ; E E E
phenomenology % 2000F a2/ ] 15 ; é
Run Il roadmap O E F ]
and prospects X E EFT {
S E limits =" =" "0 A
Conclusions and 1000F o
r nces E 0.5
Backup - “ o [0l .
0 e 10 1 I\}IO [TeV]
e
Medlator Mass M [GeV] med
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A rich pheno: DM plus Gauge Bosons
arXiv:1408.2745, arXiv:1407.7494

Dark Matter
searches at the .
e e Search for DM events with
& s, gauge boson radiation?
gwww Q) .
et A e complements mono-jet
7 N .
K2 signatures
* lower background
. . . 19710 (8 TeV)
* Possible interference for W 3 fews A=W/ten)
0 L e¢ﬂ‘“‘p‘E'T“‘” A:ZMX
example z Spin-dependent
€_r|piss + HF E 10: e . . An‘S‘ o : Limits at 90% CL
signatures - 10 .| o

203" \s=8TeV

connections to TS Monojet

more DM
searches: a rich
phenomenology

Run Il roadmap — roassozoiz
and prospects —owmeon 4 «-.- Expected )
AAS monoio TTV05 — ecens 1 — Observed : /
onclusions and . o0 couppzot2 4 L L i A
o 10 10 10°1 1‘0 1:)2 1|’ ! 10 o o
m, (Ge¥) m, [GeV] M, (GeV)

Backup

3not discussed Ref: PRL 112 041802 (2014), PRD 90, 012004 (2014), JHEP 09
(2014) 037, PRD 91, 012008 (2015), arXiv:1408.2745, arXiv:1410.8812
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Dark Matter with Heavy Flavours

Dark Matter
searches at the mq _ — mq =
LHC Op1 = Z W xxqq Oc1 = Z W XTqu
& (M‘J‘,o quarks * quarks
K7 & 5 : .
K2 * mgy motivated by MVF constraint, enhanced coupling to top

quark
* investigation of bottom quark couplings interesting in case of
only down-type interaction.

example

E._Ii_nISS + HF
signatures -
connections to g b g b, t
SuUSYy
more DM
searches: a rich
phenomenology X
Run Il roadmap o
and pros

X

X

" g b,1
SUSY 2015, Lake Tahoe (CA) 15/27

Priscilla Pani (SU)



DM plus top quarks
EPJC (2015) 75:92, JHEP 06 (2015) 121, CMS-PAS-B2G-13-004

19.7 fb” (8 TeV)

Dark Matt < 250
sea?éhes:tfi:e % CMs Tﬁiﬁ?él’:x.?ﬂ:?eﬁéo%m // /
LHC S m Expected within 68% / /
. . S 200+ Expected within 95% // / |
& s, * Strongest signature with 1L A .
o % I 1 s 2 150¢
et AN ® uses many ‘susy’ quantities i
% . S Faaa—.
K23 (ATLAS is even a stop search g 100
recast) 3 g=2r, R=80% --- g=d7, R=80%
50F — g=2r, R=50% g=4n, R=50%
e OL (ATLAS) and 2L (ATLAS) e < 2o
also powerful ol = o

example

10 e 10
Dark matter mass M, (GeV)

E-'F“ss-%—HF > AITLAS‘ el Data ! e —
i o w0 —
signatures - 3 s=8Tev, [Ldt=203" ) Sngloton ATLAS —— ATLAS Scalar (D1)
;:Jnsnvecllons to % (d) SR4 ) vsiets 20317, fs =8 TeV SuperCDMS (2013)
o 3 102 LUX (2013)
more DM | T P all fimits at 90% CL, g=4%
searches: a rich 10
phenomenology
Run Il roadmap 1§
and prospects
Conclusions and s 1 =
es 2 9 e
e g 1 /%W//yw/m/
ACKUF 750 200 250
L Lol L P

10°
m, [GeV]
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Dark Matter
searches at the
LHC

example

Eﬁpms + HF
signatures -
connections to
SuUSYy

more DM
searches: a rich
phenomenology

Run Il roadmap

Backup

DM plus bottom quarks: simplified models

EPJC (2015) 75:92

Three free parameters: my, my, g

* my spanned from 1 GeV to
1.2 TeV

* m, spanned from 1 to 100
GeV

* coupling g fixed by relic
density

Priscilla Pani (SU)

m, (GeV)

¢ bottom flavoured DM model

(arXiv:1404.1373)
explain the Galactic Center

Excess (GDE) from Fermi via

DM annihilation

complementary search
strategy for EFT

70|

3
3

a
S

IS
S

@
S}

N
S

T - ,
ATLAS ——— Observed limit

2031, 158 ToV == Expected limit (t10,,,)

alllimits at 95% CL

= { ~— | FERMI GCE favoured ]

il | | 1 |
200 400 600 800 1000 12

m, (GeV)
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Higgs Portal model
ATLAS-CONF-2015-004, CMS-PAS-HIG-14-038, arXiv:1408.2745

Dark Matter
searches at the . . . . .
LHC * Higgs could mediate the interaction with
< s, the Dark Sector
S ) .
24 = o If mpy < Myy/2: Measure BR(H— inv.)
7, & .
o i miss
NS o If mpy > My/2: Higgs + ET"° searches
o 19.2 fb' (8 TeV) = 100 — . . .
[ 95% CL limits CMS 3 . FyH D H 3
signatures - an @é —— Observed limit Preliminary = o ;T"ssvl{lm:zo.sfb XIXH D E
example 2 - Expected limit VBF H . invisible o 10 rEEE HHNARNR 3
. B I Expected limit (10) S SHUHIIII I SR _—
EP® 4+ HF [ Expected limit (20) - @ !
signatures - B g E
connections to 3 = D MRMMTTTRRY 1
SUSY 1Pk -
more DM ]
searches: a rich 10 —— No truncation |
phenomenology —=— Trunc. g=4n 3
100 0 % ) £ £ o —e— Trunc. g=1 ]
Run Il roadmap my(Ge 1 L L
and prospects 1 10 107 m, (G ] \9}
- CMS VBF/ZH combined
FEEEREE BR(H— inv.) < 47% (35%)

Backup

ATLAS VBF  ATLAS WH/ZH
BR(H—inv.) < 29% (35%) 78% (86%)
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Run Il roadmap
arXiv:1507.00966, arXiv:1506.03116

Dark Matter
searches at the
LHC

& W,
2uplie 7 ATLAS, CMS and the theoretical community, have decided to focus
Zy P on simplified models in Run 11*

DM@LHC-2014 proceedings followed by the DMForum Report
have agreed upon a minimal set of models which cover a wide
range of phenomenology

B 4 HF

connections to They will allow to systematically probe all corners of the phase
:):DM space and maximise possibilities for early discovery of DM with the

searches: a rich Upcoming data!

phenomenology

Run Il roadmap

and prospects

Backup

4Without completely forgetting the EFT paradigm but using it more for
interpretation than search optimisation
Priscilla Pani (SU) SUSY 2015, Lake Tahoe (CA) 19/27




Run Il roadmap

Dark Matter K(’”l)
searches at the
LHC So t
1gnatures:
’\é s, g 8DM
24 z o miss ‘
e et Ly
A & s
X(my)

EW Boson + F's*

e miss
s Higgs + E7
EISS | HF

signatures - HF + E?ﬂss

connections to
SUSY

more DM
searches: a rich q q

5 ology
phenomenology Chan nels: ¢ .

Run Il roadmap

and prospects

et s-channel

ces 4 ;/4’(1)/(2) - x
Backup yy‘mu;{

t-channel ¢ ‘

-t =
Pui)

=

4'-;.‘.1.!
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Dark Matter
searches at the
LHC

example

€_rF1|ss T HF
signatures -
connections to
SUSY

more DM
searches: a rich
phenomenology

Run Il roadmap
and prospects

nclusions and

r

Backup

Run Il roadmap
Spin-0 simplified models - an example

S, P
k4 (a) X & ®)
* Free parameters
g(: gsm = gDM)/ My, Mmed
* no dependence of the
kinematics on the I',,oq
m, (GeV) Mined (GeV)
1 10 20 50 100 200 300 500 1000 10000
10 10 15 50 100 10000
50 10 50 95 200 300 10000
150 10 200 205 500 1000 10000
500 10 500 995 10000
1000 10 1000 10000

Priscilla Pani (SU)

e (=50, 1) GV,
E (125, 1) GeV T,

g H(b)

(50, 1) Gev 4xT,,,

(125, 1) GeV 4x Ty,
(500, 1) Ge Ty,

1 LML . L |
150 200 250 300 350 400 450

ET™ [GeV]
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Run Il has started!

Dark Matter
searches at the
EC = F T T T T T
“B k-1 I ATLAS Online Luminosity  /s=13Tev
/\é J‘)‘o = 14-0: [I] LHC Delivered
n‘EWwW Q) g 120[~ [_]ATLAS Recorded
“—"// ,\oI 5 1DUE— Total Deiivered: 113 po!
4/,) H S“\ 3 3 Total Recorded: 100 pb'
5 8O
g el
£ F
: T dof
E_’T"'ss + jet s b
s:gnatures -an r
example N n 1 1 1 !
02/06 09/06 16/06 23/06 30/06 07/07 14/07 21/0

pmiss + HF ¢
siTgnalures . Day in 2015 CMS Integrated Luminosity, pp, 2015, .5~ 13 TeV
connections to

SUSY

320, O%tHincluded from 2015-06-03 08:40 to 2015-07-20 0525 UTC

WS LHC Delivered: 106.08 ph '
[ CMS Recorded: 83.51 ph |

more DM

earches: a rich €MS Preliminary Calibration

phenomenology 50

Run Il roadmap
and prospects

Conclusions and
references

Total Integrated Luminosity (ph ')

Backup

e

R R
Date (UTC)

)
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Run Il has started!

bk b+ E' 1e Control Region

searches at the Er™iss > 100 GeV, njet < 4, nbjet > 0
LHC S Al LARAE RAAAS RARAN RALRN ALY LS LA
< s e * So far good performance of the
& e § ok Moot 10 sl 3 g .
Sualrad ] o machine and the experiments
R 4 ®daa
e} T F O a
Zy P E Do 3 * Analyses ready for quick and
* E Dwemsies . q . .
g T effective analysis of incoming
N 3 data
ok E * Many DM searches will exceed
L, 1 1 1 1 1 e . . .
example W o the Run | sensitivity with the first
EmISS + HF .. —]
s - jet + ET™* Non-collision bkg 1-5fb
connections to — 3 ; . . . i
SUSY %‘0 AR ?‘%a N N p e aev | é [ ATLAS Simulation Preliminary
moreDM S i e ] e ]
salidiles ol 2 ATLAS Preliminary ] T 000k o) E
phenomenology \5=13TeV [ Ldt ~ 78 pb” 3 799,947 g
10° rk R= 5 E Bl
Run Il roadmap Antid R = 0.4 Jets g 1500~ =
and prospects 1otk ] g F 1
3 @ 1000 — weTsdoGey
F o g e ]
100k . o o) 500 =
> . C —+— MET > 800 GeV 1
Backup Ceotttooee® Cogeetetess F E

rs./ 479 4 Te, Te Toy
" 204, v% vas,b VS"%Y 009,
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more DM
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Conclusions and
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Backup

Summary and conclusions

This talk did not aim to be a complete nor exhaustive summary of
all possible ways we are looking for Dark Matter in ATLAS and CMS
as it has obviously left out a lot of material, on purpose or by
oversight.

Nevertheless, let me conclude it with a few wishes:

@ | hope it was an interesting introduction.
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Summary and conclusions

Disclaimer
This talk did not aim to be a complete nor exhaustive summary of
all possible ways we are looking for Dark Matter in ATLAS and CMS

as it has obviously left out a lot of material, on purpose or by

oversight.

Nevertheless, let me conclude it with a few wishes:

@ | hope it was an interesting introduction.

® | hope the LHC and the ATLAS and CMS experiments keep
having the great performance they had so far during the entire

Run Il and beyond

SUSY 2015, Lake Tahoe (CA)
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Summary and conclusions

Dark Matter

searcﬁ}ejcat the DISC/aImeI'
& s, This talk did not aim to be a complete nor exhaustive summary of
all possible ways we are looking for Dark Matter in ATLAS and CMS

Sww @

LU e

M as it has obviously left out a lot of material, on purpose or by
oversight.

Nevertheless, let me conclude it with a few wishes:

signatures -
connections to
SUsY @ | hope it was an interesting introduction.
more DM
henomenclogy ® | hope the LHC and the ATLAS and CMS experiments keep
Run i roadnap having the great performance they had so far during the entire
and prospects

e Run Il and beyond
Conclusions and
references

© | hope we will find Dark Matter hidden somewhere!
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Dark Matter
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ATLAS EFT truncation procedure

Dark Matter

searches at the
LHC

& s,

Sw ©

£ ¢

Z, b " ]
0+ In order to perform EFT truncation, the simplest interaction

structure is assumed, then the couplings perturbative ranges and the

M, < Mg relation is deduced

*
Table 8 Relations between the mediator mass My,.q and the suppression scale M, for the simplest interaction vertices

matching the EFT cperators considered here.
Operator(s)  Relation between Mpy.q and M, Coupling term range
D1 Mmea—m\/m 0 < \Yggx < 4n
C1 1, o 0 <yl < (4m)20
Ds, D8, D9 0< /Gagx < 4m
D11 yagy | 0 < yagy < V16w
Mo = G M, 0 < /ad G < 48

5
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Dark Matter
searches at the
LHC

ATLAS monojet selections

Table 2 Event selection criteria applied for the selection of monojet-like signal regions, SR1-SRO.

Selection criteria

Preselection

Primary vertex
B 5 150 GeV

Jet quality requirements

At least one jet with pr > 30 GeV and |g] < 4.5

Lepton and isolated track vetoes

Monojet-like selection

The leading jet with pr > 120 GeV and [n] < 2.0
Leading jet pr/EF > 0.5

Ag(jet, p. "““) > 1.0
Signal re; RL SR2 SR3 SR4 SR5 SR6 SRT SRS SR
Mlmmum E"“BE [Gev] 150 200 250 300 350 400 500 600 700

Table 3 Summary of the methods and control samples used to constrain the different background contributions in the

signal regions.
Background process Method Control sample
Z(— vo)+Hets MC and control samples in data Zfyt (= £TE), Wi ) (E=e.p)
W (= ev)tiets MC and control samples in data W (5 ev) (loose)
W (= Tv)Hiets MC and control samples in data W (= ev) (loose)
W (= pr)+iets MC and control samples in data W (= pr)
Z/y (4 EFE ) Hets (£ = e.pT) MC-only
tf, single top MC-only
Diboson MC-only
data-driven

Multijets
Non-collision

data-driven
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Dark Matter
searches at the
LHC

CMS monojet (razor) selections

Table 2: Definiti

Priscilla Pani (SU)

of the event gories based on the Mg value, the muon multiplicity, and
the output of the CSV b-tagging algorithm. For all the samples, B* = 0.5 is required.

Sample | b-tagging selection Mg sek

200 < My, = 300 GeV (VL)

) 300 < Mg < 400 GeV (L)

Op, 1p,and 20 | no CSV loose jet 400{1\-!:-\:600{32\-’{1-[)

Mg > 600 GeV (VH)
OpEE = 705V tght s
[ =15V fight jets
;ﬁ: > 1CSV tight jets Mg > 200 GeV

Zlup)b = 105V loose jets
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Dark Matter
searches at the
LHC

CMS monojet non razor results
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The plot

Dark Matter
searches at the
LHC

-1
e 18.8 fb™ (8 TeV)
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v DQ,‘ZQ“ xqs;vq e Z Super-K 50% OL L ; Razor DM COUPP 2012
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- truncated, max coupling —CMS 8TeV D8 = . coMsil
| H Spin Independent  — | Ux 2013
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The plot (CMS no razor)

Dark Matter
searches at the
LHC
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Details on the spin-0 simplified model width

Dark Matter
searches at the
LHC
S‘, M )0 g E 0
£ ~ a4
%www z ol L -
Wb 2 [ *
7 + S = H _
1072 gf—— m,, m )= o0 HeevT,, 1 =
F| —— () m )=(200 1)GaVT =04 M, =
(] () = (200, DGV T ~ M, n
b — (mph:‘ m,) = (1000, 1) GeV T,
| —— (. m, )= (1000, 1) GevT=04 M, -
| ——— (m, mo)= (1000, 1) GeV T M,
—_— )= (200, 95) GV T, B
e (T M) = (200, 95) GV T =0 4 M,
10 Er—— i M) = (200, 95) GeV T~ M, =
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H(y~)+ET™ searches - arXiv:1506.01810

Dark Matter
searches at the
LHC

< (M’J‘,b

W

I7~€

OHy>

5
£
%
Z,
47

* not ISR, probe coupling structure

* both EFT and simpl. models

e H — v: distinct resonance, low Ef" bkg events

e major irr. bkg: Z(vv)H, Zv, non res diphoton prod.

%

Ll
7+ S

Selections:
* tight isolated photons (trigger Pr > 35CeV),
* M,y € [105,160], p}, ,, > 0.35(0.25)m.,, p}7 > 90 GeV

o 75> 90 GeV
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Dark Matter
searches at the
LHC

H(y~)+ET™ searches - arXiv:1506.01810

T
Zy. m=1 TeV

o 10t

ATLAS
fo=8Tev Jrat=203m”
HeE™ Hw

I U H A

LR AN

BF(H- )

G ol

FIG. 5: Limits on coupling parameters for simplified models
with a heavy mediator with mass of 1 TeV. All constraint
contours exclude larger couplings or mixing angles. Regions
excluded due to perturbativity arguments are indicated; red,
green and pink contours denote results from collider searches
for invisible H decays [52], and monojet [6] searches, and the

LUX Collaboration [51], respectively.
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Dark Matter
searches at the
LHC

< Qs
& el
S
2

=5
“n

VBF Higgs to invisible - ATLAS-CONF-2015-004,
CMS-PAS-HIG-14-038

ATLAS CMVS
Process Yield £ Stat &+ Syst
ggH Signal 20 £+ 6 £ 10 0120 o 19.2fb™ (8 Tev)
VBF Signal 286 + 5+ 49 ‘qc: ;ﬂﬁnaw g
Z — vvtjets 330 £ 22 £ 13 R o +
W — (utjets 27 + 17 + 18 8o 4 B’
Multijet 2 + 2 60? !;?gp"al .
Other Backgrounds 0.7 £ 02 +£ 03 w0F —gg- H(x1) TE
Total Background 578 £ 38 £ 30 20E-
Data 539 of
2.2
Selections: %:1 Rt
© - 2 4
e ) jets pr > 75’ 50 Gev’ e Central tag jetn
b—jetS, T and |ept0n vetoes Process Event yie]ds
Z—=vv 158.1 £37.3+21.2
. er{/S> 1TeV and VBF cuts on W 005 4 et 110
W —ev 579+74+77
. E[l_"iss > 150 GeV W — tv 94.6+13.1£23.8
top 55+1.8
\'AY 39+07
QCD multijet 17 £ 14
Total Background 439.4+40.7 £43.5
Signal(VBF) 273.1+31.2
Signal(ggH) 23.1+15.9
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DM plus bottom quarks
EPJC (2015) 75 92, CMS-PAS-EXO-14-004

and jets pr regirements

Dark Matter
searches at the
o s
. . miss @ 7OPATLAS - SR4
& s, * Tor2jets, > 1 b-jet, E] O faow sesmy + SRS ]
> o) . 9 * BOF (b) Scalar (C1), 90% CL 3
24l = and b-jet pr requirements = ;“ cn i
7, ~ . . ; 50F E
QRS * 3 or4 jets, > 1 b-jet, ET"* g ]
4q: ,
308 .

8
— N
5 2
Jf,
o
Loy

18.8 fb™ (8 TeV) 1) ]
3 | Cms E \%. 3
O gsof Preliminary il
< w0 ;Razov-b\E\mn Zc:llarE[FToperalor Ry = 25% 1 10 107 10°
E 1 = oxpoc o, m, [GeV]
250 Observed limit g =3
£ A<2m, -
200 W A<myg2n Gy = 4T
150F-
b * Razor variables
g e lTor2 b—jets
1 !

=
I=g=an
-
=
o

M, (GeV)
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DM-+tt dilepton

Vs=8Tev,L=197fb"

Dark Matter

%;1055 CMs Preliminary « Daa q
seardL\EsCat the 8105 . I
2 oo ]
& MJ‘)‘ z [ Single top u|
Suules * 2 leptons pr >, my > 20, Z g1’ R oo i 5 pend]
2w WRET R ] =100 Gev i
7}/‘, & O veto M, = 600 GeV i
7 + S
. Em[55> 320 GeV
9 2j
* atleast 2 jets, HY < 400GeV

200

400 600 800 _ 1000
Sum of p, of two jets (GeV)

V5=8TeV,L=19.7fb"

3 S Preliminary
o Vs=8TeV,L=19.71b"
Drell-Yz < T T
2 = Drebven 2 Fowmspreliminary 4
- [ Single toy O 150 ‘——e— Observed 95% CL -
2 [0 Single Mis-ID lepton = w-e- Median expected |
S [— Double Mls ID leptons. x Expected £ 10 1
z o = — 1
g - ATLAS observed limits (90% CL) ]
2
£
=
[
2
o
]
Nominal limit of
EFT validity
2 ]
1
g At ] . ]
@ o. =+ -+ 0 : - N
o | 1 10 10° 10
100 200 300 400 M, (GeV)

EMISS 2o\
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DM+HF ATLAS - arXiv:1410.4031v2

Dark Matter
searches at the
LHC
& s,
Sww Q Table 1 Selections for signal regions 1-4. Variables pJt (p?r‘) represent the transverse momentum of the i-th jet (b-tagged jet).
S RPE The asymmetric transverse mass amra [29-31], topness [32], m;;; and Razor R [33] are used to reject the abundant top quark
/) L background.
{235
SR1 SR2 SR3 SR4
Trigger Expies Expiss 5 jets || 4_|ets(1b) ER= || 1 lepton (no 7)
Jet multiplicity n; 1-2 34 >4
b-jet multiplicity n, >0 (60% off.) >0 (60% eff.) >1 (70% off.) >0 (70% eff.)
TLepton iplicity ne 0 0 TC(E=ep)
Exiss >300 GeV >300 GeV >200 GeV >270 GeV
. . ,, P> 100 GeV i P > 60 GeV
Jet kinematics PR >100GeV | < 100 (60) Gev Pl > 25 GeV P14 > 50,170,50,25 GeV
Three-jet invariant mass mj;; <360 GeV
A6 (ji, ER™) >10,i=1,2 | >10,i=1-4 - >06, i=1,2
2A¢ (€, BF) > 0.6
Angular selections - - Ag (br, BRI=) > 1.6 AR(£,71) < 2.75
AR (4,b) < 3.0
Event shape - - Razor R >0.75 topness >2
amr2 - - - >190 GeV.
my - - - >130 GeV.
B /\JHY - - - >9 VGeV
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Details on topness

Dark Matter
searches at the H H
s top from identi-
& s, OO, W from missed fied lepton
& fe)
Suul) % 0 0 lepton
W
&7 O
//‘//7 + S“\'\ © ©
® O
(mpy— P’ %)’
m2 —
w 9%
S(PWX7PWyaPW27pVZ) = r + r
Ow Oy
2 2\2 2 122
(mt — (pp2 + pw) ) I (4mt - (Zipl) )
£ o aTas Jom ] 4 4
5‘“‘\s-asrevjm-zom' =0 O Ocm
R o S |
b = mit, %)= (500,200) GeV (6x100) .Zt]EIS

top from missed

reconstructed Cm
lepton

energy of the
event minimised

4arXiv:1212.4495v1
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Details on stransverse masses

Dark Matter —

R - X =5 % or any particle,
& MJ"\O ° i 5 P isibl d
Suulesl ot Singlet - M= 600 GoV decay into a visible an
= 3 5 invisible particle.

4”7 + o w . 3 @,_

o e— mmn < My

visible decay

\

decompose the pTss
into two vectors and

4phsics tetters BA63TTI99799-103
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