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® Dark Matter Evidence and Theory Context in a nutshell
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« DM evidence from astronomical observations and gravitational effects:
 Galactic rotation curves, Gravitational lensing, Cosmic Microwave Background anisotropies, ...
« Characteristics: Non-baryonic, massive, electrically neutral, gravitational, stable > WIMP context

« BSM models predict weakly interacting massive particle (WIMP) -> Dark Matter Candidate. In SUSY
models, the lightest SUSY particle LSP is a candidate for dark matter. Being LSP stable in most Models.

« Any WIMP DM produced at collider experiments will interact weakly and pass invisibly through
detectors. Inferred through ‘Missing Er* when event does not balance in plane transverse to beam.
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® Frontiers that DM can reach out
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Direct Detection
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® Dark Matter Direct Detections
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® Dark Matter Indirect Detections

 Indirect Detection (ID): products from DM annihilation (DAMPE, HESS, IceCube, ..)

Collider
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320 optical sensors

2010: 79 strings in operation
2011: Project completion, 86 strings

IceCube Arr.
/essxmg.mc 6 DeepCore strings
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5160 optical sensors
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® Dark Matter Collider productions

- Colliders: DM production in high-energy collisions, focusmg on the productlons of a SM particle(s) (X)
with large missing E; S

Collider
SM “Production" DM

Scattering

Direct Detection

SM < “Annihilation DM

Indirect Detection
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e Dark Matter Models for LHC

Generic searches <

Less Complete

Effective Field Theories

Simplified
Models

Higgs
portal

Sketches of Models:

Figure: Tim Tait

Particle and Nuclear Physics Division
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» Specific searches

Phys. Dark Univ. 9-10 (2015) 8-23

 LHCDMWG
.. ecosystem

Models

UV Complete
Models

Complete

TSUNG-DAO LEE INSTITUTE




® Dark Matter Search programs at LHC
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Simplified models Higgs portal
SM X X Hla
H --w»-
Mediator
SM ISR X X |9

SM-DM boson mediator:
eSpin-0: Scalar (S) or
pseudo-scalar (a)
e Spin-1:
Vector (V/Z’) or axial-
vector (A)
e Minimal set of parameters:

Mp Mmediatan gp gq’ gr

eProvides good candidate for
DM

e R-parity conservation

e[ightest supersymmetric
Particle (LSP)

*Model-dependent limit on
DM candidate

Particle and Nuclear Physics Division
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DM-SM interaction:
H — invisible

eHiggs boson mediates

oParameters: m,, y spin

eMore complete models (more free parameters

and better sensitivity) involving several Higgs-
like (or scalar) bosons: 2HDMa, Dark Higgs, ..
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® S-channel Mediator Simplified Models
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~ DM produced together with a visible object
! e.g. Y, jet, Z-boson, W-boson, Higgs-boson
q X 4] SMsector 4  Dark sector
' =
Mediator
~ Escape
7 Detection
Dark Matter
i PR _’mis;\“g—"/ ﬁTml — ETnuss
Missing transverse momentum inferred from
momentum conservation
Simplified model: Two complementary approaches:
« Starting point to build complete theories « Look for DM - mono-X signature
 Colliders can search for the mediator directly « Look for mediator - resonance search

« Benchmark model @ Run II

Particle and Nuclear Physics Division
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_ ATLAS: Phys. Rev. D 103 (2021) 112006
® Mono-Jet search (Jet + E;™Miss) CMS: JHEP 11(2021)153

ATLAS T o

(s =13 Tev, 139 fb™ SO Stardird Model w, ur
Signal Region Z~vv)
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EXPERIMENT
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Data/SM

large missing
energy

Diverse Interpretations
 Simplified Models:
« Fix coupling; Fix ratio
sy ° T-channel models
z-1 V) W=l Y « Generic sensitivity
« SUSY, leptoquarks,
extra dimensions, ...

(e.u)

Main backgrounds

Particle and Nuclear Physics Division <10 >
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_ ATLAS: Phys. Rev. D 103 (2021) 112006
® Mono-Jet search (Jet + E{Miss) CMS: JHEP 11(2021)153
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ATLAS: Phys. Lett B 829 (2022) 137066
® Mono-Z(ll) (Z + E,™iss) CMS: Eur. Phys. J_C 81 (2021) 13

Higgs-portal, 2HDM + a; simplified DM model (spin-1 mediator)
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® DM Mediator to Di-(b)jet search

arXiv:2205.01835 (accepted by PRD)
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o ttbar + E;™'ss

ATLAS-CONF-2022-007

scalar mediators — Yukawa-like coupling with SM particles
sensitivity driven by 3rd generation
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Combining 0, 1, 2 lepton channels
Also interpreted as results on H>inv.
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® Single Top + E;™Miss
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BDT (XGBoost) is used to discriminate signal/ background (E{™ss based
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arXiv:2211.13138

® tW + E.miss (2HDM+a)
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https://arxiv.org/abs/2211.13138

® (Axial-)Vector Mediator summary
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— Boosted dijet + ISR
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Vector mediator

Dirac DM
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Boosted dijet (77 fb™)
[arXiv:1909.04114]

Dijet w/ btag (19.7 o)
[arXiv:1802.06149]

Dijet w/ISRj (18.3b)
[arXiv:1911.03761]
Dijet (35.9-137 fb™)
— [arXiv:1806.00843]
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____ DM+j/V(qq) (137 1b™)
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® (Pseudo-)Scalar mediator sensitivity summary
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\ CMS Preliminary ICHEP 2018
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Observed Limit from the combination

B(H — inv) < 0.18 (0.12) at the 95% CL,

« Signature: Vector-Boson Fusion

« Two SR triggers:
« MTR with missing momentum trigger
« VTR with VBF jet trigger

Particle and Nuclear Physics Division
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q

EW Z(vv)+jets:

q

q
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® Higgs portal to DM: invisible decays

Analysis Best fit By _ine || Observed 95% U.L. | Expected 95% U.L.
Run 2 Comb. 0.04 + 0.04 0.113 0.08010 035
Run 1 Comb. —0.027913 0252 | _ 0. 26515 071
Run 142 Comb. 0.04 + 0.04 ¢ 0107 0.077t8;0'.§§: S

e ———

« Zto W ratio predictions @NLO QCD, NLO EW -
arXiv:2204.07652 - used to constrain Zjets with Wjets

« Probing BR(H— Inv) at 10% level
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. nggs portal to DM Mono- H(yy)
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® Higgs portal to DM: Mono-H(bb) JHEP 11 (2021) 209

Resolved topology

150 < Erss < 500 GeV
50 GeV < my, < 280 GeV
At least 2 small-R jets

LN L B B S B B B B B B B B B B B B B

> —
Q ATLAS —e— Data M Single top
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N
o
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 Interpreted wit 2HDM+Z' ,
2HDM+a in both ggF and bbH.
« Also Model-independent upper

Merged topology limits on the VISIb|e cross-section
Ess > 500 GeV
50 GeV < my, < 270 GeV ___<
At least 1 large-R jet < <
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arXiv:2211.07175

® Dark Higgs Search: s>WW semileptonic N o d 4T

et/ TSUNG-DAO LEE INSTITUTE

« Two mediator model: Z' +Dark Higgs
« Utilize both resolved calorimeter-measured jet pair
or merged from track-assisted reclustered jets

« Scenarios with dark Higgs boson masses ranging
between 140 and 390 GeV are excluded.

.5 % A TLAS 1 l:l W+jets - Z+jets % m— T I T T T T T T T T I T T T T I T T T T I T T T T I T T T T
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* 104 - Post-fit BN Single Top 1 O, - {s=13 TeV, 139 fb™' =

1< 3 - ' E 3 C -

q>’ = W4jets Control Region i it Control Region i Signal Region ] £ 350 C B==E Expected Limit (+10) .

w1 OSE_ ; o : ! : _§l C - - - - Expected Limit (+20) 7]

, E . : » S 300 — —— Observed Limit -

10 = - o = - F f Tl e Relic Density .

101 E - 250—_ —— PRL 126, 121802 (2021)_—

10° : : : - - Dark Higgs model -

£ 151 i i —H1.5 & 200: JHEP 04 (2017) 143 -

» - : : i : . Q - .

o - i L\ 4\ i . L C g =0.25,9 =1, N

E 1.0 R \;\\\\\\“\\\\\\M } N \1:\ e 1.0 = 150~ siqne=0.01 ,xmx=200 GeV _

% : ; i ; i E : ‘..QI_) C 1 1 I 1 1 1 EI I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 n
o 05 _ i . i . 105 © 500 1000 1500 2000 2500 3000 3500 4000

\erged P\e:.;,o\\'ed \erged Reso\ved \eraed P\(,ﬁo\\n%d m.. [GeV]

Particle and Nuclear Physics Division <23 >
R SZYRERRH



Events / bin

Data/Pred.

® Dark Higgs Search: s=>WW fully leptonic
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« Dark Photon BSM extensions:
« U(1) extension of the SM
« Hidden gauge boson A’ — kinetic mixing (g)
with the SM photon
« the magnitude of € affects production rate and
leptons? lifetime

\  portals
-

y

Vector portal — dark photons
Scalar portals - dark Higgs
Neutrino portal

Axion portal

Ya

Particle and Nuclear Physics Division <95 >
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® Dark Photon searches: ZH and VBF

For massless y,

A d AT
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Phys. Rev. Lett. 124 (2020) 041801
® Dark Photon Search at LHCDb s -

T
<10 ———
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© Bl oo 10
N N
10 Bl 2k + hpg W ‘ w‘wm‘
O ' |
z 10 1077 "i“ i LHCD I LHCb
g promptlike A’ search I LHCD (2016 data)
cg 10? L BABAR+KLOE+CMS
m(ut ) [Gev] m(A) [GeV |
10°¢

Search via di-muon

final state

107

Two signature

recipes:

« Prompt search:
ma 2m, up to 70
GeV

« Displaced search:
ma- 214 — 350 e | LA 2 ... —
MeV 10 10 1 10 (4 [GeV]
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ATLAS-CONF-2022-038
® Unconventional searches with semi-visible jets

b § A 5T

<~ -+ Semi-visible jets arise in strongly-
...~ > Interacting dark sectors
« One of the jets is aligned with the
missing transverse momentum
direction: i.e. missing transverse
Gdark momentum originates from the

10°

Pl é invisible components of the two
N N> semi-visible jets.
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® Unconventional searches with semi-visible jets

q X
,.oCMS
Search for s-channel resonant £ INN
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Unconventional signatures

v disappearing tracks

L\
\Iate photons

-
-
P
Pl

multitrack
\ vertlces in ID

displaced leptons, emerging jets

lepton-jets

X

trackless,
displaced jets,
delayed jets |

analysis
featured
in backup

multitrack vertlces in MS\

(meta) stable charged
particles
N\

decay probability

>

New particles can be long-lived:
observed lifetime is governed by an
exponential defined by the proper lifetime ct

ct =35 cm, fy ~ 40

calorimeter 60%

prompt 1%
tracker 25%
muon chambers 13%
out of the detector 1%

]
distance




® More unconventional searches

- LLP, displaced vertices, displaced leptons and jets, disappearing tracks, stopped particles
« Connecting more general untouched dark sector signatures, enlightening DM new prospects

ATLAS Long-lived Particle Searches* - 95% CL Exclusion ATLAS Preliminary

Status: July 2022 fL dt = (32.8-139) fo~! V5=13TeV
Model Signature  [rdt [ Lifetime limit Reference
M uon —— dopscndvocemaon 136 |cieme | (L D GORER R -4 200211956
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|eptons AMSBpp -+ (iHLA 5 gepeldEd 139 | §] letme o0 m ) 00 Gav 220509013
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Spi SUSY 00,2-6jets ~E7=  3g1 | gietime co21m )= 18 %, m(53)= 100GeV | ATLAS-CONF-2018-006
partIC|eS Hess 2M8 versces 128 | sitetime Loanrzam L w6 2203.00567
Heoss 2low-EMF yacdess jets 135 | s liletime _ {3} 36 GoV 220201008
-------- VH WD H —+ 55 — bbbk 2/ + 2dspl vertices 139 [ s itetime . assmm i) 36 GaV 2107.08092
FRAVZH — 272+ X 2 u-jots 138 | yelitetimel 0684038 mm. myg)= 400 MV 220612181
FRVZ H — 4y + X 2 p-jots 128 | 4 litetime S 27s%mm )= 400 MV 220612181
Mo 2,2, displaced dimuan 329 | Zylhetme  0.009-240m L m(Z,)- 40 GeV 1806.03057
displaced Vertex He 27 2 .1+ lowEMF vraciiess #136.1 | Zq lietme I 021:52m m{Z)=10Gav 1811.02542
in association with Ty R carsim "SSP g
00 GV) = 55 low-EMF rkloss jots, MSvix 361 | s letime . 00a218m T xS 1pb mis)= 506V 1802.03088
MEI-, jets’ . o1 TeV) —+ 55 low-EMF wrkless joss, MSvix 36,1 | s itatime | 006s24m Bx 8- 1 o0 mis)- 150GaY|  1902.00006
d|sappear|ng Vs NEN -+ 2y dplaced vix (e, ee) + ¢ 130 | Nisetime [0 a7ea2mm {N)= 6 GaV. Drac 220411283

.
. Vs NEN -+ ety Osplaced Vi Gurae, ee] <4 139 | Nlitetime © 3433me V)= 6 GoV. Maorana 220411283
R traCkS Vo NEN = 00y displacad vix (uage, ee) + ¢ 138 | N etiig 0 B e mm| (N}~ & Go\. Drac 2204.11988
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w ﬁ.“m - 1 i i 1 1 1
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® Summary ®) T
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 LHC continues to deliver highly valuable physical results
while Run-3 is started with new results in the pipeline

bb+DM

t/t+DM

- Dark Matter mystery remains puzzling while collider
searches provide sensitivity complementarity with non-
collider DM searches

semi-
visible jets u

 Many hypotheses, diverse processes and signatures are , o
broadly surveyed and searched for but by far no hints of . \>
DETLELE El

* Need to further diversify the data mining aspects in the
collisions covering more unconventional signatures and =,

VV = 4q

untouched stones =——————1THEY ALL ASK “WHAT IS DARK MATTER?” P oo
L AND “WHERE }‘S DARK MATTER?” BUT ) D mono- 27 > 4l
= [ NOBODY ASKS “HOW IS DARK MATTER?” N | B
/ ‘ ‘ H(\_/)B%I)n “ (_z’x-;y)m Dark matter searches at CMS and ATLAS
= \ 4L N ~ D Perez Adan - 2022
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