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DM production in association with SM particles

WIMPs escape the detector without interactions SM\
e Looking for signatures with large missing transverse

maiss

momentum Er

However, need additional visible particle for triggering
event readout and boost WIMP system
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DM production in association with SM particles .

WIMPs escape the detector without interactions SM\

e Looking for signatures with large missing transverse
momentum E"°

However, need additional visible particle for triggering SM
event readout and boost WIMP system

» Searches for DM ( E5%) in association with SM
(or even additional BSM) particles

This talk focusses on associated production with SM particles

BSM particles (i.e. in heavy flavor final states) covered in
next talk by B. Kilminster

Di-jet mediator searches covered by K. Whalen
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Efrniss and a high-energetic jet (Mono-Jet)

Axial mediator SUSY Scalar (color-charged)
mediator

q X @ q q @ X
. B —p i

9ax Sensitivity only

_ _ _ q X in Mono-X
Models with vector-like mediator, color-charged

mediator or even full SUSY models can result in
final states with one high-energetic jet and E4"°
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Efrniss and a high-energetic jet (Mono-Jet)

Axial mediator SUSY Scalar (color-charged)
mediator CMS-PAS-EXO-16-048 35.9 b (13 TeV)
. >106Illlllllllllllatallllllll
1 X /@ 1 1 M X 8 CMS Preliminary ; ZD(vv)+]ets
q =~ 1l I:l +ets
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gq X > ''''' 1 /’1 : L%) ] - Top quark
Z4 ..":'-. =0 I v, y+iets
q :\c i j j X1 [ Jaco
_ _ p gqx Hi?gs invisible, m, =125 GeV
q X q q X Axial-vector, m _ =2.0 Te'

- Models with vector-like mediator, color-charged
mediator or even full SUSY models can result in
final states with one high-energetic jet and E4™°

- Looking for excess on top of Z/W+jets production

- Search performed by both ATLAS and CMS = . S
using 2015 and 2016 LHC Data O e

(Data-Pred.) Data / Pred.
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Mono-Jet analyses

- Z/WHjets and tt production estimated from Data using 1/2-lepton control regions

Wi(— u+v)+ jets Z(— vi) + jets Semileptonic tt
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- Estimate normalization of background processes to scale MC in signal regions
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Mono-Jet analyses

Further requirements to suppress SM backgrounds:

EXOT-2016-27

—
¢

/////

B Z(— vv) + jets
B W(— ) +jets
I Z(— 1) + jets
I i + single top
I Diboson

— T 1T
Data 2015+2016

m®, %) = (500, 495) GeV
(m_ M __)=(400, 1000) GeV

DM’ med

ADD, n=4, M_=6400 GeV

ATLAS vetoes events containing more than four jets 3 " E a7ias |
. . . .y 107 4
» Dominating systematic uncertainties: Lepton B i ggnglggl\énw fo
identification and reconstruction efficiencies in £ 10 E 5 1)>250 Gev, E1">250 Gev
control region estimates, jet and Emlssenergy scale @ 1
and resolution 10¢
CMS vetoes events with b-jets to suppress 10" g
backgrounds involving top quarks 10° S
e Dominating systematic uncertainties: Jet and EmISS 10
energy scale and resolution, B trigger efﬁmency 1
=
No excess above SM expectation observed ®
]
Set exclusion limits on DM and mediator masses 8 :

A M A
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Mono-Jet analyses

Further requirements to suppress SM backgrounds:

ATLAS vetoes events containing more than four jets

» Dominating systematic uncertainties: Lepton
identification and reconstruction efficiencies in
control region estimates, jet and Emlssenergy scale
and resolution
CMS vetoes events with b-jets to suppress
backgrounds involving top quarks

» Dominating systematic uncertainties: Jet and EXs
energy scale and resolution, B trigger efﬁmency
No excess above SM expectation observed

Set exclusion limits on DM and mediator masses

400
- CMS Preliminary
:_ Pseudoscalar med, Dirac DM, gq =1, Gou = 1

350

CMS-PAS-EX0-16-048

E 7] aon?=012

=« Median expected 95% CL

- - - - 68% expected

Observed 95% CL

Observed = theory unc.
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Mono-Jet results

Vector mediator

35.9fb™ (13 TeV)
1200~ 1 T 7 T T
L CMS Preliminary 1 )
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Scalar (color-charged)

SUSY compressed stop
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Mono-Jet results

Vector mediator Scalar (color-charged) SUSY compressed stop
1200 35.9 fb (13 TeV) 10 med Iato r ii production, T1—> c%?
e = L L L L L L L | R~ T T T T
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800 -~~~ 68% expected Siheory . 0 -
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B O g CMS: CMS-PAS-EX0-16-048 gy ]
! Final state with Mono-Jet and emerging jet: -
200 CMS-EXO-18-001 E
More details on ATLAS Mono-Jet analysis A I
0 500 1000 150( . . , 400 500 60
in J. Lindon’s talk m. [GeV]
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ER* and a Higgs boson

The Higgs boson couples to every massive particle, why not to Dark Matter?

Possible to look for invisible Higgs decays as well as for DM production in
association of a Higgs boson

2 Invisible Higgs decays covered by A. Elliot

Production in association with Higgs boson realized in extended 2HDM or
baryonic Z' models

Searches performed by ATLAS (79.8fb-1) and CMS (35.9fb-1)

; 2HDM+a s Z' 2HDM Baryonic Z'
Z/h o~ ] ,
LA/H ’ /
t . -- ;\*\(X .
X

=
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H(— bb) + E&s

Dominating Higgs decay is H — bb

Large sensitivity for boosted Higgs scenarios SR

Veto leptons, require large EMss P s o l ]

CMS exploits R = 1.5 jets using the Cambridge- i o 100(;":’7?02 D cmoeee

Aachen algorithm for boosted Higgs bosons g — h(bb)

(pT > 200 GGV) < - —t(baq)

Use multivariate discriminant N2PPT to select jets —QCD

containing b-quarks 0.05¢ |
L a— 001 02

Nicolas Kohler - X% + SM Particles at the LHC

DDT
N2




H(— bb) + E&s

- Dominating Higgs decay is H — bb

35.9 fb”' (13 TeV)
T T | T T T :

- Large sensitivity for boosted Higgs scenarios E CMS |+ Dua
0° ---- X SM (pre-fit) =
- Veto leptons, require large s o | S B Z+jets 5
"E [t CMS-EX0-16-050 A
. () W E
+  CMS exploits R = 1.5 jets using the Cambridge- & " I Singi

[ Diboson 1
I SM h E

2HDM+a, m,=1TeV, m,= 150GeV
—— Bar. Z', m,=0.2TeV, m=50GeV 1

Aachen algorithm for boosted Higgs bosons 1
(pT > 200 GeV)

» Use multivariate discriminant N2PPT to select jets
containing b-quarks

- Remaining backgrounds: Z+jets, ¢t

I T H % 1: Cpostttune 1o pre-fit 4postit
- Estimated in 1L regions w/o b-tagged R PO em—— g
i I 1 i 3 08 NP P T T P
anti-kt R = 0.4 jet outside the R = 1.5 jet e Ty 9(08 1300
p:uss e
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H(— bb) + Emiss

Dominating Higgs decay is H — bb
Large sensitivity for boosted Higgs scenarios
Veto leptons, require large EXss

ATLAS distinguishes between resolved and merged
Jjetregime (E1'*° > 500 GeV)

reso/vd merged

ATLAS-CONF-2018-039

VL 1]
| ATLAS Simulation Preliminary i

—_

. . . - Vs=13TeV -
Use R = 0.4 anti-krjets for resolved and R=1.0 anti-k Lo Zamou e
jets for merged, b-tag variable-R (~ 1/pr ) track-jets L e A FRzbug - VR2biag

Acceptance x Efficiency

that are matched to R = 1.0 jets 0.6 T
0.4} ‘ \\‘o{
o AT T

PP (N I R R B
1000 1500 2000 2500 3000
m,. [GeV]
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H(— bb) + Emiss

Dominating Higgs decay is H — bb
Large sensitivity for boosted Higgs scenarios
Veto leptons, require large EXss
ATLAS distinguishes between resolved and merged

jet regime (EmlSS > 500 GeV)

Use R = 0.4 anti-krjets for resolved and R=1.0 anti-k

resolved

Events / 5 GeV

jets for merged, b-tag variable-R (~ 1/pr ) track-jets
that are matched to R = 1.0 jets

mainly Z+jets (merged)

Estimated in 1L and 2L control regions

Nicolas Kohler -

Looking at mj in different bins of FAs
Remaining backgrounds: Z+jets, ¢t (resolved),

Data/SM

EmISb + SM Particles at the LHC

merged

ATLAS-CONF-2018-839
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H(— bb) + E““SS results

Z' 2HDM Baryonic Z’. 2HDM+a

. 2618039 700, CMS EXO x16 -050 : : : 359f|b (13'II'eV) X102 . = 2000 JHEP 05 (2019) 142 g ez X
ATLAS - CONF - _ = 0 T T T T ) s,
; L e B B B B B B R E L CMS Prellmlnary _— g:::g::;’;:“gt E % :/}Z'L/::SBT 7 7 r/m >20/°"_: PEB 776 (2017) 318
£ j - d —_— /o H{s.=13TeV, 36.1-fb A
CODJ 1000 - ATLAS Preliminary 2/-51 ;r ?a?]i:jlitzsc)Qb E EGOO ;S.aryg,::c: 0bs. = 10y,0,,, % ©, 18004 Limits at 95% CL 2HDM+a, Dirac DM ]
= F -1 + + E Fz—b™M < i - - ]
< go0f Vs=13TeV,79.8f FR track jets 2b | F Dirac DM, g, =0.25,g. =1 £ 1600}  — Observed "?xe_‘gjj V9 =)
£ F  Expected limits at 95% CL 7 (scaled) 3 500 10 -- Expected zn —_m 3 |:ﬂanﬁ = {  PRL119(2017) 181804
800 h(bb) + Ef'ss: Z+2HDM simplified model 3 r 1400 AT E
F tang=1,9-=0.8 m, =100 GeV, my = my: =300 GeV ] 2000 A =E=+h(yy)
700 . — C | PRD96(2017) 112004
B i ] r 1 -
600 = 300 1=z
F e [ 3 uHEP 10 (2018) 180
500 - E 200 } 1o ]
C \\5/ ] - .4 ==h(inv) =78 Tevia.7.203 1"
400f— o - n ] JUHEP 11 (2015) 206,
C </ ! 100 — -]
E A | L \\ 4 C ]
500 1000 1500 2000 2500 3000 r - e . . 3
102 100 150 200 250 300 350 400

mz [GeV] 200 400 600 800 1000 1200 1400 1600 1800

m; (GeV) m, [GeV]

- WIMP masses up to 500GeV excluded in Z' model
 First results on 2ZHDM+a model
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H(— bb) + E““SS results

Z' 2HDM

1000
800
700
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400

ATLAS=CONF-2018-039

ATLAS Preliminary
s=13TeV, 79.8fb "

VR track jets 2b
(+10 and +20)

FR track jets 2b

Baryonic Z'.

2HDM+a

Expected limits at 95% CL

" (scaled)

h(bb) + Efss: Z'+2HDM simplified model
tang =1, g =0.8, m, =100 GeV, my = my- = 300 GeV

N
2500 3000
mz [GeV]

I | L
1000 1500 2000

CMS-EX0-16-050 JHEP 05 (2019) 142 9
<7001 . S — ~ — 2000p , < = . .
3 L CMS Prellmlnary —Omservea 557 0L IR HATLAS rim, > 20% ]
S - Baryonic Z' T Dxpected 95% CL E“ g 18005 15:=18.TeV, 864 for 2HDM+a Dlrac DM _:
60~ o\ [ Limits at 95% CL ]
[ Di DI\; 20259 =1 £ 16000 — Observed m,=10CeV,g, =1 7
[ racbM. g, =025,9, = 10 -~ Expected sind = 0.35, tanp = 1 1
500 ; 1400 my=my=m,, _:
4001 3
r 1 E
300 ]
200 ) ]
r 10° ]
100[ ]
¥ 2 e L L " -

200 400 600 800 1000 1200 1400 1600 1800 'O 100 150 200 250 300 350
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Improvement due to usage of VR track-jets

WIMP masses up to 500GeV excluded in Z' model
First results on 2HDM+a model
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Reinterpreting the H(— bb) + E™' results

Looking at Dark Matter production in association
with a hypothetical dark Higgs boson s decaying
into a pair of b-quarks 4

DM mass is generated by Higgs mechanism in the
dark sector

Can relax the DM relic abundance constraints by
XX — §S annihilation

Dark Higgs can have any mass
Reinterpreted ATLAS 2015-2017 Mono-H analysis

For more information cf. poster of A. Schuy:
RECAST for Mono-S(bb) with ATLAS

Branching ratio

NEW!

b

z 5 <a
X X_ ¢ b
S
Zl \ N < b Z/ X
b q ATL-PHYS-PUB-2019-032
: —1 77—
10 | MG5aMC@NLO Simulation ]
i £\ ]
L] [ ] 4
0.8 \ —
0.6 _|
| [
0.4 s |
- [] 4
e
[ ]
[
L s ]
0.2= o s bb 'o. ’ 7]
s— W+w- [ ° i
s~ 2Z g © i
0. | L | P
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T : = g
Reinterpreting the H(— bb) + ET"° results NEW:

b
z' N 5 <a
Looking at Dark Matter production in association s : / b
with a hypothetical dark Higgs boson s decaying L Z X
into a pair of b-quarks “©o b s s e\
: >
DM mass is generated by Higgs mechanism in the & 1o anasereiminay s
~ - V/5=13TeV, 79.81b
dark SeCtor : + s(bb) + EITiss: dark Higgs model
Can relax the DM relic abundance constraints by O 9-025.9,-10.m =200 GeY ]
XX — 88 annihilation . omervedim
: R Expocted it ]
Dark Higgs can have any mass I = felowd
Reinterpreted ATLAS 2015-2017 Mono-H analysis 80~ §
For more information cf. poster of A. Schuy: Goi i
RECAST for Mono-S(bb) with ATLAS y
500 1000 1500 2000 2500 3000 3500
mz [GeV]
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Er}niss and a Higgs boson: Other decay channels

- H — 77y channel: increased sensitivity towards low Es%  _ aus-pas-exo-18-e11 | _ 359" (13 TeV
better mass resolution: L L CMS Preiiminary — combinaton  —h(sb) _|
ATLAS: Phys. Rev. D 96 (2017) 112004 © " E z2HDM, Dirac DM I combinationsto  —hrr) 3

r = = combination+20 == h(yy) o
CMS: JHEP 09 (2018) 046 103:_ 3:232? gf'::/,’t:ﬁgl?o GeV S _h(xw)_:
H — 77 channel (hadronic and semi-leptonic taus): E M
less SM background contributions, increased sensitivity T o (o otoeh 65% CL limits -
towards low £ 107 E
CMS: JHEP @9 (2018) 046 - .
H — ZZ channel (leptonic final states): low SM VR =
backgrounds, good mass resolution, but low branching ratio R\C ]
CMS: PAS EXO-18-011 1e 5

«  H — WTW™ channel (ep + EX*final state): use BDT
trained on transverse masses, lepton momenta and angular o1 -
variables to suppress WW and ¢t backgrounds - ]
CMS: PAS EXO-18-011 _ Lo |

—2 | | | 1
10"~ 500 600 1000 2000 3000 4000

m,, [GeV]
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EX™ and a W/Z boson

/

+ Looking for hadronic W/Z decays ‘
- CMS requires anti-kT R = 0.8 jets with additional q X

requirements on substructure variables

P Invariant mass of jet constituents required to be = e 5
. . 700 — % CL—
compatible with W/Z mass (CMS PAS EX0-16-048) 8 600 ATLAS e %’;g{gﬁ% gLL_
- ATLAS categorizes into resolved and merged £ Mono-W/Z(qq): Vector, Dirac Relic density ]

(as done in Mono-H) using anti-kT R = 1.0 jets S00E" gow =025, gow = 1.0

and b-jet veto in the merged region 400 =
b Fit in 2SS is performed 300 E
* Interpreted in Z’ model (JHEP 10 (2018) 189) 20 N =

«+ Z(— U0) + E™'5 in CMS covered by C. Freer 100

B T R O s [T NI R NI S
200 400 800 1000 1200 1400
mz [GeV]
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EX" and a high energetic photon '

Photon trigger
High energetic photon and large F™°

q

ATLAS CMS
7Y + jets suppression EPs/\ /3 Br > 85 VGeV EY/ERSS < 1.4
W suppression Lepton veto Lepton veto for AR(¢,~) > 0.5
Signal extraction Single bin fit Fit of £,

Remaining backgrounds: Z~ and W~

Dominating uncertainties: Photon fake estimation, jet energy scale,
statistical uncertainty in control regions
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EX" and a high energetic photon

m, [GeV]

500

450
400
350
300
250
200
150
100

50

Setting exclusion limits based on 2015-16 dataset: ‘

35 9 fo' (13 TeV)
L I L R B I oy 800: L B 7] 9
= 'g’:’;gﬁ_ev 36.1 b = 8 200F- CMS Pre//m/nary e 102_2“
= Axial-vector mediator E = - Vector, Dirac, g, =0.25, g, = 1 7 GEJ
= Dirac DM e £ 600 opeerved k=1 41 9
- ~025,9=1,9=0 s 3 Coeee Theoretical uncertainty 7 8
= 97022, 9,71 97 i = - —— Medianexpected u =1 1 =100
— & A e, — 500; -------- 68% expected = 7
= 5 QT e & 3  —— Relic 1 7
=S 5 = 400 -
S = u 1 31
3 g e 3 g 3001 =
=& " — Observed 95% CL E = .
A e Observed + 16, * 3 200 10_1
= -- Expected 95% CL = u
- a4 Expected + 16 = C
7 T Relic density = 100 =
[ " 3 H
£ P PR B S R B — e il -2

500400 600 800 1000 1200 500 1000 10

EXOT-2016-32 m_ .4 [GeV] CMS-PAS-EX0-16-053 M eq [GEV]
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B and a top/bottom quark

DM scenarios with minimal flavor violation assume the same Yukawa coupling structure for a
DM mediator as for SM particles

2 Coupling to third-generation quarks preferred

Sensitivity to a variety of different theoretical models including single- and pair-production of
heavy flavor quarks

Final states with heavy flavor quarks and Also have a look at:
Can be reinterpreted in different BSM models, e.g. leptoquarks Search for dark matter in
» DM and flavor at the LHC by B. Kilminster third generation quarks in ATLAS

by M. Anthony
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Summary

- Searches for Dark Matter at the LHC can be performed in a variety of final states
- Focussed on E4"°*+ SM particle production
- Both ATLAS and CMS have a vast Dark Matter search program, but no excess found yet!

JHEP @5 (2019) 142
T T

— 2000 T T T miss
S o e |
O, 1800[}1s=13TeV, 3611 2HDM+a, Dirac DM o JHEP 05 (2019) 142
Limits at 95% CL E > 16 == Dijet
< m,=10GeV,g =1 B 3 C ] !
£ 1600 — Observed S0 = 0.35 :;n?s _y ] TEP+hiob) E  [ariad 1 Epevaron CMS Preliminary LHCP 2017
-~ Expected =09, = 1 PRL119(2017) 181804 € 1417 k< ~] — Dijet TLA = 1000 +———————— . — T =
1400 my =My =my, J r = g Vs =13TeV,29.3 " % :https //twiki.cern.ch/twiki/pub/CMSPub. c/Phy;icsF_esul;sEfﬁ =
. r F PRL 121 (2016) 0816016 900 = E
. ; 12 E — - Diet+ISR O, %0 Mooy =2X oy, |
J=ern o e e B oo |3
. " ' primnay s cone are E|
1 PRD 96 (2017) 11200 1j (\.&\@ ; = ¢ resonance @ 700 3
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- Many analyses still in the pipeline based on the full LHC Run 2 dataset

Nicolas Kohler - X% + SM Particles at the LHC
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