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Models for Dark Matter

ATLAS EXQOTIC results, ATLAS SUSY results, CMS public results

Litle Higgs

made byTim WP Tit

® Cosmological evidence for dark matter (DM), but no experimental hints on its nature

B Searching for weakly-interating massive particles (WIMP) w/ minimal assumptions
is one of the main approaches pursued w/ the ATLAS & CMS detectors at the LHC — focus of this talk
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://cms-results-search.web.cern.ch/

Overview

1. Models & Signatures at the LHC

2. Results on simplified models (ATLAS & CMS)

3. Other models & Experiments
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WIMP hunting at colliders : e rgacLe
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® WIMP abundance set by thermal freeze-out
B weak interaction (< ov >~ 10726 cm3s~")

M, ~ 1-1000 GeV — Qch* ~ 0.12
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WIMP hunting at colliders
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B WIMP abundance set by thermal freeze-out

B weak interaction (< ov >~ 10726 cm3s ") X
M, ~ 1-1000 GeV — Qch* ~ 0.12

co!lisgg
axis
Visible recoil

B "mono-X" signatures at LHC

B proton collisions (quarks & gluons)
B X=jet, v, Z, W,... — visible recoil
B missing momentum in transverse plane (ETss)
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Common benchmark ‘simplified’ models at the LHC

Phys.Dark Univ. 27 (2020) 100371

= WIMP DM + mediator

B free parameters: mg, My, gsm, 9om, ¢
B already rich phenomenology

B models classified w.r.t spin/CP of mediator and DM,
— special case: mediator = Higgs boson

COMPLETE
THEORIES
(e.g Susy)

Aypiauab ppows

SIMPLIFIED MODELS

theoretical completeness

EFFECTIVE FIELD THEORIES
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= WIMP DM + mediator

B free parameters: mg, My, gsm, 9om, ¢
B already rich phenomenology

B models classified w.r.t spin/CP of mediator and DM,
— special case: mediator = Higgs boson

B “Less simplified” model: 2 Higgs Doublet + a PDU 27 (2020) 100351
B Under development: DM + t-channel mediator EPJC 80 (2020) 5, 409
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Common benchmark ‘simplified’ models at the LHC

Phys.Dark Univ. 27 (2020) 100371

= WIMP DM + mediator

B free parameters: mg, My, gsm, 9om, ¢
B already rich phenomenology

B models classified w.r.t spin/CP of mediator and DM,
— special case: mediator = Higgs boson

B “Less simplified” model: 2 Higgs Doublet + a PDU 27 (2020) 100351

B Under development: DM + t-channel mediator EPJC 80 (2020) 5, 409 " 3
H COMPLETE %
3 THEORIES )
B Other (non-WIMP) simplified models: g (e.g Susy) 3
B dark higgs JHEP 04 (2017) 143, g SIMPLIFIED MODELS =
B unconventional signatures, E
e.g. strongly-interacting dark sectors  JHEP 11 (2017) 196 EFFECTIVE FIELD THEORIES

B dark photons, axion-like particles, ...
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The ATLAS & CMS detectors at the LHC

ATLAS detector overview Particle identification at CMS

Ur hadronic end-cap and
\ forward calorimefers

Iron return yolks intersperseéd

e Muon

Electron ~— Charged hadron (e.g. pion)

----Neutral hadron (e.g.neutron) ~ ----- Photon

B Results shown today based on LHC proton-proton collisions at v/s = 13 TeV

B Very large dataset collected by ATLAS/CMS during Run 2 (2015-2018) — 139 fo—
B 7.7M Higgs, 275M top quarks, 2800M Z bosons, ...

B Multi-purpose, high efficiency/acceptance detectors
B excellent online/offline reconstruction performance
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The ATLAS & CMS detectors at the LHC

E.I’."'ss trigger JHEP 08 (2020) 80 Jet energy scale Eur. Phys. J. C 81 (2021) 689
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B Results shown today based on LHC proton-proton collisions at /s = 13 TeV

B Very large dataset collected by ATLAS/CMS during Run 2 (2015-2018) — 139 fo—!
B 7.7M Higgs, 275M top quarks, 2800M Z bosons, ...

B Multi-purpose, high efficiency/acceptance detectors
B excellent online/offline reconstruction performance
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EMiss reconstruction at the LHC
ATLAS: arXiv:2402.05858 CMS: JINST 14 (2019) P07004

. . . miss _ e Y Thad L et track
miss _ ,z-miss j-miss E = - Pr— Pr — P - Pr — P] - P
E E E T T T T T T T
T ( x &y )’ . §
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. . electrons photons T-leptons muons jets tracks
miss __ miss| _ miss)2 miss)2 L I IL I I IL 1
EP'Ss = |EPSS| = \J(ERSR 4 (EMis)2, N
miss -1 miss miss L IL 1
¢ =tan (Ey /E)( ) . hard term soft term

T

ATLAS Simulation V=13 TeV B Proxy to undetected particle kinematics based on the

conservation of the momentum in the transverse plane

Jets CBu(g=0) Elections N.C.y Hadr. T
—n=00  =n=0.0 n=0.0 1pOn
= =Ini=2.0 ==|=20 «=«n|=2.0 3pXn

B Uses all the reconstructed high-level objects in the events +
non-associated tracks (ATLAS) or particle-flow object (CMS)

B resolution depends on event topology

Relative resolution o/p.

B Online E{."iss also available for event triggering
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Results on simplified
models
(ATLAS & CMS)

2.
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Mono-jet search

ATLAS: Phys. Rev. D 103 (2021) 112006 — ‘precision search’

B Signal region (SR) selection

m £S5 200 GeV —

ETSS trigger

collision
axis ®
Visible recoil

B up to 4 jets well separated from E'sS
B |eading jet pT > 150 GeV, no lepton

SR: no excess over background predictions
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Mono-jet search

ATLAS: Phys. Rev. D 103 (2021) 112006 — ‘precision search’

B Signal region (SR) selection

m £S5 200 GeV — EFSS trigger
B up to 4 jets well separated from EF'*
B |eading jet pT > 150 GeV, no lepton

SR: no excess over background predictions
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B Background: Z(— vv), W(— £v) + jets

constrained in control regions (CR) w/ leptons

use of state-of-the-art W /Z+jets predictions
EPJC 77, 829 (2017)

total background uncertainty: 2-4%,

example of CR for Z — npu

>
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WA VAR
ATLAS mono-jet event display W %

ATLAS

EXPERIMENT

other mono-X (ATLAS): mono-~, mono-V, mono-Z, ... similar analyses were performed by CMS. No excess found.
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ATLAS mono-jet search results

ATLAS: Phys. Rev. D 103 (2021) 112006 CMS: JHEP 11 (2021) 153 — ‘precision search’

q g9 X
B Various interpretations:
B DM mediated by axial vector Z4 — comparison w/ direct detection g9 Gx
B SUSY, e.g. squark pair production with § — g + x° Za
B other dark sector models: ATL-PHYS-PUB-2021-020 q %
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ATLAS mono-jet search results

ATLAS: Phys. Rev. D 103 (2021) 112006 CMS: JHEP 11 (2021) 153 — ‘precision search’

B Various interpretations:

B DM mediated by axial vector Z4 — comparison w/ direct detection
B SUSY, e.g. squark pair production with § — g + x° Za
B other dark sector models: ATL-PHYS-PUB-2021-020
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axial vector mediator interpretation
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ATLAS mono-jet search results

ATLAS: Phys. Rev. D 103 (2021) 112006 CMS: JHEP 11 (2021) 153 — ‘precision search’

. . . q g9 X
B Various interpretations:
B DM mediated by axial vector Z4 — comparison w/ direct detection g9 Gx
B SUSY, e.g. squark pair production with § — g + x° Za
B other dark sector models: ATL-PHYS-PUB-2021-020 q %
axial vector mediator interpretation (model-dependent) comparison w/ direct detection
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Interplay w/ resonant searches

ATLAS DM Summary plots: ATL-PHYS-PUB-2023-018

B Resonant search for mediator particle
B | ook for bump in mass spectra: jj, ¢4, ...

B Sensitivity at ‘low’ mass typically limited by trigger threshold
(for dijet, m < 2 TeV)
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Interplay w/ resonant searches
ATLAS DM Summary plots: ATL-PHYS-PUB-2023-018
B Resonant search for mediator particle

B | ook for bump in mass spectra: jj, ¢4, ...

B Sensitivity at ‘low’ mass typically limited by trigger threshold
(for dijet, m < 2 TeV)

B Complementarity with mono-X searches

Zp w/ large coupling to quarks

16 - 16
E ATLAS Prelimipary E TLAS Prelimifarys U & ne
1.4[48 = 13 TeV, 20[3/130 fb™ 2 1.4[-\5 = 13 Tev, 29/3-739 i ’ 4
£ buy2023 S|/ 5 uly 2023 g7 : L ]
120 / bb re: 12F . { = Dijet
1 1 E
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0.4 0.4F |2 3
o ]
Vector mediator, Dirac DM -
0.2 = 2f i e
9,= o.% .9, 02 £y 9,=01,g=001g =1
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Dark matter searches w/ third generation

ATLAS: arXiv:2402.16561 (2024), EPJC 83 (2023) 603, EPJC 83 (2023) 503, JHEP 05 (2021) 093

B spin-0 mediator under minimal flavour violation hypothesis — Yukawa-like couplings o fermion mass
B |eading channels: bb + EMSS, tf + EMSS and t(W) + EMiss
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Dark matter searches w/ third generation

ATLAS: arXiv:2402.16561 (2024), EPJC 83 (2023) 603, EPJC 83 (2023) 503, JHEP 05 (2021) 093

B spin-0 mediator under minimal flavour violation hypothesis — Yukawa-like couplings o fermion mass
m |eading channels: bb + EIMSS, tf + EMSS and t(W) + EMiss

® Signal region (SR) selection in tf + E{.“iss searches

W large £, 2 b-tagged jets, & 0, 1 or 2 leptons
B additional cuts to remove main backgrounds

® Main backgrounds
B Q-lepton: ti incl. a top quark decay w/ an undetected lepton

Vool miss
C B
w K

b

W 2-lepton: irreducible tiZ(— vv)
B 1-lepton: mix
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Dark matter searches w/ third generation

ATLAS: arXiv:2402.16561 (2024), EPJC 83 (2023) 603,

EPJC 83 (2023) 503, JHEP 05 (2021) 093

B spin-0 mediator under minimal flavour violation hypothesis — Yukawa-like couplings o fermion mass
B leading channels: bb + EMsS, tt + EMiSS and #(W) + EMiss

(one of) main challenge in 0-lepton analysis:
rejection of top quark decays with an undetected lepton

A . E_:_niss
w X
t
b

o Lawmmen Arins
i (other) 1 > Vs=13TeV, 139 "

.?"g:e.(o‘,:g..m {OL-iow analysis, SRTX Top reconstructed
jts

M Oiosn EROer assuming Ef"*S= W boson pT

Events /0.2

- ) cosh,
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Dark matter with spin 0 mediator - results

ATLAS: EPJC 83 (2023) 503, ATL-PHYS-PUB-2023-018  [CMS equivalent: EPJC 81 (2021) 11, 970]

— Obseved

DM+t and DM+t Dirac DM, m, =1 GeV,

Vs=13 TeV, 139 fb™ July 2023
z T ] g ET—— oBoer™ oL, uneos ozt o (1) TATLAS Preliminary 3
£ oL - £ E Monojet, [PRo 103 oz1) 112006, (2) Al o)
5 = ATLAS Preliminary - b W L s s, e ageRll
B _ 1 S 1000 » 9K -
o {5=13 Tev, 139 fb i 7 4L, (epuc 1 (2021) 860, (3) g=g-=1 3
All limits at 95% CL 3 2L, [EPUC 81 (2021) 860, (3) a “x 3
conbiaton ] i ekommE)  OcOM.m, =16V
expected limits Scalar ¢, ¢ XX b 1) OV, 2 4,31 DW= DM |
observed limits 97971 oBpeced 3

> L L L 10 20 30 40 50 60 100 200 300 :0
8910 20 30 40 50 10% 2x107
m(o) [GeV] m, [GeV]

m s E{.“‘ss searches drive the sensitivity to spin 0 mediators w/ Yukawa-like couplings, no excess found.

B my > 370 GeV for coupling g = 1
B coupling g < 0.17 if my, = 10 GeV

B results for both scalar and pseudo-scalar mediators available
B 2-|epton channel dominates the sensitivity and is statistically-limited
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Searches for H— invisible decays

CMS: Nature 607, 60 (2022)

ATLAS: Nature 607, 52 (2022)

B SM Higgs boson as spin 0 mediator

B SM Higgs production (Yukawa-like + HVV couplings) is assumed

B Enter global Higgs measurement combination

CMS 138 (13 Tev)
® Observed ] +1 sp (staty
= 15D (stat @ syst) [Il] =1 D (syst)
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Searches for H— invisible decays

ATLAS: Nature 607, 52 (2022) CMS: Nature 607, 60 (2022)

B SM Higgs boson as spin 0 mediator
B SM Higgs production (Yukawa-like + HVV couplings) is assumed
B Enter global Higgs measurement combination

el LA Most sensitive channel: “vector boson fusion” (VBF) + Eiss
® Observed ] +1 sp (staty
=41 5D (stat @ syst) [ +1 SD (syst)
— +2 SDs (stal @ syst)
= § Stat Syst
Xy - 101010 007
"w7 + 100000 o0 -om
K| .’ 1.0(!7”,‘ am -am
S -
K| —
x| - oo s 0% B Signal region (SR) selection
X - (R B 2 jets with large An and my;
e ) W M > 160 GeV — EMS trigger
Blnsat L |eene ew om B no lepton
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VBF + E["'ss analysis

ATLAS: JHEP 08 (2022) 104  CMS: PRD 105 (2022) 9, 092007

B Background: Z(— vv), W(— £v) + 2 jets
B constrained in control regions w/ leptons

B use of dedicated W/Z + 2 jets predictions in VBF phase space (ATLAS)
JHEP 01 (2023) 070

B total background uncertainty: ~ 5%,

example SR V+jets theory uncertainties (ATLAS)
S CMS 101 fb (13 TeV) " "
E 3 3 E T N < E N
8 o MRS D e £ o ~QCD - Mx S b ~QCD ~Mix -PS _
% ::’:L“l;ﬁwsﬂ L:Cn;y;:‘\:w 3 EE 15; . -+-Sherpa je veo Es 15; -+ ¢ﬂ' ¢“' - ¢“'
& — \:,:\ by Gy 3N ;;u:l ::g: ‘::.E 2w mg 10? ; n:E 10
B(H = im) =007 & 5E = 53"1.,
o OF
109 -5E -5E .
e -10- -10F -
mf -15F- ATLAS Simulation -15F ATLAS Simulation
E. _20F Vs = 13 TeV, Strong V+jets _o0f Vs =13 TeV, EW V+jets
S 18F + Bony it 4 5+B it \ kg, uncertany — Fited -8 E E| E E|
gir ] o5 - o5 -
s 12 B 10 10
95’_ o S Generator-level m, [GeV] Generator-level m [GeV]
5 °% S0 1000 10 2000 2500 300 3500 4000 4500 5000 —— —
g m, (GeV) ‘ No significant excess observed over background predictions.
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https://doi.org/10.48550/arXiv.2202.07953
https://doi.org/10.1103/PhysRevD.105.092007
https://doi.org/10.1007/JHEP01(2023)070

CMS VBF + EI"'ss event display

interactive version



https://cms3d.web.cern.ch/HIG-20-003/

H— invisible results

ATLAS: PLB 842 (2023) 137963 CMS: EPJC 83 (2023) 933

-1 -1 -1
49107 (7 TeV), 19.7 b (8 TeV), 140 b (13 TeV) - 4.9 17 (7 TeV), 19.7 fb™' (8 TeV), 140 fb™ (13 TeV) 4.9 (7 TeV), 19.7 " (8 TeV), 140 fb” (13 TeV)
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Sensitivity to BR(H — inv.) > 10%, driven by VBF + EIsS and V + EIMss
B stable if best fitted Higgs couplings (xr, ~v) assumed instead of SM

B i+ E}“iss subleading but still statistically-limited
Complementary to direct detection experiments
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https://doi.org/10.1016/j.physletb.2023.137963
https://doi.org/10.1140/epjc/s10052-023-11952-7

3 Other models &
L Experiments
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New generation of signhal models at the LHC

ATLAS DM Summary plots: ATL-PHYS-PUB-2023-018

B 2HDM+a model: pseudo-scalar mediator UV-complete extension CERN-LPCC-2018-02
B new signatures: mono-H, t(W) + EIsS, ..
B Secluded dark sector: dark photons, dark Higgs, sterile neutrino, ALP JHEP 04 (2017) 143

B new signatures: VV + ETSS, .

B Unconventional signatures: strongly-interacting dark sector JHEP 06 (2022) 156 ; PLB 848 (2024) 138324
B new signatures: semi-visible jets, displaced jet/leptons, ...

2HDM+a Dark Higgs

2HDM+a, Dirac DM, sing = 0.35, anf = 1, m, = 10GeV, g =1,m, =m,=m,,

- - . - § - July 2023
%‘ I > 20% = T T T T T T Dark Higgs model
O 1800 ATLAS 1 ) SN L NN NN ] P 1708 o 14
D fe=13Tev.361-130m Limits at 95% CL S T 9=025.g,=1
I3 . . — Observed ] - 4001 T TR RN SRS S| 5in6=0.01, my =200 Gev
1600y, . Expected erio uanI:) 13]39 o € ATLAS Preliminary 1 — EPs+VV(qaqg), 139 fb!
L
1400 A AT el o o PR 125 (021 191502
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12001 : ] P 10 018) 190 —— Observed arXiv:2211.07175
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-018/
https://doi.org/10.48550/arXiv.1810.09420
https://doi.org/10.1007/JHEP04(2017)143
https://doi.org/10.1007/JHEP06(2022)156
https://doi.org/10.1016/j.physletb.2023.138324

Less simplified: “2 Higgs doublet + a” Model (2HDM+a)

B Next-to-simplest simplified pseudoscalar model
being gauge-invariant and renormalisable

® New particles: H, H* (scalars), A, a (pseudoscalars)

® Additional contributions via H/H= resonant diag.
B New signatures via A resonant diagrams

new signature: mono-H channel

Matthias Saimpert (CEA Irfu/DPhP)

gt

. aq

Simplified model
&vith pseudoscalar ZHDM +y

additional contributions to mono-Z and mono-top
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ATLAS DM Summary plots:

ATL-PHYS-PUB-2023-018

2HDM+a, Dirac DM, sin6 = 0.35, tan = 1, m = 10 GeV, 9= 1, m o=my=m,
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ATLAS ]
[ Vs =13 TeV, 36.1 - 139 fb* Limits at 95% CL
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)

— ET™*+h(bb), 139 fb™*
JHEP 11 (2021) 209
E7**+h(t1), 139 fb™*
arXiv:2305.12938
ET+h(yy), 139 fb™
JHEP 10 (2021) 13

— ET™+Z(ll), 139 fo*
PLB 829 (2022) 137066

— ET™*+Z(qg), 36.1 fb™*
JHEP 10 (2018) 180
ETSS+tW, 139 b
arXiv:2211.13138

— E7**+j, 139 fb™
PRD 103 (2021) 112006
tbH*(tb), 139 fb™*
JHEP 06 (2021) 145

~— {itf, 139 fb™*
arXiv:2211.01136

— h_invisible, 139 fb*
arxiv:2301.10731

— Combination
ET*+h(bb), E7**+Z(ll), toH*(tb)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-018/

Toward the intensity frontier: secluded dark sector

B DM is not a single particle
but a sector incl. many several states

dark
fermions?

B |imited number (usually one) dark sector particles
interact with SM via kinetic mixing

mediators?

B 4 Portals defined in JPG 47 (2020) 1, 010501

dark photon

dark Higgs

sterile neutrino
axion-like particles

dark photon model

€
———— B, Fw, t tal
2cos oug “f v°.° SEC < Portals to the dark sector
£5{ wo+ " )H'H,  Higgs portal Symmetry 2022, 14(7), 1299
yoLHN , neutrino portal
e F B axion portal.
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https://doi.org/10.1088/1361-6471/ab4cd2
https://doi.org/10.3390/sym14071299

LHCb highlights

RPP 85 (2022) 2, 024201

m 5.5 fb=" of proton-proton collisions at 13 TeV with low pileup
B asymmetric detector to study CPV and rare decays of heavy flavor hadrons

B DM search program incl. light DM or mediators (0.1-50 GeV) coupled to 2nd/3rd generation

dark photon to . decays: PRL 124 (2020) 4, 041801 JHEP 10 (2020) 156 o u
e v
~ 10
= LHCb e ¢ "
10 = i:nlalg?ln V5 = 13TV
:3_/ 10 apphe prompt pt ]
£ Wl o
i 10t B 0k hpg =
8
= 10
=
E 10?
&}

m(ptpm) [GeV]

‘ Full reconstruction in the trigger — no data prescale factors
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https://doi.org/10.1088/1361-6633/ac4649
https://doi.org/10.1103/PhysRevLett.124.041801
https://doi.org/10.1007/JHEP10(2020)156

Belle 2 highlights

Belle 2 Physics Book: PTEP 2019 (2019) 12, 123C01 Z’ search: PRL 130 (2023) 23, 231801

B Asymmetric e*e™ collision near the T(4S) peak Y ez D
B-factory, v/s = 10.58 GeV, unprecedented luminosity '

Fully invisible Ly -Lt

Belle Il 0276 fb~"

B DM search program incl. light DM or mediators

(0.1-10 GeV) coupled to 2nd/3rd generation 3 -
S
B More results to come 3

é 107 | Belle I [L dt = 79.7 fb~!, 90% CL UL ‘
% — =0 Expected +10  Expected +20

° 8 rlam

£ J 1070 20 40 60 w oz 34 5 6 78

Sl PR T . | M2, [GeV2/c?] Mz [GeV/c?]

< long-lived scalar in b — s transitions: PRD 108 (2023) L111104
similar models probed by LHCb

K Belle Il Preliminary Bf_)Kos
5 [rdt =189 bt BO K" (_, K'n‘)S
10” 10

S = ee/pp/nn/KK

ms (GeVic?)
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https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.1103/PhysRevLett.130.231801
https://doi.org/10.1103/PhysRevD.108.L111104

Summary

B DM searches at colliders mostly guided by WIMP simplified models
m single mediator

® Higgs portal
® toward UV-completion

—  mono-X

— Htoinvisible
— 2HDM+a

B Large parameter space explored, no hint so far

m sensitivity model-dependent but complementary to direct detection

B |n parallel, models beyond the WIMP paradigm also explored

m dark higgs, dark photon, axion-like particles, strongly-interacting dark sectors
B Possible focus for the LHC Run 3: t-channel simplified mediator models
qwf" ;5,———(( Zgyg@";((; 13;*&‘:\;
q Yy .
i Y\\{ : ' q
@ Matthias Saimpert (CEA Irfu/DPhP)
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