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® Dark Matter Evidence and Theory Context in a nutshell
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DM

« 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.

Particle and Nuclear Physics Division
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® Frontiers that DM can reach out

Particle and Nuclear Physics Division
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® Dark Matter Direct Detections

Direct Detection
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Particle and Nuclear Physics Division
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® Dark Matter Indirect Detections

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

Collider

lceT&
80 oach with
ik 2 IceTop Cherenkov detector tanks
2 optical sensors per tank
320 optical sensors

2010: 79 strings in operation

8 2011: Project completion, 86 strings
=
! LoaCHbe ATSY ¢ Deopce
5 /wwmmmmm
Q ‘ | 5160 optical sensors
8 I il / AMANDA
q&-)q L 6 strings-spacing optimized for lower energies
. p—{ 360 opacal sensors
- 4 asg‘ur:m
SM DM
<
Indirect Detection
Particle and Nuclear Physics Division <5>
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® Dark Matter Collider productions

« Direct Detection (DD): nuclear recoils from DM-nuclei scattering (CDEX, PandaX, LZ, XENONRNT, ...)

« Indirect Detection (ID): products from DM annihilation (DAMPE, HESS, IceCube, ..
- Colliders: DM production in high-energy collisions, focusing on the productlons of a SM particle(s) (X)

with large missing Et
Collider

>
SM “Production" DM

>

Direct Detection
Scattering

SM < “ Annihilation DM

Indirect Detection

Particle and Nuclear Physics Division
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® The ATLAS Experiment @) ?'&D‘ifrfj
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Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker

Particle and Nuclear Physics Division
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® ATLAS Detector System

Muon Spectrometer:
muon identification and
momentum measurement

.
.

.
Neutrino
.

Muon\"
!

Hadronic calorimeter:
Measurement of jets and
missing energy

Proton

' Neutron| /= Electromagnetic calo:
\ :

ely identification and
energy measurement

{ *Electrons”
",‘Photon
Solenoid magnet magnet \ e

Transition

Radiation Tracking system:

Tracking § Tracker X228 Charged particle

detector % 3 momentum, vertexing

Particle and Nuclear Physics Division
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e Dark Matter Models for LHC

Generic searches <

Less Complete

Effective Field Theories

Simplified
Models

Sketches of Modéls' -

Figure: Tim Tait

Particle and Nuclear Physics Division
AT SRYPEMFE

» Specific searches

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

.. LHC DM WG
.. ecosystem

Models

UV Complete
Models

Complete
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® Dark Matter Search programs at LHC
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Simplified models SUSY Higgs portal
SM : Xtlg
H --w»-
Mediator
SM ISR X X 1|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:

MX’ Mmediator’ 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

R SRR

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, ..

<10 >
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® S-channel Mediator Simplified Models

Y DM produced together with a visible object
! e.g. Y, jet, Z-boson, W-boson, Higgs-boson
q X 4] SMsector 4  Dark sector
' s
Mediator
~ Escape
7 Detection
Dark Matter : ]
| i e _’mis;\\;—’/, ﬁTml — ETnuss
{1 [ pT
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
KT SR
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Phys. Rev. D 103 (2021) 112006

® Mono-Jet search (Jet + E;™iss)

> gL ATLAS v ' ) om ' :
ATLAS funs ) by (s =13 TeV, 139 ib™ % Stardied Mocelw 1
EXPERIMENT o7 % 10°f Signal Region 2= v ]
5 . F p.0)>150Gev E
LI>J 10 15
> 1 energetic " 1
® hadronic jet ™~ 1
1
1
1
= . ]
m .
2 [
o . i
e Y | et T T
' B, 'y 200 400 600 800 1000 120%
large missing . e P (GeV]

- ./ energy

Diverse Interpretations
 Simplified Models:
« Fix coupling; Fix ratio
T-channel models
WY « Generic sensitivity
« SUSY, leptoquarks,
extra dimensions, ...

(e.u)

220 (o)

Main backgrounds

Particle and Nuclear Physics Division <12 >
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® Mono-Jet search (Jet + E;™miss)
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Particle and Nuclear Physics Division
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Phys. Lett. B 829 (2022) 137066

® E miss+Z(ll) signature ) S d R
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>
« Signal region: S -z
-~ Non-res. Other
ags . 1eQ .g /—Axlal DM
« 7 boson recoiling against large E™* > 90 GeV £ e 000, 00080
» Presence of a pair of high-p, same flavour, oppositely
charged leptons with angular separation < 1.8
« Dominant bkgs ZZ, WZ and non-resonant bkgs estimated using :
41, 31, and ey Control Regions. e L b
s ! o
S OSE i
) ) le ) . 200 400 600 800 1000 1200 1400 1600 1800 2000
« Fitto data is performed on m. P(in SR and eu CR) + E™* my [GeV]
(in 41 and 3! CRs). T et i
8 - ATLAS \
= - 8= 1376V, 139 fo !, 95% CL NN
; X S 2000‘"280M:37 D{rac DM;”T‘leQGeV :Z:Zc]oalmn( 10,
, X 1500 _ ~~~~~~~~~~~~~~ E-::.:-] rim,> 26%

gg-initiated bb-initiated 106" T5 303556350355 400"250"255- 555 %o
Particle and Nuclear Physics Division m, [GeV] 4
RS2



® Higgs portal to DM: invisible decays

o~

Pt S sty

E -

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
RIF SZAIEATER

Phys. Rev. D 105 (2022) 092007

q

EW Z(vv)+jets:

q

q

19.7 b (8 TeV) + 140 fb™' (13 TeV)

= 0.8f .
L - CMS —— Observed -
z o7/ . Median expected
T o6E Run 1 and Run2: I 68% expected ]
= "“E Observed (expected) [ 95% expected ]
x  0.5F limit on the branching =
- = ratio: 0.18 (0.10) g
s 04p ]
£ - .
-~ 03E -
a .
5 02 =
- -
)

* 0.1
3
020122016 2017 2018 Combination
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Phys. Lett. B 842 (2023) 137963

® 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. —0.0275 13 0252 | 0.265% 007
Run 142 Comb. 0.04 + 0.04 ¢~ 0107 0.077003 =

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

Events / 500 GeV

Ratio

10° I A TLAIs Post-fit -®-Data N Uncertainty
Vs=13TeV,139fb" Bkg-only WMstongw [[EW w
10% SR M strong Z EW Z
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m, = 100 GeV

ATLAS Preliminary
Vs= 7TeV, 47fb"
s= 8TeV, 20.3 b
Vs=13TeV, 139fb
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All limits at 90% CL

! Higgs Portal WIMP:

1
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° H|ggs portal to DM Mono- H(yy)

>\L

m, [GeV]
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JHEP 11 (2021) 209

® Higgs portal to DM: Mono-H(bb)

. Interpreted W|th 2HDM +/Z'
2HDM+a in both ggF and bbH.

« Also Model-independent upper
limits on the visible Cross- section

Resolved topology
150 < Erss < 500 GeV

Merged topology
Ess > 500 GeV

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

50 GeV < my, < 270 GeV
At least 1 large-R jet

i

> LANLENLEN DL DL AL DL LA DL AL B DL AL L LA LA B Trrrrrrrrrrrrrrrr T T T T T '
() ATLAS - —e— Data WM Single top % L ATLAS —e— Data [ Single top 1 é
0] \Sf 13 TeV, 139107 @ sMvh m ZeHF 1 O 06 /s=13TeV, 139" mm smvn == z+HF 1 =
© 8ot ollgel:;on i%"l’)”tag N Vv EEE Others 4 = [ Signal Region BN VY N Others ] g
N W+HF NN Background Uncertainty 1 i - O-lepton >3 b-tag . ) E < 10
E [ ErT"'sse [200,350) GeV i % 05: E?ISS>500 GeV = tt\{\I+HF N Background Uncertainty ] bg
c = r ]
) L Mono-h 2HDM+a . L - Mono-h 2HDM 1 S
|.|>J 60 _ (mama) = (1000,150) Gev 04t ono (mA,ma)+=a(1000,150) GeV 1 9
tanp = 10, Ogjgna) = 62.7 b (x10) C 77 tanp = 10, Ggigna = 62.7 b (x5) €
40+ i 0.3: g 1
i g
I 0.2 =)
20 ol
01p  SEEE—— © 107"
c% 1. = 1.5F
2
I = E
80 605....1...1,..1...1...1,..1...1...1,,.1...1‘“:
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Mpp, [GeV]

Particle and Nuclear Physics Division
R SZHRERTRH

Mpp, [GeV]

| ATLAS —_— Observed L|m|t ]
Vs=13TeV, 139 fb™ === Expected Limit |
h(bb) + E™™*, Al limits at 95% CL o +io,, 3
12 ¢, 7

exp

1 IIIIIII|

777 E ’77/s ’77/Ls l'ns /'ns '77 iss
S/ 750 /200 [ 50 [500 50 S/, 50 /200 S/3 50 500
52 , 3 > 5 7 G 12 3 25 G
(0] V5 G 0 Ge[/5 0 50 Ge[/OO)Ge[/ el
2 b-tag >3 b- tag
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JHEP 07 (2023) 116

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

.S % A TLAS I:I 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

E,’ 105 - Vs =13 TeV, 139 fb! g tl\f/lultiboson x\:\\ g:t:Sys. Uncertainty_g % 400 :— ATLAS _:

@ e Post-fit mm Single Top E S. - (5=13 TeV, 139 fb"

c g ' ! 3 C _

o = W4jets Control Region It Control Region | Signal Region ] £ 350 B B==E Expected Limit (+10) —

> 3 1 1 — -

w 10 E ; o H ! : _§l C - - - - Expected Limit (+20) 7]

, = . : » ~ 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 -

7 - : - . 8 - ]

o B y : i : S o - g =0.25,9 =1, =

E 1.0% A\ \;\\\\\\“\\\\\\M } N \1}:§ \*\ R 1.0 = 1501 siqne=0.01 ,me=200 GeV

% : ; i ; i é : ‘..Q_) 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‘eso\\'ed \erged P\eso\ved \eraed Reso\ved m.. [GeV]

Particle and Nuclear Physics Division <19 >
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arXiv.2306.00641
o 2HDM+a context (Science Bulletin Accepted)

W@ A

Z)
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« One of the popular ATLAS DM benchmark context
« Searches interpreted in Two-Higgs-Doublet Model plus a pseudo-scalar mediator (2HDM+a):
« Minimal, UV-complete extension.
« EWK Symmetry Breaking:
« 5Higgs: h, H, Hf, A
« 1 light pseudo-scalar: a

Extended
Higgs sector

(2HDM)

Pseudoscalar
singlet P

2HDM+a fully defined by 14 parameters 5 unconstrained parameters

v, Mp, Ma, My, M+, My, my My = My = My« | masses of heavy Higgs

cos(f — a), tan 3, sin6, q m, mass of pseudo-scalar mediator

Yx, A3y AP1, AP,

EWK, flavour constraints and m, DM mass

to simplify parameter space
sin @ mixing angle between CP-odd states @ and A
tan ratio of 2 Higgs doublet VEVs

: Phys. Dark Univ. 27 (2020) 100351 *

 Bauer, Haisch, Kahlhoefer
*h: SM-like CP-even Higgs with mass of 125 GeV : JHEP05(2017) 138
]

Particle and Nuclear Physics Division

R SZHRERTRH <20>



arXiv:2306.00641 B
® 2HDM+a Experimental Signatures at ATLAS Scence Bulletin Accepted) (@) 4 v & 4 % 7

L
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« 2HDM+a has rich phenomenology predicting wide range of signatures with both visible and
invisible decays

« resonantly production of giss +Z/h

« additional (pseudo-)scalar bosons, e.g. tbH#(tb)
« new signatures, e.qg. gmiss +tW

g
Z[h
c --€__ X
£ a \(
g

X

g
flx
< X | :}>-’1-a"'< I
“ f'Ix
- q a s
X | <
f'Ix
g P .
ET™ + jet h — aa — 4f/ h — invisible
Particle and Nuclear Physics Division

R SR 7 ER <21>



arXiv:-2306.00641

® Statistical Combination (Science Bulletin Accepted)

. E.'[‘-“"S + h(bb), E%‘i'“ + Z(Il) and 1H /" (1h): Most constraining signatures of 2HDM+a.

« thH™(tb) gives significant complementarity to sensitivities of EPiSS + X

« stat. combination of 3 channels to maximize 2HDM+a constraints in parameter space.

WA

TSUNG-DAO LEE INSTITUTE

* Combined exclusion limits obtained from profile likelihood ratio corresponding to 3-channel-combined likelihood.

* Decorrelate over-constrained/pulled uncertainties to avoid any phase-space-specific biases across channels.

Particle and Nuclear Physics Division

RF SRR

2HDM+a, Dirac DM, sinf = 0.35, tan § = 1.mx =10GeV, 9,= 1,m, =my=m,

;2000 R ———
O I/m > 20% ATLAS .
O, 1800 Vs=13TeV,139fb' -  Combination
< ; ET **+h(bb), E‘T"“+z(||). tbH(tb)
£ 1600 -+  Limits at 95% CL
4 - Observed
1400} 4 === Expected
C y L Ealy
1200} 3 20
X ] —— ET"** + h(bb)
1000:— —: — E™ 4 Z(l)
800F tbH"(tb)

600

400F

200, | i Improvement from
100 200 300 400 500 600 700 800 combination
m, [GeV]
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® Summary of constraints on 2HDM+a kR
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e constraints on 2HDM+a interpreted in 6 benchmark scenarios.
e highlight diverse phenomenology of 2HDM+a.
* study the interplay and complementarities between different signatures.

Scenario Fixed parameter values Varied parameters
sinff my, [GeV] m, [GeV] tanp shows interplay due to
- 035 - - 10 mass hierarchies
1 @ ' ' (Mg smy)
b 0.70 - - 1.0
& 0.35 250 , motivated by similar scans
2 b 0.70 — 250 — (m 4, tan ) done for general 2HDMs
a 0.35 600 | o
S p 0.70 600 (g, tan 5)
. a , 600 200 1.0 _ illustration a-A mixing
Ty 1000 350 1.0 sin Perameter efia
5) 0.35 1000 400 1.0 My
! . m_ m connection with cosmological
_6 035 1200 LY (maq, my) constraints and direct/indirect
searches

showed for the 1st time

m, set to 10 GeV in all scenarios, E
/ ' <23>
except 5and 6 '

Particle and Nuclear Physics Division
RIF SR FER
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® Summary of constraints on 2HDM+a
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Variety of searches interpreted in the context of different 2HDM+a benchmark scenarios

N\

Analysis/Scenario

/'1a‘\ Ib 2a 2b 3a 3b 4a 4b

EXSS 4 Z(00) [74]
EY™ + h(bb) [75]
ET™ + h(vy) [84]
ET™ + h(r7) [T8]
ER'SS 4 tW [77]
EY™ + j [45]

h — invisible [86]
ET™ + Z(qq) [127]
EY™ + bb [128]
EFSS 4t [128,129]
tttt L85] X
tbH ™ (tb) [76] X
h—aa— fff'f [79.80,81,82,83]

AOA A A A A A A

X
X
X

"

X
X

X
X

X
X
X

"

X
X
X

X
X
X

nooA

sOA A A A

X

nooA

nA A A A

Vi

Particle and Nuclear Physics Division

RF SRR
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® Scenario 1a: sin6=0.35, m, - m, plane

« h — invisible constrains very low m,,.

2HDM+a, Dirac DM, sin6 = 0.35,tanf =1, m =10GeV, g =1, m =m,=m,

— 2000 — h—sinvisible, 139 fb™
% | WA I'/m > 20% : aniv2301.10731
(.2, 1800F ATLAS o
. |  Vs=13TeV, 36.1-139fb" Limits at 95% CL
| —  Observed
S 1600’1 T Eecte
1400 .
1200f .
1000} i
800* ....... -
eoop _:
1 S e ;
400 T v
200:....--."'1'.‘;.“.”.1....1..1.1..l‘1....1.,. -
100 200 300 400 500 600 700 800
m, [GeV]

Particle and Nuclear Physics Division <25 >
R SZHRERTRH



® Scenario 1a: sin6=0.35, m, - m, plane

« h — invisible constrains very low m,,.

« constraints from E{"* + h signatures: similar

m4-m, dependence, with 1 — bb most sensitive.

Particle and Nuclear Physics Division

R SZHRERTRH
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2HDM+a, Dirac DM, sin6 = 0.35, tanf = 1, m =10 GeV, g'-l m, = m,=m,

= EM*4h(bb), 139 fb’

........................ | im > 20% - JHEP 11 (2021) 209
ATLAS 1  — Efh(t1), 139 fb™
¥s=13TeV, 36.1 - 139 fb" Limits at 95% CL SN0

- — Observed ET**+h(yy), 139 fb”
------ .. Expected JHEP 10 (2021) 13
---------- 1 = h-invisible, 139 fb"'
"‘ anxivi2301.10731
..... L 5

400

500 600 700 800

m, [GeV]
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® Scenario 1a: sin6=0.35, m, - m, plane

h — invisible constrains very low m,,.

2HDM+a, Dirac DM, sin6 = 0.35, tanf = 1, m =10 GeV, g'-l m, = m,=m,

— 2000 'v- LB e "_l‘_.:..!-"’ L L m s e Emss+h(w)‘ 139 fb.‘
' miss ' o % Py e l/m>20% | JHLP1|(2021)209
« constraints from ET"" + h signatures: similar 0] 1800 ATLAS 1  — E™.4h(tr), 139 b
m,-m, dependence, with 1 — bb most sensitive. P Vs=13TeV, 36.1- 139 fb" Limits at 95% CL ] g
= — Observed ET**+h(yy), 139 fb”
.. Expected . JHEP 10 (2021) 13

— ET**+2Z(II), 139 fb’’

PLB 829 (2022) 137066

miss - miss i
EF™ + tW similar to EF™ + Z(I1) but with — EM*47(qg), 36.1 fb”

smaller excl. region.

‘-' JHEP 10 (2018) 180
- ET**+tW, 139 fo’'
1000 ™ ) — arXiv:2211.13138
. ) ip . . : — ET%4j, 139 fb™
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® Scenario 1a: sin6=0.35, m, - m, plane

h — invisible constrains very low m,,.

constraints from E}niss + h signatures: similar
m4-m, dependence, with i1 — bb most sensitive.

E{f‘iss + tW similar to E'r“iss + Z(I1) but with
smaller excl. region.

EM™SS + jet sensitivity notably different from those
of E%‘iss + Z and E}niss + h.

Complementary constraints from searches not
targeting DM.

Particle and Nuclear Physics Division
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2HDM+a, Dirac DM, sin6 = 0.35, tanf = 1, m =10 GeV, g'-l m, = m,=m,

PR o e
s e l/m>20%

=
<
=

Ys=13TeV, 36.1 - 139 fb" Limits at 95% CL
—  Observed
.. Expected
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— ET**+h(bb), 139 fb"’
JHEP 11 (2021) 209

~— ET**+h(tt), 139 fb™
aIXIY 2305.12638
ET**+h(yy), 139 b
JHEP 10 (2021) 13

— ET™*+2Z(II), 139 fb’!
PLB 829 (2022) 137066

— ET**+2Z(qg), 36.1 fb'

JHEP 10 (2018) 180

ET*+tW, 139 fb''
arXivi2211.13138

— ET%4j, 139 fb™
PRD 103 (2021) 112006

— tbH*(tb), 139 fb™'
JHEP 06 (2021) 145

- tftf, 139 fb™
arXivi2211.01136

— h—invisible, 139 fb"

arxiv2301.10731
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arXiv:-2306.00641

® Scenario 1a: sin6=0.35, m, - m_ plane (Scence Bulletin Acceptea)

h — invisible constrains very low m,,.

constraints from E}niss + h signatures: similar
m4-m, dependence, with i1 — bb most sensitive.

Er}“iss + tW similar to E{.“iss + Z(ll) but with
smaller excl. region.

EM™SS + jet sensitivity notably different from those
of E%’iss + Z and E{niss + h.

Complementary constraints from searches not
targeting DM.

Sensitivity of 2HDM+a driven by the combination.

Particle and Nuclear Physics Division
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2HDM+a, Dirac DM, sin6 = 0.35, tanf = 1, m =10 GeV, g'-l m, = m,=m,

2000g-

ATLAS
Vs =13 TeV, 36.1

I /m > 20%
-139 fb" Limits at 95% CL
— Observed
.. Expected
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~— ET**+h(tt), 139 fb™
GIXIY 2305.12938
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JHEP 10 (2021) 13

— ET™**+2Z(II), 139 fb’!
PLB 829 (2022) 137066

— ET**4+Z(qq), 36.1 fb”'

JHEP 10 (2018) 180

ET*+tW, 139 fb™'
arXivi2211.13138
— ET**4j, 139 fb™!
PRD 103 (2021) 112006
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JHEP 06 (2021) 145

~ tftf, 139 fb’

arXivi2211.01136
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® Scenario 6: m, - m, plane

New interpretation in m, - m, plane:

arXiv:-2306.00641

(Science Bulletin Accepted)
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Searches for SM Higgs decaying to 4 fermions via constrain previously unprobed region of

2HDM +a.

Complementarity to h>inv. and E;miss+h(bb) searches.

2HDM+a, Dirac DM, sin6 = 0.35,tanf = 1,9 =1, m =m,=m, = 1.2 TeV

L) T LR | T
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O 107y ATLAS E
ER fs=8TeV,20.3 fb" ]
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A 2
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/ .= Expected
3 s
s \ —
10 E 0@" / " 1
V/ é‘ R
A
-+ 1T 7/
/ Expected Relic Q.h* > 0.12
1 T A | " T al
10 107 10°
Particle and Nuclear Physics Division m, [GeV]
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= ET"*+h(bb), 139 fb’
JHEP 11 (2021) 209

~ h—invisible, 139 fb"

aniv2301,10731

— h—aa—ppurtr, 20.3 fb

PRD 92 (2015) 052002

— h—aa—ppuy, 36.1 fb™

JHEP 06 (2018) 166

— h—aa—upuuy, 139 b’

JHEP 03 (2022) 041

h—aa—bbbb, 36.1 fb

JHEP 10 (2018) 031

— h—aa—bbpy, 139 fb”
PRD 105 (2022) 012006

— Observed Relic Q.h° = 0.12
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® Auxiliary: (Axial-)Vector Mediator summary

LTS & S s ]~ Dijet S Iy P o 7] = Dilet
S ATL S PrellmuLary 139 fb'; JHEP 03 (2020) 145 Ii) - LAS Prelimi ary 13€?Ifb";JHEP03(2020) 145
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/ 36.1 fb'; PLB 788 (2019) 316 7 36.1 fb'; PLB 788 (2019) 316
1 — Boosted di-b + ISR 1 — Boosted di-b + ISR
80.5 fb'; ATLAS-CONF-2018-052 80.5 fb'; ATLAS-CONF-2018-052

= tt resonance (1L)
36.1 fb; EPJC 78 (2018) 565 O 8

~ tt resonance (OL)
139 fb'; JHEP 10 (2020) 061

— tt resonance (1L)
36.1 fb'; EPJC 78 (2018) 565

0.8

— tt resonance (OL)
139 fb'; JHEP 10 (2020) 061
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-018/
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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 <32>
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® Dark Photon searches: ZH and VBF

For massless y,

() F e d T
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10~ 1 10
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ATLAS-CONF-2022-038

® Unconventional searches with semi-visible jets

ddark

-~ v
L4 A e
I A
 HV K

N N
\—’

i § 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
momentum originates from the
invisible components of the two
semi-visible jets.
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® Unconventional searches with semi-visible jets

4 X 09 CMS 138 o (13 TeV)
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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
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® 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
_ ke S JLdt = (32.8-139) fo Vi=13TeV
Model Signature  [rdt (™) Lifetime limit Reference
Muon ROVE -+ g doplscedvexemuon 136 | Eetme 0w )= 14 To 200311856
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Sp ace ANSBpp+ LA E;  dEappearrgiack 136 | £ Wetme ~ ocedcem (it} e00 GOV 220102472

AMSB po - G105 % ‘arge pixel dEkdx 139 | F] ldetme

leptons ECAL ——

o0 i) 00 Gov 220806013

(meta-)stable 2MSverices 361 | §wasme Ceasem o s@eSgeonm@esesa|  renorsm
Splt SuUSY wgepreidEd 138 | g detime [ zoasm @ teWemE)=100Gev|  z0s 05013
Tracker Charged Splt SUSY dsplaced vix + E7 328 | & ifetime o oesazam m{F)= 18T, m{7})= 100GeV 1710.04901
: : SpitSUSY 0c.2-Gjes BT agr |@ietime L ee2dm m{§)= 10 e, m{ii)= 100 GeV | ATLAS-GONF-2018-005

- pamCIGS H—ss 2MS versces 128 | slitetime feakram L s moey 2203.00567
... Horss 2low EMF vacdess jets 138 | slifetime  tastsam s} 36 GoV 220201009
---------- VH WD H —+ 55 — bbbk 2/ + 2dspl vertices 139 [ s itetime . assmm {3} 36 GeV 2107 06092
FRVZH — 2y + X 2 y-jots 138 | yelitetimel 0684038 mm. m{ra)= 400 Mt 2206.12181

FRVZ H — 4yq + X 2p-jots 138 | 74 litetine

displaced vertex

W 2,2y
He— 27.

displaced dimuon 329
2 e.p + low-EMF 1rackdess #136.1

Z, lfetme
24 lfotme

#Z,)- 40 GaV
m{Zy)=10GaV

_ ya)= 400 MoV 220612181
0.009-24.0 m

1806 03057
1811.025¢2

FGATSUSm e e n(os0oey | tececoose

in association with
MET, jets, ...

PSR I exs s mesocer | 1s02ca0se
S e i 1060y 19020303

Ve NON —+ 02y dsplaced vix (e, ee) 0 139 | Nitetime [0 O7e42mm (N}~ & Go\. Drac 220411388

(1 TeV) —+ 55 low-EMF trkless jots, MSvix 36,1 | sliletime

disappearing

(200 GaV) — 53 low-EMF wrk-ess s, MSvix 36.1 | s lifetime
B(E00 GaV) — 53 low-EMF trk-less jots, MSvix 36,1 | s lifetime

Woos NN~ by dsplaced vix (urge, ee) < 139 | Nlitstime . 3133mm m{N)= 6 G, Maprana 2204.11283
tracks W NNty displaosdvis Guise, ee) < e 138 | N iser- SR G )= 6 Gl Drae 2004 11988
W oos NEN -+ tty dsplaced vix (e, ee) + € 139 mm_ ) l | (M) 8 Gak Mafruna 220411988
0.001 0.01 0.1 1 10 100 cr [m]
*Only a selection of the available lifetime limits is shown. 9-001 0.01 0.1 1 10 100
T [ns]
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® Summary

 LHC continues to deliver highly valuable physical results
while Run-3 is started with new results in the pipeline

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

collider DM searches

 Many hypotheses, diverse processes and signatures are
broadly surveyed and searched for but by far no hints of

Dark Matter

* Need to further diversify the data mining aspects in the

collisions covering more unconventional signatures and

untouched stones

Particle and Nuclear Physics Division
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(THEY ALL ASK “WHAT 1S DARK MATTER?”)
AND “WHERE 1S DARK MATTER?” BUT

( NOBODY ASKS “HOW 1S DARK MATTER?”
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bb+DM

t/t+DM

Dark Matter

Searches at CMS
and ATLAS

H — ypy H — ypy
(ZH)

(VBF)

N N\

Dark matter searches at CMS and ATLAS
D Perez Adan - 2022
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