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Introduction

» The ordinary matter composes only about 15% of the entire matter in the universe.

« Existence of Dark Matter (DM%: evidence through the gravitation interaction (galaxies,
large structure of the universe),

* DM should be stable particles,
DM should be massive,

« DM weakly interacts with common matter,
« DM = WIMP.

» Searches for DM matter can be performed using “cosmic” sources (AMS, LUX,
lceCube etc...).

DM ~ - DM DM ~ _ SM
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« But DM could also be produced in colliders (decays of new massive particles).
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Modelling and Dark Matter forum

Various models predict DM candidates (SUSY neutralino in R-conserving scenarios,
for example, see talk from Anna Lipniacka).

Usage of a less model-dependent approach :
 EFT and/or simplified models,
» construct models for DM production.

Several implementations and conventions - common effort for harmonization :
ATLAS&CMS Dark Matter Forum (arxiv:1507.00966), comparisons/complementarity
with direct searches.

 Recommendations for models (simplified models rather than EFT) and conventions,
» Definitions of benchmark points,

* Implementations of the models (MG5S).

The idea is to make results from the different collaborations more comparable.

For Run2, the ATLAS and CMS collaborations started to follow (almost...) the Dark
Matter Forum recommendations. Convergence is ongoing, but ATLAS and CMS
results are not yet fully comparable.



/! Theoretical framework tt+DM

« Simplified models:

g t(b) « Production of a mediator particle (either
scalar or pseudo-scalar) with top quark
pairs,

» Mediator decays into a pair of fermionic
dark matter particles.

Pya X
’ * Free parameters:

X * 9o(9a) = g, = 1 (CMS) or 3.5(ATLAS) ,
© m,,m (ma)
* Width calculated using the minimal width

- assumption (dominant decay channel
8 t(b) con&dgred) d

BN N 5., _ s
L= \-gx¢xx+— zgq Yqq4| 1t 9axy )(+—z 94qYqqv>q |+ h.c.
V2 - V2 &

 Benchmark points (BP) : scanning over m,, mg(m,).

» BP defined considering expected sensitivity at LHC and at least a minimal
change of kinematics. 4



Theoretical framework «

monotop (single top +DM) e

« Associate production of a single top

and E7™*°: 2 X
« New scalar resonance decaying into a
top quark and a neutral fermion,
« FCNC interactions producing a new
vector boson. N
 V and y : new particles with long live s o t

time or a new particle decaying

invisibly. 8 Vo ou 14

» Different model conventions between % . )'H)J ¢

ATLAS and CMS: u
* |n the resonant case :
Br(p — ty) = 100% (CMS),
Ares = brog(ATLAS). u (b) t g © t

* Inthe FCNC case : latest CMS results
include V decay,

« Factor of 2 in the cross section due to
conventions (2 leptonic analyses),

L= [ares(pFPRS + bres X PRt

+|anon—res VM’L_l)/”PRt |+ h. C-] S




Search for tt+DM at 13 TeV



ATLAS analysis strategy

Q

« Search for the associated production of a top quark pair and a
dark matter pair, per decay channel :

« Single lepton channel ATLAS-CONF-2016-050,
* Dilepton channel ATLAS-CONF-2016-076,
 Full hadronic channel ATLAS-CONF-2016-077.

n»r-p

» Part of SUSY ;l)(ublications of similar signatures (see talk from
Anna Lipniacka).

« Use 2015 and 2016 datasets (13.3 fb~1).

« Similar analysis strategy :

- Definition of signal regions, based on discriminating (signal specific)
variables,

» Backgrounds estimated from a simultaneous fit using the yields in
several control regions (CR) enriched in specific backgrounds.

- Validation regions (VR) used to cross check the background
estimations.
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- Baseline event selection: ENss tri\9 er, 1
isolated lepton (u or e py >25 Ge

ATLAS-CONF-2016-050

at least 2

jets (pr > 20 GeV, |Ap(j1,2E7™°)[>0.4),

» Two signal regions :
Variable DM_low DM_high
Number of (jets, b-tags) (=4,21) (=4,>21)
Jet pt > [GeV] (60 60 40 25) (505050 25)
E%‘iss [GeV] > 300 > 330
H}m’ssi; > 14 >9.5
mt [GeV] > 120 > 220
amty [GeV] > 140 > 170
min(A¢(p“’£}‘jss,jeti))(i € {1 -4} > 1.4 > 0.8
A¢(ﬁ‘Tniss, ) > 0.8 =

« W-enriched CR for 0 b-tag jets,
- tt, ttV, single top CR at low m¥ values,
» ttZ estimated from a tty selection.

events / 30 GeV

events / 20 GeV

Data /MC

tt+DM in the single lepton channel .
(ATLAS)

IPH
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tt+DM in the single lepton channel T
(ATLAS, 2) g

ATLAS-CONF-2016-050
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tt+DM in the dileptonic channel
(ATLAS)

« Event selection : dilepton trigger, two opposite
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tt+DM in the hadronic channel

(ATLAS) i3
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CMS analysis strategy

Search for tf + E™SS in the lepton+jets and full hadronic channels
combined. Full hadronic channel : categorized by counting the number
of reconstructed hadronic tops.

Shape analysis performed using the EZ*S distribution.

Simultaneous fit between signal and control regions, enriched in
backgrounds.

Using 2.2 fb~1of 2015 data.

Results shown for a coupling of g,(g,) = g, = 1, search performed for
the exact benchmark po%tsgrecogrﬁpmgélndedq fsy the DM Forﬂm (tables).
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tt+DM in the single lepton channel (IPHC
CMS-EXO-16-005 ==
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tt+DM in the hadronic channel (IPH
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tt+DM in the single lepton +
hadronic (2) CMS

IPH
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Search for monotop
at 8 and 13 TeV
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(Boosted) monotop hadronic at 13 TeV
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Monotop hadronic at 13 TeV iPHC
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Monotop leptonic at 8 TeV -
Eur. Phys. J. C (2015) 75:79 ATLAS e

_Leptonic monotop production at the LHC ‘
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olpp—tv,,)xBR(t— blv)[pb]
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Eur. Phys. J. C (2015) 75:79
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Monotop in the muon channel at 8 TeV
CMS IPHC
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Monotop in the muon channel at 8 TeV iy
CMS (2) IPHC
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STRASBOURG
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Conclusions

. ;\I'/qut&gnatures provide very interesting probes for searching for Dark
atter

Two approaches followed :
* Production of top-pairs and Dark Matter particles,
« Single top production and Dark Matter particles.

Signal described by S|m8I|f|ed models, including new scalar (pseudo-
scalar) resonances or FCNC interactions.

Global effort for harmonization : Dark Matter Forum.

Setarches performed at 8 and 13 TeV, no signs of new physics observed,
ye
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n»r-p

Ttbar+X,

Common event selection

Trigger EMiSS trigger

Lepton exactly one signal lepton (e, ), no additional baseline leptons
Jets at least two signal jets, and |A¢(jet;, ﬁ‘T“iSS)I >0.4fori € (1,2}
Hadronic 7 veto* veto events with a hadronic 7 decay and m{, < 80 GeV
Variable DM_low DM_high

Number of (jets, b-tags) (=4,21) (=4,21)

Jet pr > [GeV] (60 60 40 25) (5050 50 25)

EIss [GeV] > 300 > 330

H{E“Sﬁg > 14 >9.5

my [GeV] > 120 > 220

amry [GeV] > 140 > 170

min(A¢(FS, jet;)) (i € {1 —4}) > 14 >0.8

Ap(pRiss [) >0.8 -

A

amrz [GeV]

|+jets, ATLAS

IPHC

Institut PIW isci hnalre

: Nb-tags =0
STCR SR E Nb-tags > 1
200 E Nb-tags = 2
175 .
TCR | TVR M N1
//
100 30 90 120 7/ >
WCR |WVR|  WVR-tail
100 >
A

100

mt [GeV]
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IPHC

Institut PIW isci Ilnare

Ttbar+X, I+jets, ATLAS

Common event selection for DM
Trigger EINSS trigger
Lepton exactly one signal lepton (e, ), no additional baseline leptons
Jets at least four signal jets, and |A¢(jet;, pT pmiss)| > 0.4 fori € (1,2}
Hadronic 7 veto veto events with a hadronic 7 decay and my, < 80 GeV
Variable DM_low TCR / WCR STCR
>4 jets with pr > [GeV] (60 60 40 25) (60 60 40 25) (60 60 40 25)
EISS [GeV] > 300 > 200/ > 230 > 200
H!rmssfg > 14 > 8 > 8
mt [GeV] > 120 [30,90] [30,120]
amty [GeV] > 140 [100,200]/ > 100 > 200
min(A¢ mSS,Jeti))(i €{l1-4}) > 1.4 > 1.4 > 1.4
Ap(PSS, €) > 0.8 > 0.8 -
AR(by, by) - - > 1.8
Number of b-tags >1 >1/=0 >2
Variable DM_high TCR / WCR STCR
>4 jets with pr > [GeV] (5050 50 25) (50 50 50 25) (50 50 50 25)
EISS [GeV] > 330 > 300/ > 330 > 250
H{P‘sslsg >9.5 > 9.5 >5
mt [GeV] > 220 [30,90] [30,120]
amty [GeV] > 170 [100,200]/ > 100 > 200
min(A¢(PT, jet;)) (i € {1 —4}) > 0.8 > 0.8 > 0.8
AR(b1, by) - - > 1.2
Number of b-tags >1 >1/=0 >2

Table 6: Overview of the event selections for DM SRs and the associated #7 (TCR), W+jets (WCR), and Wt (STCR)

control regions. Round brackets are used to describe lists of values and square brackets denote intervals.
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Ttbar+X, dilepton, ATLAS

IPHC

Institut Plﬂidtiéqr'tplinaire
ubert CUREN
STRASBOURG

Variable DM-SRL DM-SRH
|mee — mz| [GeV] (SF only) >20 >20
b-jet multiplicity >0 >0
Adpoost <1.0 < 1.0
m!l [GeV] >120 >120
E‘Tniss [GeV] > 180 > 260

Selection CRT CRTZ || VRVV VRMET VRMT2 VRINC
mll [GeV] 60-100  >90 >100 —~ >120 -
b-jet multiplicity >0 >0 0 >0 >0 >0
Jet multiplicity > 1 > 1 > 1 > 1 > 1 =
Lepton multiplicity 2 > 2 2 2 2 2
Adboost <1 - - > 1 > 1 > 1
ETS [GeV] = - E > 180 - -
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Ttbar+X, full hadronic, ATLAS

IPH

Ingtitut Pllﬂ'lu isci (Iﬂ?&
STRASBOURG

Selection CRZ CRT CRT-ISR CRST CRW
Trigger electron (muon) E%‘iss
Ne 2 1
p{; > 20 GeV
mee [86,96] GeV -
Njet >4 > 4 (including leptons)
jet pr (40,40, 20, 20) GeV (80, 80,40, 40) GeV (80, 80, 20,20) GeV
Eqiss < 50 GeV > 250 GeV
Emiss > 70 GeV -
b-tagged jets >2 >2 >1 >2 =1
|Ag (jet®!, Emiss)| - > 0.4
min mr (¢, ET"*) - 30 GeV - 30 GeV 30 GeV
max mr (¢, EfS) - 120 GeV 80 GeV 120 GeV 100 GeV
My r-12 - > 70 GeV - > 70 GeV < 60GeV
mbmin - > 100 GeV - > 175 GeV -

AR (b, €) min - <15 <2.0 > 1.5 > 2.0
Mpp - - - > 200 GeV -
stet B B 25 - -

le_tag - - >1 - -
PP} - - > 400 GeV - -
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my (GeV)

Mmeq (GeV)

10
50
150
500
1000

10
10
10
10
10
10

20 50
15 50
50

100 200 300 500 1000
100
95 200 300

200 295 500 1000

500 995
1000

10000
10000
10000
10000
10000
10000
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Gain using caterogized in  (IPHC

Institut Pltﬂiqisd_plinaire
ubert CUREN
STRASBOURG

Table 4: Expected limits on u for scalar and pseudoscalar models in the combined categorised
search and the combined inclusive search.

Scalar Pseudoscalar
mmep, Mpm [GeV] | categorised | inclusive | categorised | inclusive
10,1 0.70 1.1 2.0 24
20,1 0.80 1.2 2.2 2.3
50,1 1.2 1.5 2.1 2.2
100, 1 2.3 2.9 2.6 2.8
200, 1 4.6 5.5 4.2 4.2
300, 1 8.7 9.4 6.3 6.6
500, 1 36 38 38 37
10, 10 38 48 40 45
50, 10 1.4 1.9 24 2.6
200, 50 4.7 5.4 3.8 4.0
300, 50 8.5 9.6 6.9 7.0
200,150 1300 1400 550 530
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CMS DM summary IPH

Institut Pluridisciplinaire
'}j-lu CURI

STRASBOUI

s CMS Preliminary ICHEP 2016
10
Observed exclusion 95% CL Scalar mediator
Expected exclusion 95% CL Dirac DM, my,,, = 1 GeV
10* ~——— DM + bb (2.2 fo) B2G-15-007 9,=19,,=1

DM +tt (2.2 tb’") EXO-16-005
——— DM+jN_ (129 fb)

fermion only EXO-16-037
------------ , (LHC DMWG)

10°

102

10

107"

ol otheory

10*

10°

102

10

CMS Preliminary ICHEP 2016

Observed exclusion 95% CL Pseudoscalar mediator
Expected exclusion 95% CL Dirac DM, m,,, = 1 GeV
s DM + bb (2.2 fb') B2G-15-007 9,=1.9,, =1

DM + 1t (2.2 fbo™') EXO-16-005
=== DM+V_ (129 b") EXO-16-037
llllllllllll Um..' (LHC DM WG)

-
........
.......
---------------
.......

EN
RG

31



CMS DM summary

CMS Preliminary Dark Matter Summary - ICHEP 2016
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Figure 6. Mazimal/minimal reach of DM searches from CMS in mediator mass (blue bar) and
DM mass (red bar). The limits represent 95% CL observed exclusions and they are only applicable
to the model and coupling choices indicated next to the bars.
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