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Overview of the dark sector models

SKIT
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& m“ 9| POLtal (2] 2)2J:* | « Provide dark matter candidates
®|'® (20, 7) Z]Z] * Provides explanations for hierarchy
\ U(l)xSUL(Z)xSU(s) Y, \ SU(N) x? ) problem/neutral naturalness
* Some portal to SM that is probe-able with
QCD Dark QCD .
Tev LHC experiment
a?’h??ﬁg”y Rich phenomenology depending on dark
N tpd’ Mt s sector dynamics!
oy e Tdy Pdy - - - (*Phys. Lett. B651:374-379, 2007)
i * Example mass hierarchy from:
R JHEP 05 (2015) 059
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https://www.sciencedirect.com/science/article/pii/S0370269307007721
https://www.arxiv.org/abs/1502.05409

~ Stages of Dark showers A\‘(IT
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Existing search efforts at LHC A\‘(IT

Invisible % Semivisible jets (SVJ):
product ) * ATLAS t-channel non-resonant (Run 2) phys. Lett. B 848 (2024) 138324
fraction * ATLAS s-channel (Run 2) phys. rev. D 112 (2025) 012021

Sv) Mono-X * CMS s-channel, hadronic (Run 2) jtep 06 (2022) 156

* CMSs-channel, leptonic (Run 2) cus-pas-exo-24-029

2 % Emerglngjets (EJ):
ATLAS t-channel pair production (Run 2) atias-exot-2018-20
% * ATLAS s-channel (Run 3) rep. Prog. Phys. 88 (2025) 097801
* CMS t-channel pair production (2016): J+EP02(2019)179

Displaced jets * CMS t-channel+flavor structure (Run 2): srHer 07 (2024) 142
* CMSs-channel (Run 3, reinterprete): rep. prog. Phys. 88 (2025) 037801
QCD-like
Showerin Soft uncluster energy pattern (SUEP):
g * CMS ggF production (Run2): physrev. Lett. 133. 191902

* CMS WH production (Run 2): cvs-pas-£x0-23-003

Shower .
* CMS ZH production (Run 2): cus-pas-x0-24-030

topology

(SUEP)
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https://arxiv.org/abs/2305.18037
https://arxiv.org/abs/2505.01634
http://dx.doi.org/10.1007/JHEP06(2022)156
https://cds.cern.ch/record/2940795
https://arxiv.org/abs/2510.12347
https://arxiv.org/abs/2505.02429
https://arxiv.org/abs/1810.10069
https://arxiv.org/abs/2403.01556
http://dx.doi.org/10.1088/1361-6633/adaa13
https://arxiv.org/abs/2403.05311
https://cds.cern.ch/record/2927983
https://cds.cern.ch/record/2928077

. Goal of dark shower task force $‘(IT

* Establish common benchmark models and descriptions
* Refining dark shower modeling and simulations
* Facilitate cross-collaboration between experiments and theorists
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Benchmarking - common model descriptions A\‘(IT

“Bottom-up”, Pheno-motivated approach

“Top-down”, theory-motivated approach * Uncovered detector signatures
* Cosmological constraints for allowed couplings %9 * Composition of final states particles
* Structures in dark sector (flavor/symmetry) & Mz, Rinv, CTdarky Mn,dark...

&[, SU(Nc,dark), SU(Nf), Adark / mn,dark... : X 4
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. Towards a common benchmark model ﬂ(".

(Nro)/(N)

Long-lived dark hadron fraction
as function of theory parameters

Can we formulate a “reasonable” model set that spans
Phys.Rev.D 112 (2025) 7, 075029

existing phenomenological search space?

* Example candidate frameworks (still in discussion): 1.0
* s-channel: Z', Higgs < 0s
* t-channel: JHEP06(2025)198 g CM™s 138155 U2 Tev)

L m,,, =10 GeV
flavor-aligned model

— Obs. limit (GNN)

—— Exp. limit +10 (GNN)

* Others? 0.6

Ongoing discussions:

* How to prioritize degeneracy between different phase
space parameterization schemes? 0.2
(ex: linv V.S. NF/NC)

* More works still needs to be done for 1— 3 decays

* Most expressive method for displaying results?
Commonly used: (Muyed, Finv), (Mmed V.S. CT)

There has been cases where “observables” is not
optimal (right)

10"
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https://arxiv.org/abs/2403.01556
https://arxiv.org/abs/2411.15073v2
https://arxiv.org/abs/2505.03058

. Towards a common benchmark model A\‘(IT
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\“ i 1 Q.\\ 60
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40k
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(ex: rinvV.S. N¢/N¢) gw
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: . . Example of results
* Most expressive method for displaying results? . . :
C l d: ( ) ( ) reinterpretation with 20¢
ommonty useda: (Mued, linv), “mMed V.S. CT » different parameterization Current CMS.
There has been cases where “observables” is not Phys.Rev.D 112 (2025) 7, 075029 o A1 deees:
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https://arxiv.org/abs/2411.15073v2
https://arxiv.org/abs/2505.03058

New targets arising from benchmark model $‘(IT

Karlsruher Institut fur Technologie

2Glueball model JHEP04(2024)070

Several “proto-benchmarks” show interesting new
signatures!
Example: lifetime spectrums of dark hadrons:
* Additional symmetry structure in dark sector?
* N=0 “dark glueball” scenario?
* “Semivisible emerging jets (SVEJ)” looks to be a
generic signature for many dark sector models!
* How sensitive are existing SVJ/EJ search
efforts to these signatures?
* What other signatures are uncovered?

myrgusy (GeV)

mypsusy (GeV)
SVJ- Like

10 20--30 40 50 60 OO
mg (GeV)
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https://arxiv.org/abs/2511.02918
https://arxiv.org/abs/2310.13731v2
https://arxiv.org/abs/2310.13731v2

Reinterpretating existing analysis efforts A\‘(IT

Lessons from existing comparison efforts

* Development of common benchmark models (pages 7-9)
* Always keep “all” model parameters listed

* Keep searches “generic’] avoid over-optimization.

* Best method of presenting ML-based results for reinterpretation efforts?
Just publishing the ML model is not sufficient, as there are non-trivial detector
resolution effects rolled in.

* Even without ML, what about other detector effects?

i i n experiments,
“Let experlmentahst works on exp

“Top-down” approach ”
: " and theorist work on theory

Cover as much “model space” as possible with [N (How to make this work in practice)
minimal/elementary assumptions o ? <
X
33 “Bottom-up”, approach

Demonstrate best capability of dectectors
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. Reinterpretation efforts - Muon System $‘(IT

Extending lifetime reach using muon system in CMS:
* Large multiplicity of activity in CSC
* Originally designed for low mass LLP shower.
* Reinterpreted for emerging jets by CMS

* Also reinterpted to other BSM models 1 2
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https://inspirehep.net/literature/2918574
https://inspirehep.net/literature/2905762
https://arxiv.org/abs/2405.13778
https://arxiv.org/abs/2505.03058
https://arxiv.org/abs/2402.01898

Reinterpretation efforts - Muon System

SKIT

Karlsruher Institut fur Technologie

Extending lifetime reach using muon system in CMS:

* Large multiplicity of activity in CSC
* Originally designed for low mass LLP shower.
* Reinterpreted for emerging jets by CMS

* Also reinterpted to other BSM models 1 2
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https://inspirehep.net/literature/2918574
https://inspirehep.net/literature/2905762

SKIT

Common tools - LundJet tagging

* Reclustering jet constituents as proxy for the particle shower

history in the Lund plane
* Multistage showering benefits greatly from the extraction of this

information for jet tagging!

Primary LJP
DS Decay

Phys. Rev. D.108.
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https://doi.org/10.1103/PhysRevD.108.L031501
https://doi.org/10.1103/PhysRevD.108.L031501
https://doi.org/10.1007/JHEP12%282018%29064

- Common tools - LundJet tagging A\‘(IT

* Also a helpful tool for studying generator differences and uncertainties!
We want to make sure analysis efforts do not fixated on generator implementation details

Herwig (7.4 preliminary) Pythia (8-312)

Lund Jet Plane ~ Lund Jet Plane 7
herwig after SM hadronization pythia after SM hadronization
6 0.0200 6 0.0200

0.0175 0.0175

0.0150 0.0150

0.0125

s Some difference
o0 IN Shape of lowersz ..
* energy splittings -

— QCD modeling -
e glso important

0.0025

Y

=
0.0100 Z

0.0075 0.0075

0.0050

—4
0.0025

n '-.'..

In(1/4)

0.0000 —6 0.0000

3 Lower energy large anglg
splittings - pp at edge of jet?
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Development of generators studies $‘(IT

* Pythia 8.313 to be released with refined controls on dark sector showering
* Developing uncertainty studies of BSM showering e — st

ANP A k=(A v/ A qeo) i JEE?O%?ZON 118
AN acp HY H 0.8 — ) -
A I
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https://arxiv.org/abs/2004.00631

Common tools - trigger design

SKIT
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New triggers developed for Run 3! Directly triggering on BSM jet signature

Jets composed mainly of displaced tracks tracks

* ATLAS dedicated EJ trigger
* CMSdisplaced jet trigger

- ATLAS
V5 =13.6TeV,51.8fb?!

*F mp, =10GeV, mz = 1500 GeV
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. . . .
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https://arxiv.org/abs/2505.02429
http://dx.doi.org/10.1088/1361-6633/adaa13

. Trigger design for LLP signatures A\‘(IT

CMS trigger was designed for Displaced jets generated from exotic Higgs decay:
* Jets cannot contain prompt tracks (IP,p< 0.5mm, oipp < 5)
* Generically powerful BSM trigger for tracker-based searches!

13.6 TeV
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https://cds.cern.ch/record/2865844/
https://cds.cern.ch/record/2865844/

Many potential paths to take!

SKIT

Karlsruher Institut fur Technologie

Invisible
product
fraction

e

SVJ Mono-X

» N
A

Displaced jets

Shower SUEP
topology

Dark sector generator developments
Generator uncertainties?
Dependence on decay modes (3-body decay)

QCD-like
Showering

Semivisible jets (SVJ):
* Allowed decay products? “Photonic” SVJ?
* Low mass mediators

* Low HT data stream (scouting)

* Boosted topology?

Semivisible emerging jets (SVEJ)?

Emerging jets (EJ):
* Lifetime/flavor structure?
* Detector sensitivity gaps
* Dedicated trigger v.s. existing LLP triggers

Soft uncluster energy pattern (SUEP):
* Dedicated multiplicity trigger?
* Alternate production topologies?

Anomally trigger?
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- Summary of task force goals A\‘(IT

* Establish common benchmark models and
descriptions
* Candidate models in discussion based on snowmass
recommendations . e
* Exploring new signatures in proto-benchmark | LW el
* Refining dark shower modeling and simulations .26 s
* Herwig dark shower is nearing release
* Uncertainties envelope for dark shower in
development
* Facilitate cross-collaboration between experiments
and theorists
* Common tools for broader BSM community

* Common methods to best utilize expertize of . )
experimentalists and theorists Targetting white

Dark shower Workshop, Oct 2025

paper early/mid 2026!
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Thanks for you attention!
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Supplementary material
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Semivisible jets searches - s-channel $‘(IT

Phys. Rev. D 112,012021

Common sighature:
* Modest E;™ss | aligned with di-jet axis
* Bump in di-jet transverse mass mr:

 ATLAS

¢

Vs =13 TeV, 140 fb1!

mi 2 — —mi
T my = (Brg5 + EF)" — (Frg +pF™)?

Multiiet QCD 3 9 miss 2 2
Mz = 2500 GeV, Riny = 0.2 =myy+2py Mg+ P,y = P05 COS(0 miss)

mz = 4000 GeV, Ripy = 0.2

~ me-2000ev. R =06 1 ¢ Jet structure tagging to boost signal-to-

-= mz = 4000 GeV, R, =06 _E

background ratio:

* Jet energy correlation measures,
N-subjettiness, subjet mass... etc.

* ML-based tagging

L L | L L L
2000

3000 4000
mt [GeV]
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https://journals.aps.org/prd/pdf/10.1103/44zp-mh1q

SKIT

Semivisible jet - LundJet tagging

* Reclustering jet constituents as proxy for the particle
shower history in the Lund plane

* Multistage showering benefits greatly from the extraction
of this information for jet tagging!

Primary LJP
DS Decay

Phys. Rev. D.108.

Intk; / GeV)

Primary Lund-plane regions
JHEP 12 (2018) 064

In(k.,/GeV)

Primary LJP
SM Hadron
Phys. Rev. D.108.

Inik; / GeV)

UOIIN|OAS JI9MOYS
(v abue|) Ys|

<

In(lfﬂ) g ................................................................................... ;
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https://doi.org/10.1103/PhysRevD.108.L031501
https://doi.org/10.1103/PhysRevD.108.L031501
https://doi.org/10.1007/JHEP12%282018%29064

Semivisible jet s-channel results A\‘(IT

CMS Z' s-channel production ATLAS, Z' s-channel production

Hadronic (Run 2) Leptonic (Run 2) Hadronic (Run 2)
Cutbased/BDT jet-tagging Cutbased/Lund jet-tagging ParticleFlow network (ML)/Anomaly tagging
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= JHEP 06 (2022) 156
Semivisible jet (BDT-based, model-dependent)
= JHEP 06 (2022) 156
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https://arxiv.org/abs/2112.11125
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~Semivisible jet t-channel
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L No resonance peak as target variable

l . 3 . . . .
K * How aligned jets are with pr™ss is key variable
ﬁ/k/y*\.\i * Lepton veto to eliminate vector boson/top background
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https://arxiv.org/abs/2305.18037
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- SUEP searches A\‘(IT

* Dark shower generates a isotropic spray, not collomated jets
* Recoil off of some SM product
* Recover isotropy signature “Spoosted” in boosted frame

4 CMS Simulation Supplementary arXiv:2403:05311 (13 TeV) 4 CMS Simulation Supplementary arXiv:2403:05311 (13 TeV)
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- SUEP searches A\‘(IT

* Dark shower generates a isotropic spray, not collomated jets
* Recoil off of some SM product
* Recover isotropy signature “Spoosted” in boosted frame.
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- SUEP searches @ CMS A\KIT

VH scattering ggF production

Lepton trigger from vector boson (\W/Z); Higgs decays to SUEP ISR Jet for triggering; heavy scaler decays to SUEP
SM
ing soon! g
combined results coming .
g
CMS Preliminary 138 fb™' (13 TeV)
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- Emerging jets searches - t-channel A\‘(IT

e * No guaranteed E ™' trigger, trigger on accompanying SM product
* Displaced signature used to boost signal-to-noise ratio
x< * Displaced objects in jets for Jet tagging (CMS)
& g [~ a | Trigger . . : - i
TOOO00Y, | ta'rggits * Displaced object count for signal/control region separation (ATLAS)
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Emerging jets t-channel results A\‘(IT

CMS t-channel pair production (Run 2) ATLAS, t-channel pair production (Run 2)

* H:>1050GeV trigger on accompanying SM product * 4Jet pr>120 GeV trigger on SM product
* Track displacement for jet tagging (cut-based, GNN/ML) ¢ Energy shower distribution for jet tagging
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