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LHC primary goals: looking into the “unknowns” (Y) e d R
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ATLAS and CMS Data Taking

-~ 80_ I I I I I I T ] T T T T T T
£ g AT E _|CMS = e
* Run2legacy @ 13 TeV: g b mem ksl : 2% — S0t 1a TV 4300
~ 1 g B0 e BT E =) 017 13TV, 498 -
ATLAS and CMS recorded ~140fb E sof — Mapp E=13TV ] 8 o — 2018, 13 TeV, 67.9 fb"
. . . - —— 2022pp is=136Te = £ 901 — 2022, 13.6 TeV, 42.0 fb™"
independent dataset of pp collisions § E T 20ee BenasTey - £ 2023 13.6 ToV. 314 ity
. S 40 - 3
* RUNS3 DATA taking status R - g 40}
1. . 2 30 — 1
« ~70fb?is already delivered @ 13.6 e Tk - £
TeV during the RUN3 208 EE 8 20
e >60fb? isrecorded by both ATLAS 10 el
d CMS 0: I l . - 0 X > o N\ ) Q (S o“lxsoeol
an ¥ ot A oct AN N I R ARG PN N
» data-taking efficiency >90% “good for Month in Year Date (UTC)
. 7 : 7
phyS|CS” g 300:| LA L L L L I L I |: CMS - 2023: <“>=52
* number of pp interactions per beam = __ [ ATLAS Online - 6/ S 2022: <> =46 Js
- : 9 250 y5-136Tev, 661" - = W 2018: <> = 37
crossing (Pile-Up): (u) > 50 for 2023 s b ! . S B 2017:<u>=38 |,
Z s00k 2022: (u) = 42.5 E o 0 2016: <> = 27
2 - = 2023:§u;=51-2 ] 24 BN 2015 <> =14 |
= C Total: (u) = 46.5 . ‘@
« >250 fb! expected @ 13.6 TeV 5 b o E g
L b £
B C ] 33t 13
y é 100:_ E 8 6%(13.6 TeV) = 80.0 mb
e ~450 fb!in total for RUN1/2/3 é:’, - . g ol ™13 TeV) =80.0mb |2
- 18 T
50F- s
B 1% 1} 11
R .
O 10 20 30 40 50 60 70 80 0 " S " = °
Mean Number of Interactions per Crossing Mean number of interactions per crossing
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Particle Detection Potential

Muon Spectrometer:
muon identification and
momentum measurement

Muon\"
!

‘
Neutrino
.

Hadronic calorimeter:
Measurement of jets and
missing energy

Proton

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
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Standard Model measured with unprecedented precision

i i Status: October 2023
Standard Model Production Cross Section Measurements ale e

_Q OAQ total (x2) .
O 101 Fgag ™ ATLAS Preliminary Theory
b incl
b et V5 =5,7,8,13,13.6 TeV LHC pp 5 = 13.6 TeV
106 pr>7262/ o Data 29.0 - 31.4fb
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jets T
105 8 o 25w B Do 3214000

pr>100 GeV A
LHC pp V5 =8 TeV

10* BB  Dat2 202-2031!

O n>0
Ao
v
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103 B e 31 oo, on BBl Data 45-491"
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0 O v total
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A V. < t-chan o
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e} B 106, A ‘Zoz g*"g
)2 =170
101 o 24 o pr >25GeV] zZ g I
>3 njz4 total
n25 o "y schan z s n =m 8
o o Y i o
nj>6 =3 g % B =] H-bb B (17 Wij
g =5 nj27 vy (x0.01) H-1r (x0.5) WWZ tot. U
1 o [o] (x0.01) s (x0.25) H W W l& B 02 LY.
- vy
10 n>8 .z (x0.01) O HHZ(;O'E’) 0 A
n—4 n>6 PN o o
o Hoyy Hore Zjj ﬂ Wyy
10_2 =7 (x0.15) A o total
n=5
nj=7 Y I o n ' I e
o o T H=yy H=yy g o o
A& (<05 o lzz I
— >6
10 3 = H—at 2 wzy L] l -]
H—vyy o gwz
2 wwy Zyy
(x0.2)
PP Jets b4 w z tt t vV H Hij VH tiv tiH _ wwv 7Y Vyy ZEle( VVijj
tty Vij Lttt yy->WW
tot. tot. VBF tot. EWK ' tot. EWK

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-039/
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BSM searches targeting big questions
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“Exotic” basically

cover the searches of

any BSM new physics signatures at
ATLAS, except: SUSY

Big questions request a better

and bigger ideas, as well as broader
analysis topics at the TeV scale hadron
colliders to explore the new phenomena
of the “unknowns”

v' Model guidance

v’ Signature driven

v' Benchmark model interpretation

arXiv:1311.0299

Extended
Higgs Sector

Compositeness,
|Extra dimensions

Top
Partner

Wiz’

Minimal
Dark Matter

Hidden
Sector

Multiverse
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BSM search program at LHC (ATLAS) in a nutshell

« Apology for not covering
everything, only selected and

recent topics are presented
from ATLAS+CMS

 Separate talks for indirect
search w/ SM precision
measurements and dedicated
searches with flavor physics and
SUSY, and for LHCb/ALICE/...
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Excited Mults
o \ i A
Lepton

+ Jet

LFV Heavy
Z'— i Newtrino,
Heavy
LPX
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Resonance searches
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Why resonance searches BT S NS

Two general ways:

14000

12000

* Direct search of new particles 2 10000 Total
é Observed
e 8000F Background e,
% 6000 S
Z

4 N
4000
Signal

J—E—/.

2000

3.8 4T0 4.2 4&4

g Grag Mj; (TeV)

Heavy Resonance signatures

* Motivated by extended gauge
models, extra dimensions, extra
Higgs-like scalars, technicolor, ...

* dileptons, dijets, diphotons,

q Ging ttbar, W/Z—>lep/jets
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Direct searches at LHC
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Overview of CMS EXO results

cms March 2023
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ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2023 [Ldt=(3.6—139)fo! V5=13TeV
Model £,y Jetst ET™ [Ldiib] Limit Reference

ADD Gkk +g/q Oeputy 1-4j Yes 139 n= 2102.10874
ADD non-resonant yy 2y - - 36.7 n=3 HLZ NLO 1707.04147
ADD QBH - 2] - 139 1910.08447
ADD BH multijet - >3] - 3.6 . Mp = 3 TeV, rot BH 1512.02586
RS1 Gkx — vy 2y - - 139 2102.13405
Bulk RS Gxx — WW/ZZ multi-channel 36.1 1808.02380
Bulk RS gk — tt e >1b>1J/2 Yes  36.1 rjim= 15% 1804.10823
2UED/ RPP Teu >2b,23] Yes 36.1 Tier (1,1), B(AY) — tt) =1 1803.09678
SSM Z’ — (¢ 2epu - - 139 1903.06248
SSM Z' — 1t 27 - - 36.1 1709.07242
Leptophobic 2’ — bb - 2b - 36.1 1805.09299
Leptophobic Z’ — tt Oep 21b>2J Yes 139 r/m=12% 2005.05138
SSM W’ — ¢v Teu - Yes 139 1906.05609
SSM W’ — v 17 - Yes 139 ATLAS-CONF-2021-025
SSM W’ — tb - 21b,>1J - 139 ATLAS-CONF-2021-043
HVT W’ - WZ model B 02epu  2j/1J  Yes 139 v =3 2004.14636
HVT W' — WZ — v ¢’ model C 3 e n 2j(VBF)  Yes 139 gven=1,8=0 2207.03925
HVT 7’ » WW model B lep 2j/1J  Yes 139 = 2004.14636
LRSM Wk — uNg 2pu 1J - 80 m(Ng) =05TeV, g, = 1904.12679
Clgqqq - 2j - 37.0 21.8TeV 7, 1703.09127
Clttqq 2epu - - 139 M 2006.12946
Cl eebs 2e 1b - 139 2105.13847
Cl upbs 2u 1b - 139 2105.13847
Cl ettt >leu 21b>1j Yes 361 |Carl = 47 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 8,=025, g,=1, m(x)=10 TeV/ ATL-PHYS-PUB-2022-036
Pseudo-scalar med. (Dirac DM) O e,pu, 7,y 1-4j Yes 139 &=1, g&=1, m(x)=1 GeV 2102.10874
Vector med. Z’-2HDM (Dirac DM) O e, pt 2b Yes 139 £2=0.8, m(x)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 tanp=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 15 gen 2e 22j Yes 139 p=1 2006.05872
Scalar LQ 2" gen 2pu >2j Yes 139 =1 2006.05872
Scalar LQ 3" gen 17 2b Yes 139 B(LQY — br) 2303.01294
Scalar LQ 3" gen Oeu  >2j,>2b Yes 139 B(LQ! 2004.14060
Scalar LQ 3" gen >2eu,217t21),21b - 139 B(LQY - tr) 2101.11582
Scalar LQ 3 gen Oeu, 217 0-2j,2b Yes 139 B(LY! 2101.12527
Vector LQ mix gen multi-channel >1j,>1b  Yes 139 Bl - tw) =1, ATLAS-CONF-2022-052
Vector LQ 37 gen 2eu1 >1b Yes 139 B(LQY — br) =1, Y-M coupl. 2308.01294
VLQ TT - Zt + X 2e/2u/>3ep 210, 21]  — 139 SU(2) doublet 2210.15413
VLQ BB - Wt/Zb+ X multi-channel 36.1 SU(2) doublet 1808.02343
VLQ T3 ToalTsz > We+ X 2(SS)/23eu>1b>1] Yes  36.1 B(Tsj3 = W)= 1, c(TssWe)=1 1807.11883
VLQ T — Ht/Zt Tepu >1b, >3] Yes 139 SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
vLQ Y - Wh lepu >1b>1] Yes  36.1 B(Y — Wh)=1, cp(Wh)=1 1812.07343
VLQ B > Hb Oeu =22b >1j, 210 - 139 SU(2) doublet, kp= 0.3 ATLAS-CONF-2021-018
VLL7 — Zt/Ht multi-channel ~ >1j Yes 139 SU(2) doublet 2303.05441
Excited quark ¢* — qg - 2j - 139 only u* and d*, A = m(q") 1910.08447
Excited quark ¢* — qy 1y 1j - 36.7 only u* and d°, A = m(q") 1709.10440
Excited quark b* — bg - 1b1j - 139 1910.08447
Excited lepton 7* 27 22j - 139 A=46TeV 2303.09444
Type Ill Seesaw 234epu 22j Yes 139 2202.02039
LRSM Majorana v 2u 2j - 36.1 m(Wg) =4.1TeV, gL = 1809.11105
Higgs triplet H** — W*W=* 234 e,u (SS) various  Yes 139 DY production 2101.11961
Higgs triplet H** — ¢£ 234e, u (S8) - 139 DY production 2211.07505
Multi-charged particles 139 DY production, |q| = 5e ATLAS-CONF-2022-034
Magnetic monopoles 34.4 10pol DY production, |g| = 1gp, spin 1/2 1905.10130

PR |
—- o

*Only a selection of the available mass limits on new states or phenomena is shown.

‘Small-radius (large-radius) jets are denoted by the letter j (J).

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults

Events/ 10 GeV

Significance

X->Zy searches (Example)

» Survey high mass signatures with X->Zy via both leptonic decays and hadron decays

arXiv:2309.04364

JHEP 07 (2023) 125

* Examine Spin-0/2 hypothesis, and both gg and qg-initiate production modes

. Accompllsh full exclusion limits from 100GeV ~ 7 TeV, narrow width apprOX|mat|on

T L

10 ATLAS
{5 =13 TeV, 140 fb" ¢ Dala
X —— S+B model
10 eey —— Background
b ™. 420 GeV signal
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N o
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ATLAS + Data
{s=13TeV, 139 fo! = Background fit + 1

- 0 ., eeesss Signal (m_ = 1500 GeV)
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Leptons

Hadrons
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(Data - Bkg) / Bkg

Heavy resonance search to probe BSM heavy JHEP 07 (2021) 208
boson signatures PLB 826 (2022) 136888

(%) Fid T
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BSM Ph . Xewy heavy % 10° CIMS ; . . 137fb|'1(13TeV)
(o] L] Data CR (Norm) * Data SR
new' ySICS resonance gc: 1ot -gi;rf:ItLOTeV =aee
contributions to SM _ g S 10T [navrow
searches with & 10 SnalioTev |l su

processes via Z'/Z/Gyk

hypothesis Heavy Vector

Triplet model

-

140167 (13 Tey) 137 o™ (13 TeV 140 fb™ (13 TeV S ' i ' -
S T T eV, ee) + eV, ¢ G - ———
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https://link.springer.com/article/10.1007/JHEP07(2021)208

Dark quarks in di-jet final states

Fraction of Jets

TSUNG-DAO LEE INSTITUTE

Dark QCD sector hadronizing to dark hadrons (DM
candidates) decaying into semi-visible jets, emerging
jets,.

107"

2’2049 4

ATLAS-CONF-2023-047

() F e d T
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* Bump hunt in the invariant mass spectrum
of the two large-R jet system
* Analysis probes 1.3 TeV < mj; < 4.8 TeV

Wider jets due to SM and Dark hadronic components

Jets with higher particle multiplicity

ATLAS Preliminary - Background o

Model A 2.5 TeV

— -1 —
Is=13TeV, 18910 —lioa32rey

—— Model D 2.5 TeV
Uncertainty
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IIIIIIllllIlIlIIIIIIIII

160 180 200

r]track,1

AR Z 15

T I LI I LI I L I UL I L l T 1T T I LI I L I T

—e— QObserved

a3, [fo]

|

SRR Expected

- Expected +1o

|:| Expected +2¢
— gq=0.05 and 9, =0.2

d

—_
o

| IIIlIllI

—
IIII

- ATLAS Preliminary
“Vs=13TeV, 139 fb™ ]
- Model A i

l 1 1 1 I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

18 2 22 24 26 28 3

—
<

95% CL upper limit on o x B(Z'—>

mYziE



Vector Like Quarks ATLAS-CONF-2023-070
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* Postulated as isospin singlets, doublets or
triplets (T%/3, B1/3, X5/3 , Y-4/3)
* Pair production by strong interaction
dominates for < 1TeV
* Single production via EWK vertices,
significant at high mass, scales with

W+ H,Z

1800

couplings to SM and multiplet model f - ATLAS Preliminary

e 095 Vs =13 TeV, 140 b 1700
) & o0s8f+ TT > Wb + X =
* VLQs assumed to decay to 3rd generation oot 1600 &
SM quarks via charged and neutral osF. 1500 =
. PE L SU(2) Singlet é
currents but BR not fixed by theory 05 1400 5
regulated by parameters dependent on 04F- a0 B
multiplet model 03 : g
= 1200 &
0.2; (¢

* All possible VLQ decays searched in many 0.1 \ 1%

final states %

TsuNG-DAO LEE INSTITUTE LIXZIE BYziE



Vector-like B = bH(bb ) arxiv:2308.02595
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T | T T l LI I 1 T | L | T 1 T | L | T

>
< & 2L arLas ¢ Data
3 - Vs=13TeV, 139 fb" --- VLB, 1.3 TeV, k = 0.4
< 100 VLB->bH(bb) - VLByyg, 1.3 TeV, k =0.4
*“é ~ Signal Region [ |Background
% | Post-Fit “ Uncertainty
80—

5
bZ-initiated Wt-initiated 60

40

bZ-initiated: dominant for singlet model initiated diagram
Wt-initiated: forbidden for (B, Y) doublet (§,,=0)

IIIIIII|III|III|III|IIII

g L B L L R oL L e e B e ‘/
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ET! -oK=U I 95% CLExp. = 1o o - k=05 I 95% CLExp. = 1o é
95% CL Exp. = 20 1 o
g 1:_ ‘ a 1= 95% CL Exp. = 20 | ~
5 E ~— Theory (NLO) - B Singlet 1 E = Theory (NLO) - (B,Y) Doublet © 1
©
(]
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VLQ—->b+H/Z t+W CMS-PAS-B2G-20-014

1 138 fb™ (13 TeV)
T b
= 09f CMS | 'S
= s Preliminary
08 ey 95% CL observed | —{15
0.7;— » all channels
06 T B(bH)+B(bZ)+B(IW) =1 | 1.4
- VLQ B
0.5F
£ 1.3
0.4F
0.3F 12
0.2 -
0 1.1
0.1F
0: llIIIIlIIIIII 1
0 01 02 03 04 05 06 07 08 0.9 1
B(tW)

» Search for a pair of bottom-type vector-like quarks: VLQ — b + H/Z, t + W
e both fully hadronic final states and those containing a lepton pair from a Z boson decay
* hadronic decays can be resolved as two distinct jets or merged into a single jet

TsuNG-DAO LEE INSTITUTE LIXZIE BYziE

B quark mass lower limit (TeV)


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-014/index.html

Leptoquark searches

Pair Production Single production

Governed by QCD o proportional to A2

o depends on my

Color-triplet scalar or vector bosons with lepton and baryon number
Couple SM quarks and leptons directly through Yukawa A interaction
and can mediate lepton-flavor violation

Can explain B-anomalies and anomalous muon dipole moment g,-2,
present in GUTs

Rich phenomenology and many searches depending on decay
diversities

Broad program of searches for pair production, single production
starting to be searched too

TSUNG-DAO LEE INSTITUTE LIk ZiE BYzia

arxiv:2306.17642
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eptoquark pair candidate

2e 1u, 4jets, 1 b-jet, Er /; -~
e o B A
7
=

LAS .. .

Event: 309940730

\\ERlMENT 2017-10-21 05:




Events / 50 GeV

Data/Post-fit

(Doubley-)charged Higgs searches

o+

-
B2

EPJC 83 (2023) 633

W

ATLAS-CONF-2023-023 ¢}

:g¢&iqaﬁ

«5 TSUNG-DAO LEE INSTITUTE

14

Motivated by Georgi-Machacek model (Fermiophobic Higgs fiveplet)

H*2>WZ

LA B | ™ T ™

Ty T

- ATLAS ]
25' Vs=13TeV, 139 fb” ¢ Data B
- Post-fit WZ-QCD .
- VBF SR WZ-EWK
20— Y _
- 11 B vvvativ -
i HE Fake/non-prompt ]
15k 1 » [] Post-fit uncertainty ]
- ) AP VBF H; 375GeV x 0.5 |
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..... o 1
d J P - | J

— T R " B p—
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Events/bin
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HE= DWW+

T T T T I T T T T I T T 1 T

ATLAS Preliminary

Vs=13TeV, 139" ¢ Data

ssWW H — H* (300, sin(8,) = 0.21
SR: inclusive m; H*™ (450), sin(6,)) = 0.24
Post-Fit H= (1000), sin(6,) = 0.32

 ww*
e wz
Non-prompt  //, Tot. Uncert.

B Conversion
2 Other prompt

7
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o

10?

= — WW) [fb]

t
5
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DA DT 19,

Dark Matter

Searches
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® Frontiers that DM can reach out

Particle and Nuclear Physics Division

RF SRR

MOG

Modified

TeVeS Gravity

Emergent
MoND Gravity

Other

Particle WIMPzilla

Self-

Superfluid interacting

() A d R T

TSUNG-DAO LEE INSTITUTE
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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

A d A LT
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® Dark Matter Search programs at LHC

@) e d g n

et/ TSUNG-DAO LEE INSTITUTE

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, ..

<23 >
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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 <24 >



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 <95 >
AT SRYPEMFE



® Mono-Jet search (Jet + E;™miss)

Spin 1

[ g,=025,g =10

1000}-25% CL limits

800

600
400

200

0
s
.
.
.
B
o
.
B
B
.
%’

Particle and Nuclear Physics Division

R SZHRERTRH

X
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.
.
.
...... -
S
Z\v' ‘\
.~
.
X
s‘ LlI!I]l'lilllif[‘lflll"'li
© 1400 aTLAS Exposiod it 20,,,
S, - (s=13Tev, 139 10" B Expocted lmits 10,
- . - = = - Expected limit
£ 1200} Vector mediator S Onserved it (= 1070520
- Dirac fermion DM

s chaensnynn*ww
e ATLAS f2 = 13 TeV, 36.1 1"

Illlllllll

1000 1500 2000 2500
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Phys. Rev. D 103 (2021) 112006

m, [GeV]
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» X
’
’
’
’
- - -
ZP ‘\
\\
X
300 ) ' ' ] v T T | T T
- ATLAS Expoctod Imits 20, N
- (s=13TeV, 139 b - Expocted imits 10,,, E
| Pseudo-scalar mediator - Expected Emit |

Dirac fermion DM
i 9,=109=10

200} 95% CL limits = ﬂe'-c“eorsry QF 012

100
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Phys. Lett. B 829 (2022) 137066

® E miss+Z(ll) signature ) S d R

TSUNG-DAO LEE INSTITUTE

>
« 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] co7s
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
<28 >



Phys. Lett. B 842 (2023) 137963

® Higgs portal to DM: invisible decays EPJC 83 (2023) 933
z 1: I I T T T
Analysis Best fit By _ine || Observed 95% U.L. | Expected 95% U.L. 1 09E ;\’4_ LA§I_ I;’/redlflml?bafy Observed
- E =7Te 7 -
Run 2 Comb. 0.04 + 0.04 0.113 0.08071 053 T 08E (s=8Tev, 20310 Expected
R +0.11 - = +0.105 2 0.7E Vs =13 TeV, 139 fb C1+20
un 1 Comb. —-0.02%5 13 0.252 2l 0.265 ¢ g74 € Y'E
Run 142 Comb. 0.04 + 0.04 ¢ 0107 0.077003 = 2 g:
e S T E e e e 5 7
. — =~ 04
« Zto W ratio predictions @NLO QCD, NLO EW - 2 03 -
arXiv:2204.07652 - used to constrain Z+j with W+j 3 4o
« Probing BR(H— Inv) at 10% level 0.1 e
0 = | ) | — | - | - | | |
xé\’\ S 2 £n Xél\ « « &
ﬂ‘ — e \\%Q"?’ X x B\ q%? Q@“LO ?&‘\\0 ?&(\,\X'LO
Z(IhH 490" (7 TeV),19.7 fb' (8 TeV), 140 fb™ (13 TeV)
= T F T 1 | T ]
— ‘b'g osb. CMS 95% CL upper limits 3
—8— Observed 3
W(IV)H ttH \g 0.8-— - ©- Median expected —f
? 0.7 -Gs%expeded -
- = B oo 0.49 (0.32]
VH ? 0.6 0.26 (0.30) s
T osf (L T
m H =
04f
- 0.21(0.18)
0.3

0.18 (0.10)

@jet 2jets V(had) Top (had

Particle and Nuclear Physics Division ¢ ATLAS B(H - inv) 95% limit - 10.7% (7'7%) 0 A:I
HIF SRS e CMS B(H—inv)95% limit: 15% ( 8%) &

VBF-tag ’
VH-tag
tiH-tag

ggH-tag
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° H|ggs portal to DM Mono- H(yy)

>\L

m, [GeV]

600_I T 1 | 1 T 1 | T I T | 1 rr] T ] T 1 | T I T | T 1 T | T 1 I_
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Particle and Nuclear Physics Division
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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

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.

.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
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Particle and Nuclear Physics Division <32 >
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arXiv:-2306.00641
o 2ZHDM+a context (Science Bulletin Accepted) ({5

W@ A

TSUNG-DAO LEE INSTITUTE

« 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 = Mpys | masses of heavy Higgs

cos( — a), tanj3, sin, q m, mass of pseudo-scalar mediator

Yxs A3, 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 <33>



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

L
) &

m TSUNG-DAO LEE INSTITUTE

« 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 <34>



® Statistical Combination

arXiv:-2306.00641

(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

et ¥/ TSUNG-DAO LEE INSTITUTE

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
/ ' <36 >
except 5and 6 '

Particle and Nuclear Physics Division
RIF SR FER
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® Summary of constraints on 2HDM+a

e/ TSUNG-DAO LEE INSTITUTE

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 <38 >
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™
o E7™ + jet sensitivity notably different from those 800k oS/ h PRD 103 (2021) 112006
of Egliss + Z and E™iss 4+ p s / S B — h—invisible, 139 fb™
T . ] aniv2301.10731
600 w s e -
400 i y
200 i e R
100 200 300 400 500 600 700 800
m, [GeV]
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® Scenario 1a: sin6=0.35, m, - m, plane

h — invisible constrains very low m,,.

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

R SZHRERTRH

2HDM+a, Dirac DM, sinB = 0.35, tan = 1, m =10 GeV, g,-

1m.ﬂ\‘ﬂ\t

PR o e
s e l/m>20%

=
<
=

Ys=13TeV, 36.1 - 139 fb" Limits at 95% CL
—  Observed
.. Expected

TV XTI
A A
.

100 200 300 400 500 600
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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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® 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.

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

R SZHRERTRH

arXiv:-2306.00641

(Science Bulletin Accepted)

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

s lag

800k | 7z =
G —.,42.— A e e

600 - 2=~ )~ A 4
o 7 - R

400 e e e i R
s

2000 i e e

100 200 300 400 500 600 700 800
m, [GeV]

— ET**+h(bb), 139 fb"’
JHEP 11 (2021) 209

~— ET**+h(tt), 139 fb™
GIXIY 2305.12938
ET**+h(yy), 139 b
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
- tbH*(tb), 139 fb'

JHEP 06 (2021) 145

~ tftf, 139 fb’

arXivi2211.01136

— h—invisible, 139 fb™
anxiv2301.10731
— Combination

T “+h(bb), ET “+2Z(Il), toH"(tb)
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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
> 1= =]
O 107y ATLAS E
ER fs=8TeV,20.3 fb" ]
fs=13TeV, 36.1 - 139 fo!"
<
10°f r
4%
A 2
C A imits a1 95% CL !
A} — Observed.:
/ .= 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]

RF SRR

= 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
" = 113 Tev, 2913139 fo ~— Dijet TLA — 1.4 = 13 TeV, 29/3-139 fo — Dijet TLA
1.4 | '_ 00236 R i 293 fo°; PRL 121 (2018) 081801 EX . ) |_ 2023 i A 29.3 fo; PRL 121 (2018) 081801
WS S U Dijet + ISR Yy £ Dijet + ISR
1 2 79.8 fb!; PLB 795 (2019) 56 1 2 79.8 fb"; PLB 795 (2019) 56
’ / — Boosted dijet + ISR ’ — Boosted dijet + ISR
/ 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

llllllllllljlllllllllll
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0.6 TR~
: bb resonance 0.6 e, -
139 fb™"; JHEP 03 (2020) 145 bb resonance
EMiSS | iat 139 fb’; JHEP 03 (2020) 145
= Y ___ miss .
0.4 i 139 fb'; PRD 103 (2021) 112006 04 Er 1+jet
4 E-rpiss+Y ) 135;:25; PRD 103 (2021) 112006
Axial-vector mediator, Dirac DM 3d . e o2 0 226 )7 : . — ET%+y
0.2 g =0.25,g =0,g =1 7 E™,4V(qq) 0.2 %5' Vedtor mediator, Dirac DM 139 16 JHEP 02 2021) 226
a- | x ] T +V(qq . // g 4025, =0,g =1 £S5, v/(qq)
All limits gt 95% GL ] 36.1 fo™!; JHEP 10 (2018) 180 / q | x T +V({qq
7 M | N T ol | B | IR TR NN —E$iss+z(||) Em All Ii1nitsat95%CL 36.1 fo"; JHEP 10 (2018) 180
O 05 1 1 5 2 25 3 35 4 139 fb™'; PLB 829 (2022) 137066 [ — Tl . A | I 1

Y e = ETL ()
2 . 5 3 3 . 5 4 139 fb''; PLB 829 (2022) 137066

m,. [TeV]

o
o
(&)
N
—
(&)
\}

mz. [TeV]

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 <45 >
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® Dark Photon searches: ZH and VBF

For massless y,

() F e d T
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0 1 1 11 I 1 1 1 1 1 1.1l I 1 1 1 1 1 L1l I
10~ 1 10
my [GeV]

Particle and Nuclear Physics Division
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Y
Obs. Exp.
. CMS VBF 35% 2.8% JHEPO03(2021)011
; y CMS ZH 46% 3.6% JHEP10(2019)139
St | ‘ a ATLAS VBF 18% 1.7% CERN-EP-2021-137 .
qﬁ: oo HDE[Z: ATLAS ZH 23% 2.8% ATLAS-CONF-2022-064 ¢
Ya Ya
= F = 10 ———— .
— 10— ATLAS Preliminary — Observed " Observed ATLAS 5
i: - gf 1_113 ToV, L = 139 " ---- Expected EU i Exs:c\t/:d Vs =13TeV, 139 fb” :
F s T0N B Expected + 1o T m Expected £ fo Limits at 95% CL 5
;2 - Expoctod - 26 E EV gFe\(,:vti?r? §(i/ 1 )-0.05 VBF Higgs couplings :
2 r Q T
E °C < 107 - ~
S g z
& b I -
> 10_2 §_ —
10°° :— |

| 2 I I | | — 3
10 1omH (GeV]
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® Dark Photon search with Z boson rare decay into Dark Higgs

Al

Al

Decay rate « a&?

Assumptions:

(Minimal kinetically mixed)
* Br(hp - A" A") = 100%
* A'isthe lightest DS

c Br(A">SMf f)=100%

Benchmark parameter:
ap =01 =103

Particle and Nuclear Physics Division

RF SRR

PRL 131 (2023) 251801
A d R T

(7 =i K\
AZE)
%o’/ TSUNG-DAO LEE INSTITUTE

* First search for the dark-Higgs-strahlung process at the LHC
* Previous range (Belle): mA ' < 5GeV
* Extended significantly to 40 GeV

* Compare with CMS/LHCb (limits on &2):
* Some assumptions on a (setitas0.1)
 Comparable (or even better)

N 101 | ‘ | !Illl\l\‘l\l‘\llllllI\I|\\\|I\I|III|1II N1o_35
W ATLAS : Belle Obs. ATLAS Obs. W
(@] 1 0_2 PRL 114(2015)211801 —_ th =20 GeV -
3 o Vs=13TeV,139f0" | - my, =1 GeV —m, =30 GeV i
10 . m,_=3GeV  —m, =40GeV 107 =
10_4 90°A) CL E th i 5 GeV —_— th = 50 GeV E
: my, =7 GeV — m, =60 GeV 2
1075 P my, =9 GeV — m,, =70 GeV i
: 10—5
1076 \\4 \ﬁ
107 -" \Z M -
| v 10° E
1078 prte i i ]
10_9 N ‘ﬁ‘T” | | l | | | | | | | | | 7 . | -ICNIS OIbs | | LHCb Olbs' | |
0 1 2 3 4 5 9 13 17 21 25 29 33 37 41 45 107 40 15 20 25 30 35 40 45
m,. [GeV m, [GeV
A A
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Unconventional Searches

(incomplete and selective)
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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.

I

10°

ATLAS Preliminary

105LVs = 13 TeV, 139 fb’
=R_,=0.8

10*

o [fb]

T TTIT

103
10°

0L =

IIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIlIII
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---- Expected 95% CL
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-------- Theory (LO, A=1)
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® Unconventional searches with semi-visible jets

4 X 09 CMS 138 o (13 TeV)
Search for s-channel resonant & O ; )
' 0.8F2r TUiii — =
production of strongly , P 10 @
Yq f 9x 0.7 il o
coupled dark matter z i c
0.6 12
] ] 0.5p E
4 X E - —1 %
CMS 138 fo! (13 TeV) CAREC R
E‘ | I I | I I I | | I I | I | I | I I I ] 0.3- —Obsel’ved S
o - 95% CL upper limits BDT-based T o_zi:?;}i'i’;;;gzz‘e" 1029
= — F -=95% ex d
oM 10 - - Observed (0f55) — Theoretical E 0.1k M TGV, - o S
) - - - Expected (ab%) -= Observed (ocgfri) : of - s : : 10‘32\2
5 B68% expected (b)) - Expected (o) i m, [TeV] &
[095% expected (o) ~ =Observed (oigy,) 10, CMS 138 fb” (13 TeV) 3
\ My = 20 GeV, 1, = 0.3 ---Expected (o2,) 7 = 8T e 0 8
=1 . S e
1077 E k: o
R (N : e 7of /e o I "5
R ] E
107 E 1071
c 3 (0]
- . Q
- ] E  BDT-based 2
1 0_3 - 30§:322?;\r1e:xpected 10 28
g 20 F - .68% expected (e}
C 10 F --95% expected = -
- | I’i_nv = (li’ gark = 10 o
1 1 (]
2 3 4 5 2 3 4 s b

m,. [TeV] 50 >



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
RPV i —» eeviewvjpuv  cispiaced lepton pair 32,8 i: ietime {F)= 16 TaV. m{i)= 13 TV 1907 10037
80m (@)= 11 TN, m{g})= 1.0 TeV 1806.03057

GMSE non-peirting or celayed y 123 . Ghe 0. 20GoV, Byw 2% | CERN-EP-2022086

spectrometer e e
HCAL

aMsB7 - (G doplacediepon 139 | Ziietime S emomm )= 60 Gev 2011.07812
di I d GMSB? — 16 displacad lepion 125 | 71ieIme . suomm ()= 200 GoV 2011.07812
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 (ATLAS+CMS) continue to deliver highly valuable physical results while Run-3 is ongoing
« ATLAS reaches its 30-year birthday and Higgs has been discovered for 10-year

« We still don’” t know precisely where the BSM is hidden but we know more than ever the
nature of SM and everything observed, despite:
« Higgs is measured and combinedly measured with order of magnitudes improved
precision after ten years
«  We know much better the Higgs cross sections, mass, width, CP, couplings to the other
SM particles
 Precision will progress further in HL-LHC

« Diversified BSM anomalies are being thoroughly hunted for with as less untounched stone as
possible

Particle and Nuclear Physics Division
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