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LHC Searches: Needle in the Haystack?

* Countless experimental & theoretical motivations for physics beyond the SM
 Dark Matter, baryon asymmetry, neutrino masses, metastability of SM vacuum, .
— Do signals of BSM physics exist in the LHC data?
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ADD Gk +g/q Oe,u 1-4j Yes 36.1 Mp 7.7 TeV n=2 1711.03301
€  ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n =3 HLZ NLO 1707.04147
-g ADD QBH - 2j - 37.0 | Mw 89TeV n=6 1703.09127
q:) ADD BH high ¥ p1 >le,u >2j - 3.2 M 8.2 TeV n=6, Mp = 3 TeV, rot BH 1606.02265
£ ADD BH multijet - >3] - 3.6 M 955TeV n=6, Mp =3TeV,rot BH 1512.02586
3 RS1 Gk — vy 2y - - 36.7 Gkk mass 4.1 TeV k/Mp; =0.1 1707.04147
© Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV k/Mp = 1.0 1808.02380
= Bulk RS Gkx — WV — (vqq 1e,u 2j/1J  Yes 139 Gkk mass 2.0 TeV k/Mp = 1.0 2004.14636
w Bulk RS gk — tt le,u >1b>1J/2) Yes  36.1 gKk mass 3.8 TeV r/m=15% 1804.10823
2UED/ RPP lepu >2b>3j Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(ALD — tt) =1 1803.09678
SSM Z’ — ¢ 2e,p - - 139 | Z" mass 5.1 TeV 1903.06248
SSM Z' - 17 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
» Leptophobic Z” — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
S Leptophobic Z’ — tt Oe,u >1b>2J Yes 139 | Z' mass 4.1 TeV r/m=12% 2005.05138
S  SSMW’ -ty Teu - Yes 139 | W’mass 6.0 TeV 1906.05609
Q SSM W'’ - v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
g’ HVT W' - WZ — tvqgmodel B 1 e,u 2j/1J Yes 139 W’ mass 4.3 TeV gv=3 2004.14636
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(O] HVT V' - WH/ZH model B multi-channel 36.1 V'’ mass 2.93 TeV gv =3 1712.06518
HVT W’ — WH model B Oe,u >1b>2J 139 W’ mass 3.2 TeV gv=3 CERN-EP-2020-073
LRSM Wk — tb multi-channel 36.1 Wr mass 3.25 TeV 1807.10473
LRSM Wgr — uNg 2u 1J - 80 Wg mass 5.0 TeV m(Ng) = 0.5TeV, g, = gr 1904.12679
- Cl gqqq - 2j - 37.0 A 21.8TeV ., 1703.09127
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Cl tttt >1eu >1b,>1] Yes 36.1 A 2.57 TeV |Cat| = 4r 1811.02305
Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 36.1 Myed 1.55 TeV 84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
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£ 2 VLAY - Wbt X 1eu >1b,>1 Yes 361 |Ymass 1.85 TeV B(Y — Wh)=1, cr(Wh)= 1 1812.07343
VLQ B - Hb+ X Oeu,2y >1b,>1 Yes 79.8 B mass 1.21 TeV kp=0.5 ATLAS-CONF-2018-024
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> Higgs triplet H** — ¢ 234eu(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
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“Guidance” by theory what to look for: plethora of BSM scenarios — extensive search program


https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/CurrentBarChartVersion_v14.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_Exotics_Summary/ATLAS_Exotics_Summary.png

LHC Searches: Quo Vadis?

* Nearly endless ways how NP could be realised in LHC data, no "smoking gun” from theory
» Seems like ball is in the court of the experimentalists!

 Advantages of ATLAS & CMS: general-purpose experiments, sensitive to variety of signatures
 Empirically scan "standard final states” in Run2 & Run3 data for NP
* Target “unconventional signatures” predicted by BSM scenarios
 Access new phase space via specialized data acquisition: data scouting (CMS), TLA* (ATLAS), delayed reco™*

Standard Objects Unconventional Signatures

Disg[llaced Often from long-lived particles (LLPs)
Decays of BSM particles prompt ' $ricss X predicted in e.g. hidden sector models
and into SM particles: —
Electrons, photons, Displaced ) \ BSM particles acquire lifetimes
muons, taus and jets leptons . by small couplings
in the final state { / Emerging jets or small decay phase space

/

And many more! A
/ \
Image credlts Heather Russel (1 _) / |

*Trigger Level Analysis Michael Holzbock (CERN) | Searches for DM and Exotics Particles | LaThuile ‘25  ** data parking (CMS) & delayed stream (ATLAS) 3


https://arxiv.org/pdf/2403.16134
https://arxiv.org/pdf/2401.06630
https://indico.global/event/433/contributions/7734/attachments/1958/3222/20200529_hrussell_CAP.pdf
https://hrussell.web.cern.ch/hrussell/images/graphics/LLP_overview.png

LHC Searches: Quo Vadis?

* Nearly endless ways how NP could be realised in LHC data, no "smoking gun” from theory
» Seems like ball is in the court of the experimentalists!

 Advantages of ATLAS & CMS: general-purpose experiments, sensitive to variety of signatures
 Empirically scan "standard final states” in Run2 & Run3 data for NP
* Target “unconventional signatures” predicted by BSM scenarios

 Access new phase space via specialized data acquisition: data scouting (CMS), TLA* (ATLAS), delayed reco™*

Standard Objects Unconventional Signatures
Some selected highlights of recent searches that probe new phase space, close existing sensitivity gaps, extend previous results ...

Experiment Reference Title Experiment Reference Title
ATLAS EXOT-2023-09 Search for dark mesons decaying into top and bottom ATLAS HMBS-2024-68 Search for long-lived particleg wi.th Pixel dEdx and low
quarks beta or two highly-ionizing tracks
ATLAS SUSY-2023-26 Search for chargino-neutralino pair production with ATLAS EXOT-2018-55 Prompt lepton jet search
small mass splittings in VBF topologies
ATLAS EXOT-2021-31 Search for vector-like electrons and muons ATLAS SUSY-2022-11 Displaced e/mu lepton pairs
CMS EXO-21-018 Searc?h for a dilepton resonance produged with g CMS EXO-23-013 Search for light Iopg—lived particles decaying to
massive vector boson or top quark-antiquark pair displaced jets
CMS SUS-23-008 Search for dark me}tter produced in association with a CMS EXO-21-008 Search for long-lived particles decaying in the CMS
pair of bottom quarks muon detectors
+ many more! + many more!

Way too many to cover them aII N one talk WI|| exemplarlly mtroduce the ones hlghllghted |n orange

*Trlgger L evel AnaIyS|s Michael Holzbock (CERN) | Searches for DM and Exotics Particles | LaThuile ‘25  ** data parking (CMS) & delayed stream (ATLAS)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2023-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2023-26/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-31/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-018/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-23-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HMBS-2024-68/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-55/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2022-11/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-008/index.html
https://arxiv.org/pdf/2403.16134
https://arxiv.org/pdf/2401.06630

CMS Search for DM with bb
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DM searches at LHC require DM y to interact via some kind of mediator (Higgs, ...)

 Results in typical p

miss

(D N —

From DM From Mediator

+ X signatures for DM searches

. CMS considered first search for DM + non-resonant bb pair

e Interpretation in 2HDM+a model: 5 Higgses (A, H,A,Hi), 1 pseudo-scalar a + 1 fermion y

a and A can act as mediators
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Several parameters in this model (m, m,, L)

— Use recommendations of
LHC Dark Matter Working Group (1810.09420)

Results in 5 free parameters:
My, My, M, tan p,sin 6,

Search capitalises high couplings of
pseudo scalars and b-quarks

at large tan f

Michael Holzbock (CERN) | Searches for DM and Exotics Particles | LaThuile ‘25 5


https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-23-008/
https://arxiv.org/abs/1810.09420

CMS Search for DM with bb

Select events triggered in Run 2 by p-;
Classify events with either 1 or 2 identified b-jets
> 250 GeV*

Constrain Z — £¢ , W — v and top backgrounds via 2 and 1£ events

miss

signature

miss

- Veto events with e/u for SRs, apply py

D .y o
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SUS-23-008

QCD multijet background estimated via fit of min(Ag(jet, p%niss)) spectra to data

Signal regions

N
1
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Physics regions

- N
1 1
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i 2 3
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miss :

* For events with leptons , p1 " is replaced with the recoil U
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0 i 22
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|
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Michael Holzbock (CERN) | Searches for DM and Exotics Particles | LaThuile ‘25

Multijet yields extrapolated
from low (QCD-CR) to

high A¢ (SR) values


https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-23-008/
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CMS Search for DM with bb

* Signal extraction via simultaneous fit of SR and CRs of
miss

* P
+ cos O* = |tanh((r; —n,)/2)| spectra in 2b category*

spectra in 1b category

o ¢cms O OO OO 138 fb (13 TeV) CMS 138 1o (13 TeV)
7 2b category W VH B W(v)yrdets [ WWWZ/ZZ e o T ARRARARAS ARRRRARAS ARARARRAR T
a . m.=350Gev Ml Z(vv)+Jets [l QCD B Single t ks - SHDM+a -
-E‘lO tt B Z(l)+Jets  —4Data = " bb + pTis
210° SR : Z(Il)+jets CR ! tt CR I - AT ?Oc(;)e(\;,ev
o, Good agreement : SUE. t"al’,‘,ﬂ=35 o
10 of data and SM! o | sing=07 Sensitivity reach for
3 g N
10° 0 ma up to 260 GeV!
10° " (with ma = 600 GeV
10 !
[ S SN o —— 2 =1 GeV)
® F unc (stat+syst) : —4- Postfut ¥ Preflt - —— Observed
N IS S S - L Mo e
'Es' E ! ' 95% expected
005, . 1. TR Lol TR S T NI B 10~ b 1 Lt Lo ius Lo |
00 025 05 075 g 055 05 075 1 025 05 075 1.0 0100200800400 500
i i x ma (GeV)
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* Better S/B discrimination than pi"™** in 2b category Michael Holzbock (CERN) | Searches for DM and Exotics Particles | LaThuile ‘25 7


https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-23-008/

ATLAS

EXPERIMENT

ATLAS SUSY VBF Search | T

LAY " Example for
» Vector boson fusion (VBF) allows to study pure-electroweak v e SSCTOWERK S production
processes at LHC, e.g. Ewk V+jet production
9 q
« Distinctive VBF topology: 2 forward jets with large m;; - "
| oy X
* Well established probe of SM electroweak sector (and BSM) c . 9 .
e Supersymmetry (SUSY) well-studied extension of SM "
* Naturalness, gauge coupling unifications, attractive DM candidate, ... SUSY-2018-16
e SUSY scenarios with close-in-mass electroweakinos” E 50 255 Expected limit (+100p) -
~0 ~0 ~+ ] ] O S Obse[\iedlimit (£10theory) -
(X1- X2 X1) partly still unprobed since LEP = e
q f = & — ATLAS 8 TeV excluded
a / Utilise VBF production of electroweakinos g 10 | .
~0 . o < 50 ATLAS -
X1 Consider all-hadronic final state: ~ V/5=13TeV, 139fb "
No sensitivity loss due do ~)geu mi shapei
i . imits at 95% CL
%! lepton reconstruction thresholds oo > 05+ (Wino)
a 1H “Compressed” electroweakinos {x3 — Zx%. x7 = WX} ~
q . | | m(79) x (%) > 0 ]
! First VBF SUSY search at ATLAS™! 0.5 b S N
q f 0150 300 350 400

*superpartners of SM gauge/higgs fields mix to form electroweakinos _ _, . . _ 2 1
BO WO A0, A0 = 70, and W', W2 — 7%, Michael Holzbock (CERN) | Searches for DM and Exotics Particles | LaThuile 25 inspired by CMS


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2023-26/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-16/
https://arxiv.org/abs/1905.13059

ATLAS

EXPERIMENT

SUSY-2023-26

ATLAS SUSY VBF Search

« Select events triggered by p%mss signature in Run 2

- Apply requirements to enforce VBF topology (e.g. m;; > 600 GeV), lepton veto

« Enhance signal/background separation with BDT trained on p%liss, jet and angular variables

* SR split into 27 and > 3 categories; signal extraction via fit of BDT tail

« Main backgrounds: Strong and electroweak Z — vv and W — £1* events

« Constrained via CRs using 2Z and 1Z£ events (using p%liss with invisible leptons)

N T T T T T T T T T T T T T T T T T T T T T T T T
2 IR B IR R I IR I IR I Em?%—ATLASI | | | | | 1%'
€ 0.6 ATLAS Simulati = 2 0o , poes —ToulBig -
S 0.06f imulation SUSY Signal - W ' E Vs=13TeV,140fb Wjets, acD [ wajets, Ewk [ other =
> - Vs=13TeV, 140 fb 10° - CR-W, _ , -
% 0-05;_ SM Background - p 104§ Post.bt Z+jets, aCD [ Z+jets, EWK =
< n v , o e—_o . o . ° 3
0.04F 7 , 10
0.03F -
L 174
0.02F — q
- )
0.01F - o
B ~~
0_ | I 11 1 1 | 111 1 | 111 1 I | I T | | 111 1 I 1 1 1 1 I 1 11 1 1 1 1 1 I_ EWK Z baCkground Strong Z baCkground 4‘2
0O 01 02 03 04 05 06 07 0.8 0.9 1 S o8k
0.5 0.55 0.6 0.65 0.7 0.75 0.8
BDT Score .
Michael Holzbock (CERN) | Searches for DM and Exotics Particles | LaThuile ‘25 9

* where lepton from W is not reconstructed


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2023-26/

* Extracting signal via sim

Data / Bkg

ATLAS SUSY VBF Search

 Agreement of data and SM predictions within uncertainties
* Results interpreted in simplified model of electroweakino production

« Assuming wino—like)?g,)ﬂ—r and bino—like)"('(l)

o Sensitivity to mass differences Ami( )?8, )’Z(l)) <1 GeV!

;_I 1 1 1 I 1 1 1 1 I 1 1 || 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 || I 1 1 1 Q
= ATLAS ® Data — TotalBkg ~ — Signal =
= — -1 —=
= Is=13 TeV, 140 fb Z+jets,QCD  Wajets, QCD .Z+jets, EWK =
- SR, E
E 49 . Wijets, EWK | Other Multijet =
—  Post-Fit -

=

=

125_ ............................................................................................................................................ _g
115_. ...................................................................................................................... }, ................ :E
095_ ............................................................................ ‘ ............ ( ........................................... —E
08_ ........................................................................................................................................... _g

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

ATLAS

q EXPERIMENT
SUSY-2023-26
] [ ) [ J q
ultaneous fit of 2j and > 3j SRs and CRs
;‘ 10 . I I I
o 8 [E
_ ~0 ~ O, =
Sensitivity to ¥, y7 masses & 5 o - X ]
up to 120 GeV for such scenarios o4 iy | o= G SR 07 LBy
_ _ O due to lepton veto
(finally surpassing LEP!) IS
<
No drop of exclusion reach 1 ATLAS
N Vs=13TeV, 140 fb’ -
for Am < 1 GeV! PP — RQXF CECT T 190 (Wino)
(in contrast to Alimits at 95% CL
i I 05 B — Observed limit (+101peory) —
leptonic signatures) “== Expected limit (+10eq)
3¢ + Soft 2¢ excluded
LEP2 X7 excluded
\ -_
0.2 —
140

SR for 2j events

T B
100
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ATLAS Prompt Lepton Jets Search

 Hidden sectors at electroweak scale compelling BSM scenarios

ATLAS

EXPERIMENT

EXOT-2018-55

* Associated particles could be produced at LHC (interaction with SM via mediator)

* Baseline benchmark model: additional broken U’(1) gauge symmetry
» Mediated by massive vector boson: dark photon 7,
» Kinetic mixing with SM ¥ with coupling €
« Dark Higgs H ; drives symmetry breaking of U’(1)

e Targeting prompt y, decays* with masses O(10 MeV) — O(10 GeV)

e Search for y, = ee/uu decays
* Decay products highly collimated: Lepton-Jet (LJ) signatures

>
Hidden Abelian Higgs Model\'\ :

(HAHM)™

** FRVZ model also considered

* corresponds to € > 107> — 1072 Michael Holzbock (CERN) | Searches for DM and Exotics Particles | LaThuile ‘25
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ATLAS

EXPERIMENT

EXOT-2018-55

ATLAS Prompt Lepton Jets Search

* Trigger on muon and electron signatures in Run 2
* ldentify leptons using “standard-like” criteria
 Combined (ID+MS) muons with custom isolation variable

 EM clusters with one or more associated ID tracks (showers from close-by ¢  may merge)
 Build LJs objects using established clustering algorithm* with AR = 0.4 from those leptons

« ulJ: constructed from at least two muons < Next Slide Performance of yLJ reconstruction
« elLJ: at least one electron and > 2 ID tracks <« Backup %’ 1:_IA';'L;¢\SISiImLIJIal[i0||q . -
* Zero total charge, LJ mass calculated from constituents % 0.8]- el 1, E?gagvg -
* (Consider several orthogonal analysis categories é 0ef +*’*‘“"’+H*:*i‘iﬂj:;
e Muon channel: uLJ-uLJ and uLJ-eLJ 3 AT
* Electron channel: eLJ-elJ 3 [ = . - :
(optimised for m, < 2m,) o2 ” ) -
020 40 80 80 100

Dark photon P, [GeV]

* Cambridge-Aachen Michael Holzbock (CERN) | Searches for DM and Exotics Particles | LaThuile ‘25 12


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-55/

ATLAS Prompt Lepton Jets Search

ATLAS

EXPERIMENT

EXOT-2018-55

* Analysis strategy for muon channel: unbinned max. likelihood fit of uLJ invariant mass™

« SM backaground has non-resonant (virtual ) and resonant (J/v, ..

B(m,11) =Nexpre ™1/ 4 Neyppe ™1/t Continuum: double exponential

.) component

60

50

40

30

uLJ candidates / 0.2 GeV

4
2
© 0
—2

(data-fit)

4

Post-fit uLJ speotra in uLd-ulLJd and ulJ-eld

-o- Data

— Fit

---- Resonant background

- - Non-resonant background
Signal m =1 GeV,B(H - 27d)

ATLAS

s=13 TeV, 140 fb™
uLJ-uLd channel

=0.5%

EMH};“ +HH-1 14 IJL 11-1 L*HJ Ju.uL¢uumuxuuuxuxuuuxmuuluul;

2

4

6

8

10 12 14 16 18 20
uLd mass [GeV]

“in uLJ-ulLd each event provides two entries

>

O]

S 50

~

o

P

o

©

-9 1

€ 30

(&)

°

-

=20
10
0

= 4

D 2

e -2

401

é

H+H+H+uh}4 -*m

2

Sensitivity down
to BRs for

H =2y, + X
as low as 0.001%!

(x50 improvement w.r.t Run 1)

Excellent
complementarity

to displaced LJ search!
(see backup)

2
_ ( LT~ Hy (2S) ke ) -
0- — [ |
W (2S) o esonances. Gaussians
+ N Y (2 S) e + N ¢ e ¢ .
A'O 1 = T TTT] TTT]
Cil‘ E A TLAS Observed !imit
D gl FeTevrom e
...................................... = HAHM [ Expected t2 o
= T — s 7d7d — 411 resolved (139 fb™)
ATLAS 3 0 [ JHEP 03 (2022) 041
s=13Tev, 140" 1 ¢ 10°F =
o Data uLJ-eLdJ channel 1 o : - 3
— Fit - S | =
Rlesonant background n g 107 E g:]eacr:rnoer} ! channal =
- - Non-resonant background - 1 | ]
Signal m =1GeV (x10), B(H > 2y)=0.5% ] O ol .
: 1 o 107 E =
] o = 3
{ J{ = (@)} = - : —
‘ ‘."HJM“‘*“*‘MWW. - 107 ! E
u.ulu“ “ “ul LLLLMJMluu.uxLxuxuuuxuxuuumx; E : E
= —6 Lol Ll ] Lol 1 1 L gl
R BRI PRRET T 100,027 01 0.2 1 234 10 20
uLd mass [GeV]

m, [GeV]
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CMS Search for Displaced Jets

» Hadronically decaying LLPs (decay length > 0.1 mm) appear in many BSM scenarios
* Dark sectors, SUSY, heavy neutral leptons, ...
* Yield distinct displaced jet signature

» Benchmark scenario: SM Higgs portal /f
 Higgs decay into 2 neutral scalars S, S —>ff P . S -
* Appears in e.qg. “neutral naturalness” models TR )
(where S would be a hidden glueball) P : ‘T :

e Search targets on scenarios with mup < 60 GeV )

. Focus on hadronic final states via S — bb, dd, tt

Michael Holzbock (CERN) | Searches for DM and Exotics Particles | LaThuile ‘25 14
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CMS Search for Displaced Jets

* Dedicated displaced jet triggers in Run 3 targeting light LLPs

» 2 trigger types: based either only on Hr (scalar sum of jet pr) or Hr+muon

* Qverall trigger efficiencies around 0.4-1.0%
* Construct analysis inputs dijet candidates:

* Form dijet candidates from all jet pairs in the event

* Associate tracks to each dijet candidate via angular distance

* Reconstruct displaced vertices™ (DVs) for displaced tracks for each dijet candidate
* Dijet candidates, DVs and tracks used to train GNNs

e Graph nodes: tracks & DVs ErE s
 Graph edges: track-to-vertex, track-to-track, ... relations f iNNbloik 7:| <+> e ek
« 2 types of GNNs © GNNblock - 'GNN block}<J
 “Displaced” GNN: associated displaced tracks and DVs [LStM] [LS*TMJ LS‘T'M
* “Prompt-veto” GNN: associated prompt tracks (small dxy) Demselayers “Dense ayers
« Both GNNs trained to separate S — bb from multijet 7" 7"

adaptive vertex reconstruction & using points of closest approach


https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-013/index.html

Events

CMS Search for Displaced Jets

 Select events with at least one dijet candidate with well reconstructed DV
* Require large displaced and prompt-veto GNN scores for SR
* Estimate backgrounds via ABCD method using plane spanned by both GNN scores

 Good agreement in SR between prediction and observed data

8prompt-veto

C E
o
=
o
o

M 2
c

o
S
s
k<1
©
8|
g
N o

SR

EXO-23-013

8displaced

 Up to x10 improvements by new techniques (triggers, reco, GNNs) w.r.t. previous results

— |
10° = CMS
104 = gprompt-veto >0.985
- gg—>H H->SS
108 | S—bb
= B(H— SS) = 1%
102 =
10
e et
10—1 | |
096 097 0.98

Displaced-dijet GNN score g

displaced

- -1 -1
34.7 fb' (13.6 TeV) CMS 34.7 fo' (13.6 TeV) CMS 34.7 fb"' (13.6 TeV)
| | | - 1_:+ T — T T T 7T T T T T T T3] T § a 1—:+|||||| T T T T T TTITT] T Ty T =
+ Data — 0 <
Predicted background T
L
=40 GeV,cty=1mm 3 E
....... mg = 40 GeV, ¢ty = 10 mm
------- mg = 40 GeV, ct, = 100 mm_:
3| ] 3 _|
103; 95% CL upper limits = 107°E 95% CL upper limits -
B —— Observed N - —— Observed
e S e Median expected ]| M Median expected
107 g9 > H,H—>SS mg = 15 GeV = 107 g9 >H,H—SS mg = 15 GeV E
eEEEEEEEEE E u = —— mg =23 GeV ] - — —— mg = 23 GeV
PITTTTTTTT AN " - S —bb —— mg = 30 GeV ] " [ S—dd — mg = 30 GeV
- 107 —— mg = 40 GeV E 107 ¢ —— mg =40 GeV E
- —— mg = 55 GeV ] - —— mg = 55 GeV
| | | | ‘ 10_6—r_||||||| Lol Lol Ll L —H 10_6—r_||||||| Ll Lol Lol —H
1 10 10° 10° 1 10 10° 10°

Further key achievement
(see backup):

First exclusions of
hadronically decaying
displaced tau leptons

arising from LLPs

with decay lengths < Im

___Very similar sensitivity for § - bband S >dd!

Michael Holzbock (CERN) | Searches for DM and Exotics Particles | LaThuile ‘25
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o / Otheory

95%CL

Wrap-up

* Vibrant program at the LHC to discover BSM physics
* No “smoking gun” from theory, need to carefully comb through our datasets!
* Using both “standard” final states as well as unconventional signatures
* Presented recent, (only very few!) selected highlights examples of ATLAS & CMS collaborations

Prompt Lepton Jets

Displaced Jets

m iSS N — I I LI
DM 1% + bb .0 1 = ! ‘
T Al — A TLAS Observed limit
CIIMISI L L LI L 1113]81 fbl—l1l(l1l31 :I-lelV) T 1 0_1 :_ E=1 3 TeV, 140 fb_1 a Eigzz::g IITI; G _1
10 | | | d = HAHM . [ Expected 2 o CMS 34.7 fb (1 3.6 TeV)
[ ] I : m— ZdZd —>4},tresolved(139fb'1) T TTUT [ T TTTTT [ T TTTTT [ T TTTA [
- 2b|;_)I E)rl\gr:s? | VBF SUSY E ) = : JHEP 03 (2022) 041 | | | | =
- 7 E A1N—2|—
| mA = 600 Gev -1 T T T T T T T T T T T T T T =
m, =1 GeV i | I | :/ =
[ tang =35 1 - . | N
| sind=0.7 i . | __|
— —| electron | muon =
‘| channel 1 channel -
| —
1} i
[ ] §
— Observed ATLAS _ 95% CL upper limits E
--- Median expected | _ /513 TeV, 140 fb- _ = —— Observed
B 68% expected | pp— 05k >Zi,x"¢ TEE 970 (Wino) - 4 e Median expected
95°/oeXpeCted g At A At A2tz L 1 1 Ll gg %H, H %SS ms=1SGeV 3
= I | 01 |y vy ia s |y s sty | i All limits at 95% CL
10 50 100 200 300 400 500 ~— —_— :bserlle(cjjll.irjitt (;1 Ttheory ) 1 2 3 4 1 O 20 S N bB — Mg = 23 GeV
=== Expected limi Oex _
ms (GeV) g m, [GeV] —Me=30CeV. 7
Y
LEP2 XF excluded d —— mg =40 GeV
[ " —— mg =55 GeV
O 2 1 [ oy b 1 ] L: ! | 1 1 ] | 1 ] | | ] |
100 120 140 160 180 10_6 IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | —H
~0 ~Ft 2 3
m(xz) = m(xy) [GeV] L 10 10 100
CT, [mm]
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Recent ATLAS/CMS Searches for DM & LLP

Experiment Reference Title
ATLAS SUSY-2018-25 Search for new physics in the cc+MET final state
ATLAS EXOT-2020-26 Dark matter search in ETmiss + dark Higgs — bb
ATLAS EXQOT-2021-35 VLQ TT->Wag+X
ATLAS EXOT-2022-33 Search for low-mass hadronic resonances produced in association with a photon
ATLAS SUSY-2018-37 Stop pair; 2 leptons, b-jets, RPV
ATLAS EXOT-2023-09 Search for dark mesons decaying into top and bottom quarks
ATLAS SUSY-2023-26 Search for chargino-neutralino pairfglr’:;dgﬁit‘iin with small mass splittings in VBF
ATLAS EXOT-2021-31 Search for vector-like electrons and muons
CMS SUS-23-008 Search for dark matter produced in association with a pair of bottom quarks

Michael Holzbock (CERN) | Searches for DM and Exotics Particles | LaThuile ‘25

Experiment Reference Title
ATLAS HMBS-2024-68 Search for long-lived particleg wi.th Pixel dEdx and low
beta or two highly-ionizing tracks

ATLAS EXOT-2018-55 Prompt lepton jet search

ATLAS SUSY-2022-11 Displaced e/mu lepton pairs
CMS EXO-23-013 Search for light Iopg—lived particles decaying to

displaced jets

CMS EXO-21-008 Search for long-lived particles decaying in the CMS

muon detectors

19
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The MSSM

The Standard Model of particle physics

Supersymmetric particles

1.<t 2nd 3rd generation 2'"‘ 3.—«1 goneration
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~ ~" - ;v—/ ;v—/ h o ” b ino & 1 ” higes sector
gauge bosons I ! renkine: gosinos)

A few important phenomenological features

After EWSB, gauginos and higgsinos mix to form the neutralinos (X7 , 5 ,)
and the charginos (¥:,)
The Higgs sector is a two Higgs-doublet (2HDM) of type-Il. Physical

spectrum is composed of two neutral CP-even Higgs (h and H), one neutral
CP-odd Higgs (A) and two charged Higgses (H*)

The light Higgs mass is predicted in the MSSM (in terms of the other
parameters). The tree level upper bound is mz, however radiative
corrections are very important and allow to reach the observable value

» Slide stolen from Emanuele A. Bagnaschi

Michael Holzbock (CERN) | Searches for DM and Exotics Particles | LaThuile ‘25

20


https://indico.cern.ch/event/1459736/contributions/6146202/attachments/2933674/5152396/ATLAS-SUSY-HDBS-group-BAGNASCHI.pdf

CMS

SUS-23-008

CMS Search for DM with bb

* Dependence on event kinematics across signal grid

q b

CMS Simulation (13 TeV) CMS Simulation (13 TeV)
-‘(Q :l | L I L L] I L DL l LR L I UL L I UL L I L l L I | L l: -fﬁ‘) :I | L I L L ' L I L I L l | L l LB I LI l | L I:
= - SHDM — m, =100 GeV - = - SHDM — m, =0.01 GeV -
> 101 = i—a m, = 500 GeV | > 101 | .- fa m, = 0.1 GeV |
- E bb + XX - = bb + xX '
© - ma = 600 GeV i © - ma = 600 GeV — m,=1GeV 1
= - my =1GeV 1 & " m, =250 GeV m, =10 GeV |

2 [ tang=35 = ol fang =35 — m, =100 GeV
© 10°F sing = 0.7 4 © 10%:sing=07 my =100 GeV -
107" E 107 = E
I ] ] I ]
107°F — E 1072 = E
10k E 107k 3
:l | 1 | I 1 1 1 l L1 1 1 l L1 1 1 l 1l 1 1 l 1 1 | i L 1.1 1 l | l 1 111 l: :l | —— l | l | l 1 1 | l | l | 121 l | 12l | l | 1 1 | l | 11 l:

150 250 350 450 550 650 750 850 950 1050 150 250 350 450 550 650 750 850 950 1050
miss miss

gen-pt (GeV) gen-pt (GeV)

Michael Holzbock (CERN) | Searches for DM and Exotics Particles | LaThuile ‘25 21


https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-23-008/

CMS Search for DM with bb N

 Additional interpretations

7 b

CMS 138 fo-' (13 TeV) CMS 138 fo-! (13 TeV) CMS 138 fb~' (13 TeV)
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+ 45 :—2|:|DM4.-a E « o gl .2HDM+a E 0 29[ 2HDM+a ---- Median expected _
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= my, =1GeV . 07 m, = _ 160} tan3 = 35 __ —
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: } : - i L ]
“F 1 osf - | :
L ] P . 80+ —
20 ] 7 i . -
E ’ 0.4 — i i
15E — QObserved - 7 — QObserved I . .
---- Median expected- e ---- Median expected - 401~ 1
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ATLAS SUSY VBF Search

* Large interference of pure electroweak and strong diagrams for VBF SUSY production

e Signal cross section depends on properly
taking into account interference

0 1000 2000 3000 4000 5000 6000 7000
m; [GeV]
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ATLAS

EXPERIMENT

SUSY-2023-26
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ATLAS

EXPERIMENT

EXOT-2018-55

ATLAS Prompt Lepton Jets Search

* Analysis strategy for electron channel: cut-and count in SR 2 [ s smusen S "°F A7iAs Simiton
2 1 = 1 ? ‘Uf:') - Vs=13TeV, 140 fb
2 : t 5 S 1E t
i * % E - i::t; m, = 0.017 GeV “g S -fi::t:n =0.017 GeV
- Cuts on primbalance and R N .
. . o 10_2:_ 8 )
 Background estimate via ABCD method °
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Ratio between the energy of the EM shower, in the cells around the most energetic energy cluster measuredina(n X ¢) = (3 X 3)andthe (3 X /)region
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ATLAS

EXPERIMENT

ATLAS P t Lepton Jets S h
 Comparison of prompt and displaced LJ results
102 ATLAS (s=13 TeV, 139-140 fb" 102 ATLAS (s=13 TeV, 139-140 fb”
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