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» Direct and indirect searches:
confirmation of or pressure onto the WIMP
hypothesis in the next few years
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» Direct and indirect searches:
confirmation of or pressure onto the WIMP
hypothesis in the next few years
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» How does ATLAS contribute to the search for Dark Matter?
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Outline

» Collider approach to Dark Matter
> Dark Matter signatures and searches

» Combinations of Dark Matter searches
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Collider approach to Dark Matter

General Strategies

» Direct detection: nuclear recoil SM SM
from elastic scattering
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Collider approach to Dark Matter

General Strategies

» Di ion: i
Direct detgotlon. ancIear recoil SM SM
from elastic scattering

» |ndirect detection: dark matter

annihilation
> Collider searches: associated t
production of dark matter and X . X
SM particles SM
Comparison of search strategies:
‘ Direct Indirect Collider - LHC
Typical mass range 10GeV <m, <1TeV ~ 10GeV <m, <100 TeV m, <1TeV
Observables beyond m, T yNoyN T NN many
Model dependence DM on Earth DM in space particle physics
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Collider approach to Dark Matter

Interpretation of collider Dark Matter searches

> Recent years: growing interest in DM frameworks which are not necessarily
connected to SUSY - simplified models as a generic approach
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Collider approach to Dark Matter

Interpretation of collider Dark Matter searches

> Recent years: growing interest in DM frameworks which are not necessarily
connected to SUSY - simplified models as a generic approach

> Simplified signal models
> e.g. a single mediator ¢ (scalar or
vector-coupling, parity +1 or -1)
> Assumption: decoupling of
further, heavier particles at LHC
energies
> Prediction of different signatures
> Dark matter + SM particle X
> SM resonances )
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Collider approach to Dark Matter

Interpretation of collider Dark Matter searches

> Recent years: growing interest in DM frameworks which are not necessarily
connected to SUSY - simplified models as a generic approach

> Simplified signal models
> e.g. a single mediator ¢ (scalar or
vector-coupling, parity +1 or -1)
> Assumption: decoupling of
further, heavier particles at LHC
energies
> Prediction of different signatures
> Dark matter + SM particle X
> SM resonances )
q q
> Dark Matter candidates from Supersymmetry with R-parity conservation
(UV-complete models), covered in tomorrows WG3 sessions
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Collider approach to Dark Matter

ATLAS Run 2 Dataset

> Large dataset collected by ATLAS
in Run 2 (2015-2018):

Vs,, = 13 TeV '
[Ldt=1391b"

> Analysis of this dataset ongoing; up e
- E7E ATLAS So13Te B
to 80 fb™" used for the results Zre0Pretminary "I -
presented in the following gran B oot E
2 100E" Food for Physics =
miss g so- E
> E; " Trigger used for most £ oo E
Dark Matter searches, g aof =5
fully efficient for E7° > 200 GeV 2oF ‘ ok
0! - Il L L L L |

WS B B (0 AT (AT B (18
30 22300 P2y 30 3 MOy 3 By 0
Month in Year
ATLAS Public Results
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Outline

» Collider approach to Dark Matter

» Dark Matter signatures and searches

» Combinations of Dark Matter searches
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Outline

» Collider approach to Dark Matter

> Dark Matter signatures and searches: ET'* +
> Jet
> H(bb)
> W/Z(qq)
> Z(e0)
> “VBF”

» Combinations of Dark Matter searches
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Dark Matter Signatures: Monojet

miss

> E. > 250 GeV + up to 4 jets = sensitivity to several new phenomena
T p J y p

» Signal region (no leptons) + W(ev), W(uv), Z(uu) and top-quark
control regions

T T T T T T T T T
ATLAS ®  Data2015:2016
1 $55%% Standard Model

(s=13TeV,36.1fb . 2O ) +els
Signal Region WO ) + jets
p(i1)>250 GeV, E7**>250 GeV/ B 7 1) +jets
I i+ single top
[ Divoson

multijets + ncb
- (50, 495) Gev
hag) (400, 1000) GeV'

Events / GeV

> High precision theoretical
predictions of W/Z p; distributions
(NLO EWK) = accurate modelling
of the E7"*° distribution in the signal
region

. . . = & Tat. + Syst. L B
» Combined fit of signal and control N S S } ]
reglons ° o8k 360 460 5(;0 860 760 560 960 10‘00 11‘00 |£00

ET™* [GeV]
JHEP 01 (2018) 126
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Dark Matter Signatures: Monojet

Run: 302393
Event: 738941529

— - g 4 $ ) 2016-06-20 07:26:47 CEST
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Dark Matter Signatures: Monojet

9q 9y

> Interpretation wrt. various

signal models. Here:

Dark Matter pair production

i L e e
%‘ 1 ATLAS Expected limit+ 2 0,
9' 0001~ S=13Tev, 361 b SRR Expected limit (+ 10,,)
B . PDF, scal
=< I Axial-Vector Mediator : Observed fimit (¢ 10y,0."")
S Dirac Fermion DM Perturbativity Limit
[ g,=0250,=10 Relic Density (MadDM)
L 95% CL limits ATLAS s = 13 TeV, 3.2 fb™ i
X

. Ll il .
via an axial-vector mediator. 0 1000 2000

Patrick Rieck - MPP Munich

JHEP 01 (2018) 126
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Dark Matter Signatures: Mono-Higgs(bb)

> Associated production of Dark Matter

and a Higgs boson = no “ISR model”, z A X
probing dark matter interactions more q
directly X

> Aiming for h— bb decays
(largest branching ratio)
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Dark Matter Signatures: Mono-Higgs(bb)

> Associated production of Dark Matter
and a Higgs boson = no “ISR model”,
probing dark matter interactions more
directly

> Aiming for h— bb decays
(largest branching ratio)

» 2 topologies, depending on the Higgs
boson momentum
> Resolved: Pair of separated jets

q b
7z A "Y: X
q
X

Low energy b-jet
signature i Zi
h | b-jet
p > p

Z,A

X
gMiss X
T
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Dark Matter Signatures: Mono-Higgs(bb)

ql b
A
> Associated production of Dark Matter
and a Higgs boson = no “ISR model’, zZ A X
probing dark matter interactions more q
X

directly rce.R
arge-
jet
> Almlng for h— bb decays High energy
(largest branching ratio) signature
> 2 topologies, depending on the Higgs h
boson momentum P » p

> Resolved: Pair of separated jets
»> Boosted: Single large-Radius jet

X
Emiss X

T
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Dark Matter Signatures: Mono-Higgs(bb)

ATL‘AS Simula‘tion Prelim‘inary

Vs =13 TeV
Z-2HDM

m, =500 GeV
Merged SR

% FR0+1+42 b-tag —4- VR 0+142 b-tag
& FR1b-tag —+- VR 1b-tag
~A-FR2btag - VR2btag

0.8

0.6

Acceptance x Efficiency

0.4

0.2

o
A

q b
Z A “K: X
q
X

large-R
jet

- P N R ERR R B
1000 1500 2000 2500 3000
m, [GeV]

High energy
signature

> Boosted topology: using large-R jet sub- h
structure with two b-tagged track jets p > p

ATLAS-CONF-2018-039

> For large ph : track jets close to each other Z,A
= Fixed-Radius (FR) track jets merge

> Hence decrease the track jet radius as pi°™/® miss\{
increases = Variable-Radius (VR) track jets E *
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Dark Matter Signatures: Mono-Higgs(bb)

> B0 T 7
& [ AtLas preliminay O, ]
o 50}E:13Tev.7ssm‘ [ Diboson 3
SF g B2 ]
> Run 2 data from 2015-2017: 2 40 zhus ey
1 s s T
f Ldt :80 fb w 30; ‘ :;v;?gﬂ7g$;/,mA:BDnGevE
20} N S E
> Discriminating variables: we TR .
di-jet or large-R jet mass, E7 =t
% 1&\%35\\\%@1&&*&\\&\“&#&&%\%
. T 055
> Interpret results in terms of Bogl Tl et &
. . . m. 5
mass limits on new mediators ’
LU o e B L B LU B B
. £ reliminary —— Observed 95% CL
> Compared to predecessor analysis: 900 T T ot 1 === Expected 95% CL (+10)

[ Ve=13TeV7980 " _ bR 119, 181804

800 h(bb) + Efss: Z'+2HDM simplified model

improvement in particular due to the oD EPZ M sl ol
use of Variable-Radius track jets 700f- ' ‘

ma [GeV]

> Relevant also for other searches for F
new phenomena with ATLAS _y
400
Ew‘\ (AN N SN T
500 1000 1500 2000 2500 3000

Patrick Rieck - MPP Munich Dark Matter Searches with ATLAS ~ ATLAS-CONF-2018-039 10



Dark Matter Signatures: W/Z(qq)+E7 Ere

» Different interpretations, including
H — inv. decays

» Considering both resolved and
boosted W/Z — qq - decays

> EI™ for different b-tag multiplicities as
discriminating variable variable

Patrick Rieck - MPP Munich Dark Matter Searches with ATLAS

m, [GeV]

T T
ATLAS

5=13TeV,36.1 1"
SR: merged topology

S BstkGround ncertant
0leptons, 0 b-tags, HP [T Pre it Background

T
ata

]

DIDDEDJ

s smgle top quark

Events / GeV

—-Hoinv(®, =100%)
— - Vector Mediator Model
m, =600 GeV, m, =1 GeV-

FRE
R e
8 o0s i
TTNTTNI FRTRRTART FYRRTTRTTY FNUUTTUTRL (URTRTRURL FUTNRTRRTI NUCY:
400 600 800 1000 1200 1400
ET* [GeV]
700”“”“”“‘ H‘(‘Jb‘”‘d‘gslﬂ/‘c‘ﬁi
ATLAS —— Observe 6
_ 1 Expected 95% CL
600f. V5= 13TeV,36.1fb === s and +20)

Mono-W/Z(qq): Vector, Dirac Relic density
gsm =0.25, gou = 1.0

Now A
S &8 &
S 3 &

=)
S

200 400 600 800 1000 1200 1400

mz [GeV]

PLB 776 (2017) 318 1



Dark Matter Signatures: Z(£€)+EF™®

sData  Ztets

tat. + Syst.
<. DM(m_ . m, =500, 100 GeV)x0.27
— ZH(Iinv) with B(H- inv)=0.3

S TRNMITITIHIIKN
1IN

N 1000
ET™ [GeV]

100 200 300

» Different interpretations, including gaoo A= ensreroan
H — inv. decays ;:ZZ :;s;m:..
» Single lepton triggers = sensitivity to 250

signals with lower ET" 200

150

100

> ET™ in ee and uy signal regions as
dlscriminating variable

50

T I U R FUE N N

0 200 300 400 500 600 700 800 900

Myeq [GEV]
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Dark Matter Signatures: VBF+E]"®

Events with 2 jets with a rapidity
difference |AT]]']'| >4.8 and

ET™® >180GeV

= distinct signature

(“Vector Boson Fusion”)

» Background constraints derived from g f ATLAS
W-+jets and Z+jets control regions g 13Tev. s6m
0% — B+S,B,71

], % Bsyst

> Max. Likelihood Fit using three bins of
My Starting at 1 TeV :

1
. - 83
> Resulting observed (expected) limit: B 21 w5 ; : ; z
: +0.11 0 2000 4000 200 400 600 800
B(H—inv.) <0.37(0.28 5 5) m; [GeV] ET™ [GeV]

arxiv 1809.06682, subm. to PLB
(without constraints from Higgs boson observations)
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Dark Matter Signatures: More Searches

More Mono-X signatures

» Further Dark Matter production modes
and alternative Standard Model decays
» Mono-Photon
Mono-H(yy)
Mono-Top-Quark
Dark Matter + heavy flavour
pair production

vYyy

New Resonances
» Complementary constraints within the
simplified model context

» Dedicated ATLAS talk by Johannes d

Erdmann tomorrow ’
q q
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Outline

» Collider approach to Dark Matter
> Dark Matter signatures and searches

» Combinations of Dark Matter searches
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Outline

» Collider approach to Dark Matter
» Dark Matter signatures and searches

» Combinations of Dark Matter searches
> Spin-1 mediators
> H —invisible decays
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Combinations of Dark Matter searches

Vector Mediators

6 ;
s U 7 = Dilepton
1 < 1 GeTeveant
q a q = A 1 serseonme
[ _ 7] B2 Dijet
[ A
C s7 - eross,os0s onn
r 9 1 oeras-nrezan
z z r B ,,/0> 1 erus o osisois
L é\c? - E
q L & { —Emax
r ] ey = 13 Tev, 36 15"
o8l T ewmescmamnm
L ] Mot 5 = 13 Tev, 36.1 15"
[ 1 e sorcomzs
06F . 3
F|S e ]
[ |2 P ]
0.4 (2 . ]
= ]
r Vector mediator, Dirac DM~ q
0.2~ 9,501,9=001,g =1 ]
[ - Alllimits at 95% CL ]
0 0.5 1 15 2 25 3 35
V]

1803.01400, subm. to JHEP
> Summary of exclusion limits of dark matter and resonance searches,
both hadronically and leptonically
» Complementarity: large exclusion range achieved via combination
» Similar results for axial-vector mediators
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Combinations of Dark Matter searches

Vector Mediators, comparison with direct searches

1.6 T T

S N ™] = Dilepton
E. r b Ys=13Tev,36.1 b7
[ ATLA! b JHEP 10 (2017) 182
& 14F -
C 7] &= Dijet
L 4 ojenE=13Tev 370w
1.2+ - PRD 96, 052004 (2017)
r b Dijet TLAYS = 13 Tev, 29.3 bt
C 1 eroa o oesans
- .
L 1 — prissyx
L . T
ETay ¥ = 13 TeV, 364 167
0.8~ 1 ereewsscmennms
L 1 ee-nrevsint
L 1 derrsoicom s
0.6~ p -
C (e . ]
F S B ]
L . ]
0.4f |2 - -
F |8 - 4
L > ]
P ) :
+ miss Vector mediator, Dirac DM A
0.2 EN 01 g~ - -
C P 9,=01,9=001,g =1 ]
N ~ q \ X 1
r _ - Al limits at 95% CL ]
1 . . ! . .
0 0.5 1 1.5 2 2.5 3 35

m;, [TeV]
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Combinations of Dark Matter searches

Vector Mediators, comparison with direct searches
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Combinations of Dark Matter searches

Vector Mediators, comparison with direct searches

\ T ™ 2 = Dilepton

Dilepton

Djels = 13Tov, 3701
PRD 96, 052004 (2017)
DjUTLAfS = 13 Tev, 293 1"
PRL 121 (2018) 0618016

ag, (x-nucleon) [cn?]

(RS

WG o8I “oreIpaw

€
1="510

(hod] 2w

5€

E Vector mediator, Dirac DM
107 9,=01,9=001,g =1
£ ATLAS limits at 95% CL, direct detection limits at 90% CL

10 10° 10°
m, [GeV]

1903.01400, subm. to JHEP
> For the model parameters chosen here: higher sensitivity of the
ET"** + jet search compared to direct searches at low values of m
(where the y-nucleon elastic scaterring cross-section is small)
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Combinations of Dark Matter searches

Higgs-boson decays to weakly interacting particles

VBF+MET Mono-Z(l) Mono-V(qq)

T T
ATLAS Preliminary
{s=7Tev,4.7 "
s=8Tev,20.3fb"
{s=13TeV,36.1fb"

= Observed limit

s Expected limit +1o

...... Expected limit £20
Allimits at 95% CL

[

> Statistical combination of

o
©

> 3 channels
> Run 1 and Run 2 data up to 2016

Upper limit on By . iny
o
D

I
IS

> Resulting observed (expected) limit:

B(H - inv.) < 0.26(0.173?_'(());)

o
N}

! ! ! ! !
0 V(had)H  Z(lep)H VBF  Combined Combined Combined
Run Run 2 Run 2 Run 2 Runl  Run1+2

(without constraints from Higgs boson observations) ATLAS-CONF-2018-054
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Dark Matter Searches at ATLAS

Summary
> Analysed Run 2 data with up to det =80 fb™"
» Numerous final states covered

> Interpretation in view of simplified models

Conclusions
1. Complementarity of direct, indirect and collider Dark Matter searches

2. Complementarity of different final states

3. Analysis improvements due to both increased statistics and
new analysis techniques, both to come with the analysis of the
full Run 2 dataset

Patrick Rieck - MPP Munich
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Z(vv)/Z(£€) ratio measurement

12f- ATLAS :
E \s=13TeV 320" -

RMiss

» Differential measurements of

Rmiss _ oqg(Zovv+ets)

GeV, Agrr=0.8 TeV)
100 GoV, Agr=0.8 ToV)

T oyg(Z—-tl+jets) 3 F
i Ny " §
@ E E
> Two regions with different gy SSEEE———

unfoldings P (cev

> >1jet: B
> VBF: E""Ss dijet mass, dijet Ay

Axial-vector mediator
Dirac fermion DM
9,=025,,=1

_ O Py + jets )
mes = G (T T+ jets )

my [GeV]

R,

Explimit 95% CL (+10,,,)
=== Obs. limit 95% CL (+1}75,*)

> Allowing to constrain many (future)
jets + EM"° BSM models

Perturbativiy limit
Relic density

- Exp. PRD4 (2016) 032005
-+ Obs. PRDY4 (2016) 032005

L L
0 500 1000

m, [GeV]
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Photon+E]"®

> EJ and E"*°>150 GeV + up to

Y
one jet q X
> Photon trigger allows for lower
miss
E; vglues compared to the e
mono-jet analysis
q X
> Again, combined fit of signal and
. . miss
control regions using E7"
3 500¢ Euﬁ;—‘ATLA‘S T Si‘gna\R‘eg\on‘+g‘afww ;
e R F feriaTeva61n’ P Blons
E 0 g 10 Vs=13 TeV, 36.1 fb E;kje‘:s:' %
35 S /M, ;=10/700 GeV.
301
25

20

15! " — Observed 95% CL }
Observed + 10, %

10 ---- Expected 95% CL &

Expected + 1o
Relic density
L

B E| 5
L L L i d
200 400 600 800 1000 1200 160 180 200 220 240 260 280 300 320 3;2‘;5121\/]
T
Mg [GeV]
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> Circumvent ET"

the Mono-h(bb) analysis: h — yy

> BR(h — yy) < BR(h — bb),
but better m,, resolution

» Z'+2HDM limits, also referring to the

trigger threshold of

spin-indep. DM-Nucleon cross-section

w 4m 77 % 7. Ly Dirac DM ATLAS Prellmmary
T sm-03.g,-13g <1

V5= 13TeV, 36.1 1™

CRESST-11 2016

Lisd ol vod s val ol ol ook

u;wv(‘l’)M%

X pa ‘”“‘\uxsz
Ny, -
Spm—vnd@pende‘m st ;f =

~90%, CL

1 10 10
DM mass m, [GeV]
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m, [GeV]

10° g T

GeV
)

ATLAS Preliminary -
V5=13Tev, 36.1 10"

Events /

Data/MC
N

—— Expected i
...... Expected + 16 |
-~ Expected-10 |
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miss

Single top + E;

» Resonant and non-resonant top +
dark matter production (+ Vector-like
T-quark search with T — {Z decays)

» Several reducible backgrounds (SM top),
negligible irreducible background: FCNCs

» Two approaches: leptonic top decays and

£ 10°FT T T b T =
5 .
1 > ATLAS y--- RDMm,=1TeV
boosted hadronic top decays g of E=wTev ssiwt RGN ]
g OL-DM-SR =
- = Single top
4k postFi 5 Wrjers
Dziets E
ERl v w g =l
S ek G=1sTev s omaes & 77 Total Unc. +
T Nomsesoran DU | EI o CLE 1w 3 e ———————]
a 107“&’ eV, a=05.0,=1 [95% CL Exp. 220 ] 10 §
=1 ©
5 ]
H
L i £
w0 3 L L L
% e
oL ] 107 21 /
’ e
S oss
S T T T T 8 o
1075000 1200 1400 1600 1800 2000 2200 2400 26( 102 500 1000 1500 2000 2500 3000

mr(E'r“'“‘J) [GeV]

1812.09743, subm. to JHEP
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Heavy Flavour Quarks + E7"™°

» Several models with new scalar
particles mediating between SM and
DM particles

» Avoid constraints from flavour physics
= Yukawa couplings set proportional
to fermion masses

> Five signal regions sensitive to
different BSM scenarios + several
control regions for background
normalisation

> Limits on new particle masses + model
independent limits on detector level
cross-sections
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2HDM + Pseudoscalar Model

> Careful extension of the SM
avoiding numerous constraints,
UV complete

» Dark matter: fermion,
SM gauge group singlet

> Many relevant production modes;
notably including resonant pro-
duction H - aZand A — ah
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Combinations of Dark Matter searches

2HDM + Pseudoscalar

» UV-complete model, avoiding constraints
from direct searches

» Rich phenomenology with several
important final states

>

2000

e T ] =

> Proposed in JHEP05 2017 138, i.e. in
the middle of Run 2 = desire for La00jffE=13Tew 36140t FUTRA e
reinterpretation woof T ey TR
> Rerunning analyses, in case of G A N
Mono-H(bb) semi-automatically - see E R
this ATLAS contribution at last week’s
LHC reinterpretation workshop

m, [GeV]

] —EZ(@
- JHEP 10 (2018) 180

] =h(inv) G mevarzant
q HEP 11 2015) 206,

> Ability to perform reinterpretations

H 1 100 150 200 250 300 350 400
becoming more important en

1903.01400, subm. to JHEP
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https://indico.cern.ch/event/795041/contributions/3375522/
https://indico.cern.ch/event/795041/contributions/3375522/

Mono-Higgs(bb)

Improvement due to VR track jets

=~ ‘ ‘ ‘ T T T T ‘ T T \I T
ED - VR track jets 2b
= (\g 10 ATLAS Preliminary 1 (+10 andJ +20) /
o — .
%8 Vs =13TeV, 79.8b ___ FRtrackjets2b /
57 8 (scaled) /'
3 S b ho)+ E'miss: 7'+2HDM simplified model ’
§ tanB =1, gz = 0.8, m, = 100 GeV, my = 500 GeV
a5 4
2
- gf —
= > E_ E
EZ of E
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