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Massless dark photon

Research channel H — ~vp
Vectorial portal + loops of messenger fields
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jon BR(H — vp) :

o CMS: 4.6%(3.6%)
o ATLAS: 2.3%(2.8%)
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https://link.springer.com/article/10.1007/JHEP10(2019)139
https://link.springer.com/article/10.1007/JHEP03(2021)011
https://arxiv.org/pdf/2212.09649
https://arxiv.org/pdf/2109.00925

Massless dark photon

SM Higgs combination: ZH and VBF
Upper obs(exp) limiton BR(Hsy — YD) :
CMS: 2.9%(2.1%)  ATLAS: 1.3%(1.5%)
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https://arxiv.org/pdf/2406.01656
https://link.springer.com/article/10.1007/JHEP03(2021)011
https://link.springer.com/article/10.1007/JHEP03(2021)011
https://arxiv.org/pdf/2406.01656
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Size of TLA event

TL/scouting analysis

LT processes ~92 kHz events but only 3kHz events can be saved fully
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https://arxiv.org/pdf/2509.01219

TLA analysis at the ATLAS and detector

Summary plot of the coupling between SM
guarks and an axial-vector mediator to
the dark sector as a function of its mass

95% CL upper limit
m— O bserved

Recent result also at CMS for
dijet resonance search using
data scouting
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https://cds.cern.ch/record/2946408/files/ATL-PHYS-PUB-2025-041.pdf
https://arxiv.org/pdf/2510.21641

Massive dark photon > - > prompt

Hypercharge (vectorial) portal Zp — pup at CMS
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Isolation and associated vertices

Scouting triggers, 96.6 fb”’ (13 TeV)
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https://link.springer.com/article/10.1007/JHEP12(2023)070

Massive dark photon > - > prompt jHep 0320220041 At ATLAS
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https://arxiv.org/pdf/2110.13673

fie Eur Phys. . c (2025 @t ATLAS

Massive dark photon > - > prompt

Dark photon mass assumed to be much smaller than the < HLSP

FRVZ model
hard scatterlng Process energy- -scale ; HLSP

~a Large Lorentz boost
~a Highly collimated decay products (Lepton Jets) :

o Muonic Ljets 3 channels: T /:/f

i L +lelJ
o Electronic Ljets 2elJ, Z,uLJ, 1,uLJ le
) H
miss | . . . ' RV d
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https://link.springer.com/article/10.1140/epjc/s10052-025-13916-5
https://link.springer.com/article/10.1140/epjc/s10052-025-13916-5
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Massive dark photon > decaying > displaced @ Ex0-24-016 At

. CMS Preliminary 62.4 fb~!, (13.6 TeV)
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https://cds.cern.ch/record/2938078/files/EXO-24-016-pas.pdf

Massive dark photon > - > displaced /

imEvents with displaced jets in the Muon Spectrometer

e Several
o dar

signal models, among which:
K photon + Z

© SCd

e Signature: 1 Displaced Vertex in MS (+ prompt Z)
e 2 NN trained with different inputs used for ABCD

ar portal
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https://arxiv.org/pdf/2503.20445
https://arxiv.org/pdf/2503.20445

Higgs to scalar particles :

|l HC best: ATLAS + CIMS ATL-COM-PHYS-2025-002

Summary plot for Higgs boson mediated hidden sector involving Long Lived Particles
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H — invisible
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+Displaced vertices
in the Muon System
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https://cds.cern.ch/record/2924617/files/ATL-PHYS-PUB-2025-002.pdf

Dark jets
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A variety of signatures Semi Visible jets

T dark quarks hadronize into dark

Emerging jets | .~ o , &l hadrons promptly decaying to SM

QD
: O — visible +
dark quarks hadronize 2 | |WE=> - visible . Stabliii”? hadr;m; L
to LL dark hadrons 2 / signature: p**°a ongt e jet axis
decaylng to SM emerging jEt :«,’ \ ‘\\\ /,.-'. -

. \ SM Particl-e ’,-‘?zz:,% Missing Er
signature: charged | N//AL, Ny, e Dark Particle
tracks appearing at =

displaced vertices3g  E | ‘d /

. o prompt jet semi-visible jet
Y - >l
SM Particle y o o . o PRGN
Dark Particle / . .’ ,' *\
visible { - invisible ;. N
S - R, encodes the fraction of
1splace ecay vertex
dark quarks hadronize into dark invisible particles produced in
hadrons promptly decaying to SM the dark jet hadronization
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https://indico.cern.ch/event/1574504/contributions/6736191/attachments/3161747/5618329/LHC_DarkShowersWorkshop_IRB_27Oct25.pdf
https://indico.cern.ch/event/1574504/contributions/6736191/attachments/3161747/5618329/LHC_DarkShowersWorkshop_IRB_27Oct25.pdf

Rep. Prog. Phys. 88 (2025).097801 gt ATLAS

Emerging jets

e Jets undergo a 2-stage showering process (dark sector + SM)~
resulting in a broader pattern

o Anti-kT with R=1.0 for
o Anti-kT with R=0.4 using uncalibrated cells for small jets
o Reclustering of small jets with pr > 15 GeV in

e Final state: 2 large jets and high multiplicity of secondary vertices

q d "£<
t-channel s-channel

groomed jet
ptr < 15 GeV
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q

q
q 0 |
w qD E(D
o . 4 g e _
g <q q : 4D
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https://arxiv.org/pdf/2505.02429

;ﬂ Rep. Prog. Phys. 88 (2025) 097801 gt ATLAS

Emerging jets

e 2 strategies: cut-based and ML-based
e 2 regions: low m,; (< 1 TeV)and high m;; (> 1 TeV)

i, Cut-based analysis % ML-based analysis

: new dedicated trigger introduced in Run3!
Trlgger 2itrkCAR 12Ptrk
low . | Nju = 1,pr > 200 GeV, |5 < 1.8, PTF < 0.08 (prr= =22/t )

T

Prompt Track Fraction

Trigger
higﬁfnjj Njet > 1,pr > 460 GeV
Bkg | |
T ABCD method jet mistag rate method
estimation
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https://arxiv.org/pdf/2505.02429
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~ Cut-based analysis

Rep. Prog. Phys. 88 (2025).097801 gt ATLAS

ML-based analysis

95% upper limit
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Obs. limit (ML-based)
Vs =13.6TeV,51.8fb~1 === Exp. limit +1g (ML-based)
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https://arxiv.org/pdf/2505.02429

Emerging jets

_Signal
' Htg,mn

- Cut-based analysis

Rep. Prog. Phys. 88 (2025).097801 gt ATLAS

ML-based analysis

95% upper limit
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o
T T

_— gq =0.01, gqo =0.1

95% CL upper limit on o(pp = qpqgp) [fb]

o
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f VS =13.6TeV,51.8fb~1
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—&— Qbs. limit (cut-based)

s=== Exp. limit +10 (cut-based) 3

L My, =10GeV, cTp, =50mm —eo— QObs. limit (ML-based)
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K11 =K12=K13=0.1 ]

(I) mass are excluded up to 1350 GeV
“ % where quark-quark cou

Excluded
pion lifetimes
and Z' masses
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CTr, [mm]

ATLAS —— Obs. limit (ML-based) 10
Vs =13.6TeV,51.8fb~1 ~=~ Exp. limit +10 (ML-based)
mp, =10GeV,gq=0.01,g94,=0.1

750 1000 1250 1500 1750 2000 2250 2500
mz [GeV]

95% CL Upper Limit on o(pp = Z2') x BR(Z' = gpqp) [fb]

pling is 0.1
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https://arxiv.org/pdf/2505.02429

submitted to: EPIC gt ATLAS

Emerging jets

e Recent resultin ATLAS also using Run 2 dataset
e Signature: 2 emerging jets + 2 SM-jets
e Set limits on decay time and mediator mass

—_ | I I 1 | I 1 I | 1 I | I | | 1 I | I 1 | I I 1 ] —_ B 1 | | I | | 1 | I 1 1 1 1 I 1 I I
£ - ATLAS m,, =10 GeV - £ - ATLAS My, = 20 GeV .
T - Yys=13TeV, 140 fb™ — ATLAS (Obs.) - e - {s=13TeV, 140 fb™ — ATLAS (Obs.) -
g == ATLAS (Exp+ 10) g 5= ATLAS (Exp+ 1o)
L = -..- CMS (Obs.) GNN = 10° e -..- CMS (Obs.) GNN =
= IR R tsea., -~ CMS (Obs.) Agnostic 3 - ' LT -.-- CMS (Obs.) Agnostic 3
- T N 7 JHEP 07 (2024) 142 - JHEP 07 (2024) 142 |
10°E" E 10° E
3 E 10E E
i i i | J-"'Tl#.l-.d-.| i i | l 1 == |. | 1o | i i i ] ] i | | | Pl T#|' I 1 I | 1 I = (! I | I I 1 ]
1b00 1200 1400 1600 1800 2000 2200 1b00 1200 1400 1600 1800 2000 2200
M, [GeV] M, [GeV]
GNN-based analysis sets stricter limits at very low and very high proper lifetimes,

while ATLAS search is more sensitive for intermediate lifetimes (2-300 mm)
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https://arxiv.org/pdf/2510.12347

EX0-24-029 at

Semi Visible jets ”W
e Lepton-enriched semivisible jets

e Events triggered by presence of hadronic activity
e LundNet as jet tagging method

' \
!

[
]
]
\
\

LN
>

e GNN aims to encode parton showering and hadronization
underlying jet formation (generalization of the Lund Jet Plane)

e kr-pruning technique used to remove low- ks radiation and
iINncrease robustness against non-perturbative effects

IRC-safe Lund graph

In(k¢/GeV)

(v obue|) Ys|

IRC-safe Lund Graph

Lund Tree IRC-safe Lund Tree

In(1/A)

v

Non-perturbative physics is
difficult to model in Monte Carlo

WIFAI 2025
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https://cds.cern.ch/record/2940795/files/EXO-24-029-pas.pdf

EX0-24-029 at

Semi Visible jets :

®

e Lepton-enriched semivisible jets

e Events triggered by presence of hadronic activity

e LundNet as jet tagging method

[
]
!
\ \
\

L d
PRl
I'4
-

e GNN aims to encode parton showering and hadronization

underlying jet formation (generalization of the Lunc

e kr-pruning technique used to remove low-kr rac

Jet Plane)
lation and

iIncrease robustness against non-perturbative effects

IRC-safe Lund graph

IRC-safe Lund Tree

Lund Tree
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IRC-safe Lund Graph

CMS Preliminary 138 fb~! (13 TeV)
.E | ] I | 1 I | | ] | I I 1 | | | ] | |
< SVJt model
8_ Multilepton category, |An| < 2.2
2 102 ¢ Data W-jets a
-q:" Z(vV+jets) Background uncertainty
S Z(tisjets)  — = Mz =2TeV, iy =0.3, Myai= 16 GeV
o QCD Mz = 3 TeV, Finv = 0.3, Mgark = 16 GeV
E'_q) 1 00 [ tt « mz=4TeV, rn=0.3, Mgax=16 GeV |
Téj :'. "]
e L i
o - S [T
e e T R S
102k N
104} -
1 0—6 ] | | | ] ] | ] | | ] |
0.0 0.2 0.4 0.6 0.8 1.0
LundNet discriminator (J1 2)
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Semi Visible jets

’
4

Lepton-enriched semivisible jets
Events triggered by presence of hadronic activity

LundNet as jet tagging method
ML-based ABCD method for background estimation

;m Exo-24-029 at CMS

"...” DNNs optimization

<

e inputs: event-level features + GNN score for 2 hardest jets
e DNNs scores used for ABCD method in bins of dijet =z <&

transverse mass

o

event

Region D

DNN score 2 (D,)

Region C

A

DNN score 1 (D)

GNN score

Shape A
—— Shape B
— Shape C
—— Shape D

my [GeV]

| 4 To distinguish
background we need to
look inside jets!

hadrons
muons

Signal jet

QCD jet

Boosted top jet
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Semi Visible jets

Mdark

o x BR (pb)

102

o x BR (pb)

102

exo-24-029 at CMS

Exclude wide variety of signals!

CMS Preliminary 138 fb

(13 TeV)
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Dark Higgs
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;m sHEP09(2025)067  at ATLAS
% X h -

-

Dark Higgs

e Implementation of Dark Higgs model with an extra
broken U(1) symmetry with a massive Z' mediator
and fermionic DM candidates

e Final state: xx + hh = E**5 1+ bbbb

e Lepton veto + 4-7 jets (at least 3 b-tagged) required
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Dark Hi ggs ;m JHEP09(2025)067 Qat hA'I:I:AS

e Implementation of Dark Higgs model with an extra
broken U(1) symmetry with a massive Z' mediator
and fermionic DM candidates

e Final state: xx + hh = E:"}”;SS + bbbb

e Lepton veto + 4-7 jets (at least 3 b-tagged) required

n 108, |
© | ATLAS ¢ Data N Zijets I d k " > L IS
o | _ _ o , _ ) S ¢ Dat e Z+jet
o [ibmuer  wmimin  mwes | NNTrainedonkinematic § [, Loe o mie
T | Preselection W tt+ 21b tt+X ' . | | o gackglr;um_:l-unly fit " £ x ]
gma —-- m(s,Z)=(385, 1400) GeV mmm ti+ >1c BN Diboson Vda r|ab es and prese ected P ignal Region e -
L - ==+ m(s,Z)=(310,2100) GeV W Single Top —— Total SM | §15- @ Single Top —— Total SM 1
i 1 ° f ]
events; cut on NN score = — - m(s.2)-(385, 1400) Gev

——- m(s,Z)=(310, 2100) GeV

iIncreases discrimination
o° power of the SR
15 5 °
2 by £ Lo ’
s Wikl ez Fit N invariant  mass s [T R

100 200 300 400 500 600 700 800 300
0.4 0.5 0.6 0.7 0.8 0.9 1.0 S h OWS n O eXC e S S Men [GEV]

NN score
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Dark Higgs
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Dark Higgs model
JHEP 04 (2017) 143
0q=0.25,gy=1
sin8=0.01, m, =200 GeV

ET'SS + VV(qgaa)
PRL 126 (2021) 121802

EMiss . WW(qGtv)
JHEP 07 (2023) 116

ET'S + bb
PRL 134 (2025) 121801

ET'sS 4 hh(bbbb)

- Thermal Relic Density
Qc.h?>0.12

300

275

250 |

;'L"E.'.'“

Vs = 13 TeV, 140 fb~!
Limits at 95% CL
—— QObserved
- Expected
+10exp

0q=0.25, g, =1,
sinf =0.01, m, =200GeV

M NN BN N N S S S S S S S . S S ——

500

1000 1500 2000
Summary plot of limits set by
ATLAS dark Higgs searches

dominant channels

bb WW  hh
e
150GeV s
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Dark Higgs

Mi8ss

e Final state: xx +h = Er

e Fit invariant mass in bins of U (hadronic recoil p?

+ bb

M18S

+?T)

e AK15 jet processed with Soft-Drop (SD) algorithm, to
prune away soft, wide-angle radiation not associated with
the hard scattering process that formed the jet

: - sus-23-013 at CMS

CMS Freliminary 138" (13TeV)
1400 — Observed Hp mass = 50 GeV
- , Majorana DM
- === Median expected | 10667
1200 --.- +1g Expected
. -+ +20 Expected
0.333

% CL observed upper limit on logg ()

=]

95
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CMS Freliminary
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Conclusions

e Wide variety of dark sector signatures are being explored at the LHC, covering
different regions of the phase space and involving different models

e Different analysis strategy adopted to maximize sensitivity across the
kinematic spectrum

e Machine Learning techniques extensively used, opening new opportunities to
probe unconventional new-physics scenarios

Thank you for

SECTOR &= Q‘ # x the attention
SIS

NS BOSONS
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Massless dark photon
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« Most straightforward and worthy scenarios for the statistical combination, based on 3 input analyses.

Giulia Maineri - Overview of dark sector searches in ATLAS and CMS

Input analysis Signals my m,, Combination scenarios
ZH SM (ZH)H - yy4 125 GeV [0, 40] GeV ZH + VBF for SM Higgs,
massless y,, targeting
e SM (ggF + VBF)H - yy, 125 GeV Massless y, BR(H125 - y y,
BSM (VBF)H - yy4 160, 2000] GeV Massless y, Monoph- + VBF for Heavy Higgs,
massless y,, targeting
Monophoton | BSM (ggF + VBF)H — yy,; | [400, 3000] GeV Massless y, o(ggF + VBF)XBR(H - yy4)
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Massless dark photon

Observed limits

16 fb (26 fb) for mH =
to 1.0 fb (1.5 fb) for mH = 3 TeV.

400 GeV

95% CL upper limit on B x Oggr .+ ver [Pb]

109
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10'3:—

LB L L | T | L L L

ATLAS —+— QObserved limit (95% GL}
—e- Expected limit (95% CL)
Vs =13 TeV, 139 fo" =1 Expected limit +10

BSM H=yvyy [ Expected limit +20

E=3 B(=0.05) x Otheory
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TLA analysis at the ATLAS detector e suomiced otz e

1 records jets from eta x phi = 0.2 x 0.2 cells. Only jets with |eta|<3.1
and pT requirement enter the TLA stream.

o From 2016-2018, pT> 100 GeV (J100)(lowest single-jet L1 trigger)

o In 2017, added a prescaled trigger with pT>50 GeV et the end of the fill

(allowed by dec
o In 2018, added

ining instantaneous luminosity)
uminosity-dependent combination of triggers:

o single-jet L1 pT > 50 GeV (J50)

Used in the analysis: 100 and |50

o two L1 jets satistying pT > 50 GeV for the leading jet, pT > 15 GeV
for the sub-leading + delta rapidity < 1

20— 3.0

—— Total L1 rate
s J100 —2.5

J50_DETA20-J50J u
. 50 m

L1 trigger rates (Trigger Level Analysis)
~ pp data, September 2018, Vs =13 TeV

L1 rate [kHZ]
S 8 8 8
T T T T 5]
N
o

N
o
I T [

Instantaneous luminosity [10**cm2s™

o
T

10:00 12:00 14:00 16:00 18:00 20:00
Time [h:m]
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https://arxiv.org/pdf/2509.01219

TLA analysis at the ATLAS detector

Event selection
e >=1 jet with pT > 85 GeV and |eta|<2.4
nest pT jets with |y|<0.6

e 2 hig
2 Signal

Giulia Maineri - Overview of dark sector searches in ATLAS and CMS

Backgrounc
e choose-
o fitdatai

Regions:

e |100 trigger. mJ] > 481 GeV

e |50 trigger: mJ] > 344 GeV

estimation with a polynomial (ansatz) fit:
itting function: polynom + jet systematics shape (optimal ror dijets)
n each SR - good agreement with bkg-only ansatz

e BumpHunter algorithm used to further assess localised excesses

& X
m Submitted to: Phys. Rev. D

> — 1 ' ]
810? _ ATLAS s =13 TeV « Data (J100), 132 fb" __|
ST E —— Ansatz fit =
£ F p*) = 0.17

>10" ; p(BH) = 0.27 =
w = oo o Z',g =01,0x500 I

m,, = 1000 GeV

10° __ = Data(J50), 15.0 fo™
= —— Ansatz fit
= p(x?) = 0.22
10° - p(BH) = 0.55
= o Z,9,=0.1,06x500
102 ;_ I n'lz.=I500 (I:?ae'\r'

Significance

400 500 600 1000 2000

m, [GeV]
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TLA analysis at the ATLAS and CIMS detector i somressonr
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CMS Prehmmary

March 2025

D.- IIII

710 20 30

Overview of dark sector searches in ATLAS and CMS

100 200

1000 2000
M, [GeV]

95% CL exclusions

AIII4 Observed

Expected
I,/ M, <~5%

tt resonance, (JHEP 2019, 031)
35.9 fo™', 13 TeV

I,/ M, <~10%

Boosted dijet+y (PRL 123, 231803)
35.9fb™ 13 TeV

Boosted dijet (EXO-24-007)

138 fb™!, 13 TeV

Dijet+ISR jet (PLB 805, 135448)
18.3fb", 13 TeV

Dijet b-tagged (PRL 120, 201801)
19.7 fb™' 8 TeV

Dijet scouting (PRL 117, 031802)
19.7 fb™ 8 TeV

Dijet scouting (EXO-23-004)

117 fb™" 13 TeV

Dijet (JHEP 2020, 033)
138 fb™" 13 TeV

I,/ M, <~30%

Broad dijet (JHEP 2018, 130)
35.9 fb™ 13 TeV

I,/ M, <~100%

Dijet ¥ (EPJC 78, 789)
35.9 fb™ 13 TeV
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https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/c_gq_cms_moriond2025_logx_logy.pdf

Massive dark photon > - > prompt Zp — pp at CMS

JHEP12(2023)070

Results also interpreted for a 2HDM+S model

e

B

For such a model, the gluon fusion is the dominant channel
and the muons pT is expected to be higher: dedicated Signal
Region Y

' d
4 \
v ! \
\ o

\
\
\
|
!
J

Preselection

Ly, <0.2cm, n*| < 1.9, Opposite sign W

Signal selection

Mass
%
Muon

Vertex

Inclusive high-p
my, < 4GeV myy > 4 GeV myy < 4GeV myy, > 4 GeV

>4 GeV >5 GeV
J/y ID Y ID J/y ID J/y ID
ny/any <3.5 Ly, <0.015cm ny/any < 3.5 ny/any < 3.5
— — >35 GeV >20 GeV
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T
Massive dark photon > decaying > prompt Zp — pup at

JHEP12(2023)070

Identification criteria based on MVA: one algorithm for each invariant mass range. For
mup < 2.6 GeV is trained using a partial J/ sample, mppy > 4.2 GeV is trained using an
Y(1S) sample. Inputs are:
e information on the quality of the muon tracks: # of hits in the pixel detector, # of
contributing layers in the strip tracker, and x2 of the muon track fit.
e the relative isolation of the muon: scalar pT sum of reconstructed tracks in a cone of
AR = 0.3 around the muon
e the vertex that the muons are associated with: x2 of the common vertex fit and Lxy
higher efficiency while still keeping the misidentification rate low

Experimental systematic uncertainties P M TR et SE
ntegrated luminosity 2.3-2.5%
Mayor contribution form background normalization  Mess resolution 20%
Signal shape 1.3-2.7% 1.4-1.7%
Trigger efficiency 1-16%
Muon ID efficiency 4-9% 12-20%
Vertex selection - 3%
Efficiency application 8% 4%

DY meson normalization 20-25% —
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Massive dark photon > - > prompt jHep 03 (2022041 At ATLAS

3 searches in the same analysis Limits on cross-section
e High-mass (HM): H — XX — 4 (15GeV < mx < 60 GeV).

* Low-mass (LM): H —» XX — 4u (1GeV < myx < 15GeV).

* Single Z boson (ZX): H —» ZX — 4¢ (15GeV < mx < 55 GeV).

Nobs — ﬁsao_tot

e acceptance is model-dependent as depend on

the kinematics of the BSM process and it is
The analysis sets limits on: computed as the fraction of events in a channel
. . . that fall into a fiducial region, that is
e fiducial cross-section .

. constructed cutting on generator-level

e total cross-section variables
e pranching ratio of the H decay e efficiency is model-independent as depends
mainly on detector effects and is calculated as
fraction of events passing the fiducial selection
that also pass the full event selection
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Massive dark photon > - > prompt jHep 0320220041 At ATLAS

Limits on total cross-section: model-dependent

H— ZpZp — 4l

Limits on fiducial cross-section: model-independent
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Massive dark photon > - > prompt

Limits on branching ratio

H%ZDZD%ZH

OH-SXX—4¢
Oy ’

B(H — XX — 4f) =

B(H — XX — 4¢)

B(H — XX) = Ytimep Dtre u[B(X = 20)B(X — 26)]

L=
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95 % CL upper limit on x x

"""I’ I

Massive dark photon > - > prompt jHep 03 (2022041 AU ATLAS

Limits on Higgs mixing parameter

Using k' allows to mix dependencies on S mass and k in
one only parameter
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Limits on kinetic mixing parameter
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N Eur phys. 0. c 2025) @t ATLAS
Massive dark photon > - > prompt im

ow does a Lepton Jets look like? A Y

Isolated Electrons

caloDPJ
v, —e'e/aq

Decays outside |ID

acceptance Targeting decays in

|
|
|
|
|
|
|
| HCAL
|
|
|
|
|
|
|

Muons with separate
Isolation Cones

AN

~ ee,qq.

Pair of close-by MS
tracks with
no matching
jets/tracksinthe ID

Low EM fraction jets
with no matching MS

il tracks
calorimeter DPJ o

muonic DPJ , ,
Muons with overlapping

[solation Cones

Reconstruction:
e Cambridge-Aachen clustering with R=0.4
e jets with a different-flavour lepton are discarded
e sum of the charges of the L) components =0
e muon LJs: at least 2 muons. electron LJs: at least 1 electron + at least 2 associated
ID tracks
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https://link.springer.com/article/10.1140/epjc/s10052-025-13916-5
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Massive dark photon > - > prompt
CMS
¢ _

H— ZpZp — 4l
H%ZZD%ZLZ (—

at CMS

e \Vectoria
* Mm~yp C

;mt S — ZpZp — 4l at ATLAS

e Scalar portal with a new scalar boson S
e Limits on 2 parameters:mp, Mg
e 2 SR targeting low/high my;
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https://arxiv.org/pdf/2111.01299
https://arxiv.org/pdf/2410.16781

Massive dark photon > - > displaced PE ooz at CMS

High rate “scouting” trigger H — ZpZp — 4l

Interpreation done also for a *“dark shower”
scenario, where a pseudo-boson pi3 of the dark
gauge group decays into dark photons
e scenario A: long-lived dark photon (2DV) :
e scenario B: pi3 is long-lived (1 DV) *'

CMS Preliminary 62.4 tb~' (13.6 TeV)
— Fr—— 1 - - - 1> " 1T - 7 1T 3
= L Scenario A (my = 2 GeV, my = 0.67 GeV) E
> — Observed
T --- Expected
% 10°L +2d expected |
m C +10d expected .
g — Dark showers search [CMS-EXO-24-008]
E
w 107"k .
@ F
& —_— —_—
5 B
o [
O 2
R 107 —_— E
o .
(9] —_— -

l 1 P |
1072 10° 100 10’

Lifetime ct [cm]
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https://cds.cern.ch/record/2938078/files/EXO-24-016-pas.pdf

Massive dark photon > - > displaced /

at ATLAS

imEvents with displaced jets in the Muon Spectrometer

e Several signal models, among which:

o Z+ALP
o pbaryogenesis

e
L

95% CL upper limitono x B, _, o, [pb]
o
|

m, [GeV]
B —_— 0.1
- ATLAS 1
- Vs=13 TeV, 140 fb’ 10
Observed limit == 40
—2 Ll L el Ll Ll Lol L
10 1073 1072 107" 1 10 10°

ALP proper decay length (ct) [m]

Results for
/+ALP model

other models

Submitted to: Phys. Rev. D.

e
IIIIIII| L

107F

Results for

95% CL upper limiton ¢ x B, , .. [pb]

2 baryogenesis
10 E_ X — cbs _f
10_3;_ATLAS . —m=10GeV - mOdel
= {s=13 TeV, 140 fb m, =55 GeV =
- One DV observed limit ---m, =100 GeV
10—4 1 IIIIII I IIIIIII| I IIIIIIII 1 | IIIIIII | IIIIIII|
1072 107 1 10 10? 10°

¥, proper decay length (ct) [m]
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https://arxiv.org/pdf/2503.20445
https://arxiv.org/pdf/2503.20445

| ... Signal
Rtgl(m

~ Cut-based analysis

Signal

Rep. Prog. Phys. 88 (2025).097801 gt ATLAS

Background

ATLAS Simulation m., =10GeV, m,=0.6TeV
Vs =13.6 TeV, 51.8 b ct,, = 50 mm, low-m,

ATLAS Simulation

{s=13.6 TeV, 51.8 fb" Background MC, low-m,

ABCD method
Np X Nc
Np
where A is

Ny =
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https://arxiv.org/pdf/2505.02429
https://arxiv.org/pdf/2505.02429

Emerging jets

=)

AN

ML-based analysis

GNN performing 3 tasks at the same time:
- prompt or emerging jets
/. prompt, displaced, pileup, or fake tracks
'- if 2 tracks originate from the same vertex

2

9 10 F ' ' 3
Q - ATLAS ¢ Data :
—— 5 _ =1 J
o 101 ?G— 13.6TeV, E?l.Sfb W SM multijets ]
S = high-mj; preselection o _s :
= " mz =1500GeV, my, =10GeV ¢lmp =2 MM _
© 100 e CTp, =50 mMm —_—
L i —-—= CTp, =500mm I
_1 | St I
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Jet classification score pg
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;m Rep. Prog. Phys. 88 (2025) 097801 gt ATLAS

jet mistag rate method
1.Compute mistag rate (probability
for a bkg jet to be misclassified as
signal)ina Mtg <2  CRin bins
of pT', PT'F
2.Compute per-event weights
(probabilities):

Riet

P(1 taglevent) = »  P(taglji) x | | (1~ P(taglju)
i=1

k#i

Rjet

Rjet

P(O tag|event) = ]_[ (1 - P(tag|j:))

i=1

P(> 2 taglevent) = 1 — P(1 taglevent) — P(0 tag|event)

3. Obtain number of events in >=2
region as sum-of-weights of per-event
weight
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https://arxiv.org/pdf/2505.02429

e
JHEPO7(2024142  at CMS

Emerging jets

2 scenarios considered:

e unflavored: only coupling of dark quarks to SM d-quarks is not negligible

e flavored-aligned: coupling of dark quarks to all SM d-type quarks is not negligible
Search performed with 2 different strategies:

e model agnostic: using track displacement and # of displaced tracks

e GNN-based: ParticleNet-like informed with track displacement

stable dark
Qsm baryon
Mtring o’ ’
". ’ P -*
f\ﬁ%r_:: -'G
P Xdark ¢ L,
¥ 4 qdark \"W _-_v_._
gluon ' % '-'\‘\"V\r' nl.-u- ®
Vs g
s & . e
S Qdark & oL
p Xdark ‘ L :.-;;_ <
Y %@w "o *s “dark gsm
™ ..
K. . o ¥ e T
Qi L0 fl.ark Qsm
~ b g
Qsm
SM

ct =1-—=1000 mm

My = 6 — 20 GeV
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https://link.springer.com/article/10.1007/JHEP07(2024)142

Model agnostic

1(}5i

CTlo,,, [MM]

limits depending on
track displacement
within jets

1500

limits depending on

displaced tracks

multiplicities within
jets

10
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JHEP07(2024)142 @t CMS

Improves sensitivity
at short dark pion
lifetimes

Improves sensitivity
uniformly in the dark
pion lifetimes
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Muon system showers (CSC-only)
arXiv:2402.01898

CTgark [MM]

10°

107

102

10

CMS

CMS-EXO-23-005

at CIVIS

flavored-aligned

138 fb~' (13 TeV)

750

1000

1250 1500

1750 2000 2250 2500
Me [GeV]

Flavor-aligned model
95% CL upper limits

Observed

- Expected (+10)

Emerging jets (agnostic)
arXiv:2403.01556

Emerging jets (GNN)
arXiv:2403.01556

Muon system showers (CSC-only)
arXiv:2402.01898

WIFAI 2025 61

Giulia Maineri - Overview of dark sector searches in ATLAS and CMS


https://arxiv.org/pdf/2405.13778

Semi Visible jets im Ex0-24029 At CMS

Goal: search for a peakinmT .- include explicit decorrelation terms

need DNNs decorrelated from mT ' & 4 in the loss function
Lpisco(D1,D2), Lpisco(D1, m1), and Lo (D, mt)

now you can apply ABCD in bins of mT

~ A CMS Preliminary 138 fb~! (13 TeV)
E < ottt
i Q SVJ2 model
d;‘.) Shape A ‘g Multilc;])?o:category, |An|< 2.2
— Shape B 2 102} ¢ Data W-jets B
> - Shape C -q:" Z(vv+jets) Background uncertainty
“a — E 7 £E+ = mz=2TeV, rinw=0.3, Mgak=16 GeV
E —— Shape D o Q(CD]etS) Mz =3 TeV, finy = 0.3, Manc = 16 GeV
H Eq’ 0 tf e Mzy=4 TeV, Finge =03, Magm= 16 GeV
S = 10° .
2 =
% Region D o
A Z
- 1072
DNN score 1 (D) . >
my [GeV]
1074 7
Draw-back of pruning: trees can be sometimes too
shallow leading GNN to confuse bkg and sig jets 00802 04 Oc oe 10

LundNet discriminator (J1 2)
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https://cds.cern.ch/record/2940795/files/EXO-24-029-pas.pdf

Semi Visible jets

ndent

ENEW S

ML analysis strategy: the tool should be:
e permutation-invariant (tracks not ordered)
e variable lenghts of inputs (different # of tracks for each jet)

Particle Flow Network (PFN)
e supervised-training
e summing over all tracks ensures permutation-invariant
~* model depe

1
- ATLAS
| Vs =13 TeV, 140 fo~!

- m
m
m

¢ Data

Multijet QCD
= 2500 GeV, Riny
7 = 4000 GeV, Rj,, =
7 = 2500 GeV, Ry, =
7 = 4000 GeV, Rin, =

Mz

T

=02

— 08
PFN score
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Phys. Rev. D 112 (2025)012021 @t ATLAS

Learned per-particle set representation ¢

Supervised classifier F

AR

O\av D)
RYIRY
S RtV g

¢

75

) PFN
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https://arxiv.org/pdf/2505.01634

Semi Visible jEtS m Phys. Rev. D 112 (2025).012021 @t ATLAS

ML analysis strategy: the tool should be:
e permutation-invariant (tracks not ordered)
e variable lenghts of inputs (different # of tracks for each jet)

ANomaly deTEction on particLe flOw latent sPackE (ANTELOPE)

e semi-supervised training: training on data events, but PFN used for basis change
e sum all tracks ensures permutation-invariant 5 ,[amias = T

Emerging jets

< VS = 13 TeV, 140 fo~? my = 1000 GeV, T, = 1 ns ;
e model-independent works also for other 10'F 4 o SRt e T
—— myp =2500 GeV, Ry = 0.2 T ;
I 0 Gluino R-hadron

S|gnatures 10 - mz -4000GeV,Riny =06  —— m;=3000GeV, 7;=0.03ns =
10" _

107

107

10~

107

-6

1 1 i | 1 1 i L L 1 1 1 1 1 1 'l 1 1 I L L L 1 |. |
10 065 070 075 080 085 090 095 1.00
ANTELOPE score
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https://arxiv.org/pdf/2505.01634

Semi Visible jets jm Phys. Rev. D 112 (2025) 012021 @t ATLAS

e SR and CR defined on width of subleading jet
e VR defined by cutting on PFN/ANTELOPE score
e fit performed on transverse mass, computed from 2 leading jets and pTmiss

Preselection
m .‘
VR SR wﬁaund
---------- ignal ? /
PFN Score < 0.6 PR Ir PEN 1: ________ > Wiz > 0.05 sugri

OR , ,
ANTELOPE Score < 0.7 \_ (supervised ML) .
¢ mr
| =
A ha
€mmmmmnnn i ANTELOPE  jeeeeeoea- > A\ fit
1 (semi-supervised ML) # CR N
- esessssnmsw ! background
N Wiz < 0.05 /

ML Score
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https://arxiv.org/pdf/2505.01634

Semi Visible jets

ATLAS

Vs =13 TeV, 140 fb~!

4 X

o

; . Phys.Rev. D 112 (2025) 012021 @t ATLAS

Results for PFN and ANTELOPE strategies

Semi-visible jets s-channel
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https://arxiv.org/pdf/2505.01634
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95% CL upper limit on o B [fb]

95% CL upper limit on o B [fb]

Semi Visible jets
Comparison of ATLAS and CMS results

m, = 10GeV

Semi-visible jets s-channel

R B

. ATLAS —&— Observed _
- VS =13 TeV, 140 b~ --- Expected
[ SRy Ripy = 0.2 Expected =10

I Expected +20

—— Theory prediction 3

Phys. Rev. D 112 (2025).012021 @t ATLAS

exo-24-029 at CMS

m, = 8GeV

CMS Preliminary 138 fb~' (13 TeV)
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https://arxiv.org/pdf/2505.01634
https://cds.cern.ch/record/2940795/files/EXO-24-029-pas.pdf

- JHEP 02 (2024) 128 @t ATLAS

e Double hadronization, first in dark sector and then in

SM larger jets
- @ higher running coupling higher charged-particle
- multiplicity
% of charged tracks in leading jet intervals of M z/ excluded
higher in dark jets than SM jets in different dark QCD models dijet final state
S 10 ATLAS B S
S op Vs=13TeV, 139 ft' - Modl B L e Expected ]
2 1 Mz=25TeV " Modl 8 Expected t1o |
@ 10__; s Pncenamw 101 Expected +2¢ E
o 10 i N ' -
107 —9,=0.05andg =0.2 -
107 9 __ S
107° 1 - e 7

=
-
0oy

95% CL Upper Limiton ¢ x B(Z'— qdad) [fb]

1077 e
10—'8 1 11 L1 1 lJIlJ. :ATLAS ]
%lo 15 s T A “Vs=13TeV, 139 fb™ ]
o = 1-3-':_"!'!‘!‘!‘"""'%i'i“"j‘; ..... +* ..... | .......... — - Model A -
05““ ....'*"++ ‘“ 10_1 Lo by v b v by o by o oy by o o by by oy oy L
s 1.8 2 22 24 26 28 3 32 34

OO 2040 60 80 100 120 140 160 180 200
ntrack.1 ITIZ. [TEV]
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https://arxiv.org/pdf/2311.03944

Dark Higgs model: Motivation
e Naturally satisfied observed relic density via xx — ss — SM
e Explains massive DM via dark sector Higgs mechanism g,=0.25,g=1,6=0.01
Dark Higgs model parameters Free: m(Z’), m(x), m(H,)

e coupling to quarks 0.25 SU3) x SU(2) x U(1) Uy

e coupling to DM 1 (ensure high DM production rate) y .

e mixing angle 0.01 ensure prompt decay and to have
no observable effect on coupling of SM Higgs
Two-Mediator DM(2MDM) model
Dark Higgs model can be inserted in a wider model where Majorana
DM(X) interacts with two different mediators:

q SN
* Massive spin-1 vector boson Z' of a broken U(1) symmetry /
e Dark Higgs s 7 (@
ol

Dark Higgs

[N

/‘;/
7' ?\

f'x = _ngmq'}"uq

1 - m
ﬁx — —§QXZ’”X’)’5’YHX — me—XSXX + 29}( Z"”‘ZL (gx 52 —+ mz:s)

A
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Research channels Dark Higgs

'9 ° . . .
. [acoosconco s Mg HH is the resolved final-state with higher
= | expected BR at high masses
g | C
o 0.8
s | Other channels:
0.6
- o ms S 150 Gev monoSbb
4T * Dark Higgs s(bb) analysis Merged. Resalves
03 Final states: E7™° +bb & | <
Dominates in low m . 5
0.0 5550
= s > 150 Gev manosvvnadf;ﬂerged Intermediate
*Dark Higgs s(VV) hadronic analysis "
Final states: E*** +VV(qqqq) - \gj \ /e
m,:,,,oswmgm,;gp .................................................
*Dark Higgs s(WW) semileptonic analysis Merged Resolved
Final states: E{ﬁm +WW(lvqq) = q W% )
Higher cross section than fully-leptonic S / : W,
\v \‘\f
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s
JHer092025067 at ATLAS

Dark Higgs

s->HH analysis: DNN
Example of input variables:
e pTmiss and 4b system back-to-back
e maximum pseudorapidity difference wil be lower for signal
Loss function contain a decorrelation term ensuring NN score and m,, are decorrelated

. Miss 4b . : :
Ratio of p7* to pr Maximum A#n between b-jet candidates
o N
010" ) D10 arLas | + Data — Zijets
S | Vs=13TeV, 140 fo" —— - =, f ¥s=13TeV,1401b" .+ light . Wijets
@10 Preselection - wl0 Preselection e X
< — .+ m(s, Z)=(385, 1400) Gey ™M tt+ 21D _ c — - m(s,Z)=(385, 1400) Gev "W i+ 21b *
Z104h ==+ m(s,Z)=(310,2100) Gev " tl+=1c Wi Diboson Z10°F == m(s,Z)=(310,2100) Gey ™ ti+=1c WS Diboson
Bm Ssingle Top <+ Total SM Bl Single Top === Total SM
102

1.2

L ffﬁfﬁffﬁfﬁ,%////f 7877 W

Data / Pred.
=

Data / Pred.
;‘

o o o P o P //// // //// //// Z
0.0 05 10 15 20 25 30 .I 3.5 0.0 05 10 15 20 25 30 35
pm'EEfp ANmax(b, b)

Signal 4b back-to-back with piiss: piP ~ pmiss Signal low: 4b from resonant system
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https://link.springer.com/article/10.1007/JHEP09%282025%29067

ALPs searches

ATLAS Preliminary

106\/5 = 13 TeV, 14.6-140 fb™! October 2025

IITII

oxB [fb]
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M puB-com-PHYS-2025-866 Qt ATLAS

95% CL upper limit
Observed
Expected

H—Za, a—gg
140 fb'; PLB 868 (2025) 139671

H—Za, a—yYy

139 fb'l; PLB 848 (2024) 138536

H—Za, a—pup

139 fb; JHEP 03 (2022) 041

YY—a—yY (AFP)

14.6 fb'; JHEP 07 (2023) 234 P

gg—ra—yy (low mass)
138 fb'; JHEP 07 (2023) 155

tta, a—uu
139 fb''; PRD 108 (2023) 092007

tta, a—bb
140 ﬂ:l']'; arXiv:2503.17254

H—aa—4y

140 fb'; EPJC 84 (2024) 742 Ah 4x
H—aa—TtTYY 3 x

140 fb; JHEP 03 (2025) 190 ¢ p
H—aa—4p %

139 fb'; JHEP 03 (2022) 041

H—aa—bbuu
139 fb'; PRD 105 (2022) 012006

H—aa—4T
140 ﬂ:-'l; arXiv:2503.05463

H—aa—bbtT
140 fb'; PRD 110 (2024) 052013

H—aa—4b
140 ﬂ:-'l; arXiv:2507.01165

Huge variety of signatures

E
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https://cds.cern.ch/record/2945465/files/ATL-COM-PHYS-2025-866.pdf

ALPs motivation

e Axion-like particles (ALPs) are hypothetical pseudoscalar bosons predicted in many
BSM theories, especially as bosons of spontaneously broken global symmetries.

e viable mediators to the dark sector

e can be naturally light w.r.t. EW scale - DM candidate

CP

e promising candidates for solving the strong CP problem violation
?
d
2
Axion-like

Ip

Dark . SM
energy anomalies

(9-2)

Dark
Matter

. QCD Axion
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HNL motivation

SM Extension with 3 HNLs

Spin-1/2 fermions t?;sir;:s
u ¢ .
§ mq mﬁ .,Eﬂ . E‘Egg-; Model predicts an inverse relationship between
heavy neutrino mass and SM neutrino masses.
YI{N]' °%N2 °M/N3 jﬁ. H =Heavy N gives rise to a very light neutrino!
. = 0 “TZ' ar::m:am 5516 1
5 (s 8l . MU,
Introducing right-handed sterile neutrino states or .
Heavy Neutral Leptons (HNL) can explain:
e origin of neutrino masses: see-saw mechanism ~----.-- g
e matter-antimatter asymmetry: CP violation increase due to neutrino oscillations in
early universe

e dar

K matter candidate: models with at least 3 HNLs can have keV-order sterile

neutrinos

WIFAI 2025 74
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HNL searches

@
=
>

/s = 813 TeV, 20.3-140 b’

ATLAS Preliminary 7

October 2025 i
1 1o 107 10° 10f
my [GeV]

,+
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95% CL upper limit

] == Observed
{ == == Expected

Prompt same-sign 24 > 2 jets

20.3 fbl
JHEP 07 (2015) 162

VBS same-sign 2£

140 fb!
PLB 856 (2024) 138865

tt same-sign 2£

140 fb!
PRD 110 (2024) 112004

Displaced tracker

140 fb!
JHEP 07 (2025) 196

Prompt same-sign 2£/3¢

36.1-140 fbl
JHEP 10 (2019) 265
arXiv:2508.20929

Other experiments

CHARM PLB 166 (1986) 473
DELPHI ZPC 74 (1997) 57

L3 PLB 517 (2001) 67

BELLE PRD 87 (2013) 071102
BELLE PRD 95 (2017) 099903

Vs = 8-13 TeV, 20.3-140 fb™
October 2025

ATLAS Preliminary 3

it

103 10%
my [GeV]

95% CL upper limit

] w— QObserved
| == == Expected

Prompt same-sign 2£+4 > 2 jets

20.3 fb!
JHEP 07 (2015) 162

VBS same-sign 2£

140 fb!
EPJC 83 (2023) 824

tt same-sign 2£

140 fb!
PRD 110 (2024) 112004

Displaced tracker

140 fb'l
JHEP 07 (2025) 196

Prompt same-sign 2£/3¢

36.1-140 fb!
JHEP 10 (2019) 265
arXiv:2508.20929

Other experiments

CHARM PLB 166 (1986] 473
DELPHI ZPC 74 (1997) 57
BELLE PRD 87 (2013) 071102
BELLE PRD 95 (2017) 099903
NuTeV PRL 83 (1999) 4943
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https://cds.cern.ch/record/2945460/files/ATL-COM-PHYS-2025-864.pdf

Lund plane

e Cambridge/Aachen algorithm to reverse the hadronization process and
reconstruct jet clustering history
e Splitting variables:
o KT, transverse momentum
o Delta, angle of the split
o z, momentum fraction of the original pT that went to the less energetic particle

Harder subjet A
Initial jet ~ Lund Plane
— ] y
1 ﬁ ﬁ 1
Softer subjet O
) ! At
) ; .
\ = 3
= .
— ®
9 i ¥ =
4 ~
Cambridge—Aachen declusteri Eas In(1 /A R) >
ambridge—Aachen declustering n large angle small anagle
9¢8N9€ In(1/AR) .
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Lund plane

e FEach splitting is a node in the Lund tree and a dot in the Lund plane and is
associated with a set of features encoding kinematic information of the splitting

e The Lund tree can be encoded in a GNN so that the network has an inductive
pyshics-based bias.

Harder subjet A
Initial jet ~ Lund Plane
— ® -
1 0 ﬁ 1
Softer subjet O
] ! At
) [ ’
\ = 3
= .
- ®
9 i ¥ "
4 "
Cambridge—Aachen declustering — + In( ) >
ambridge—Aachen declustering nil /AR large angle small angle
9¢8N9€ In(1/AR) .
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Hypercharge (vectorial) portal f=—) S B
2 cos Ow

e Coupling B (hypercharge boson) and F (dark photon) with strenght epsilon
e After diagonalization, new couplings of the massive dark photon to the SM fermions
appear for the photon and the Z gauge boson

W, cw Sw —Sweé Ly / / / TN,
B,u — —Sw Cw —CwE& Aju, , E:) —EEJ'HA#‘FE EtWJ'UJZ,UJ —I—EJ#APH

/ZiLJ twé' 0 1 AL
~ £ - 0
[ — Ff B,uu ('y ) _ ( cosf, sinb, ) ( B ) Y
2 COS QW ’ Z° —sinf, cos6, WV > ‘1: = FHVF

o Afurther possibility is introducing a mass mixing with Z boson: ezm3ZZ,, with ez = 6mz,/mz
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Dark photons decay rate £ gFWF’/JV

Decay rate is proportional to the square of the coupling

1 4m? 2m7
NA —0707) = gaszmm\/l zﬂ (1 | ﬂ;“f) :

1 4m? 2
I'(A" — hadrons) = gﬂEZmAI \/1 2‘”’ (1 | 2”) R,

The dark photon

Fabbrichesi, Gabrielli, Lanfranchi
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https://arxiv.org/pdf/2005.01515

Scalar portal (1S + AS2)HH

e Coupling H (SM Higgs boson) and S (new scalar, sometimes called dark Higgs)
e The dark Higgs boson would inherit the Yukawa couplings from the SM Higgs boson
and decay preferentially into high-mass fermion pairs.

This mechanism allows decays:  #--°5
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Hidden Abelian Higgs Model (HAHM)

Vectorial + scalar portal
e spontaneously broken dark U(1) group mediated by a dark photon Z’

SM patrticles interact with Z' through kinematic mixing with the hypercharge boson

Z’ decays exclusively to SM leptons and can be long-lived if

10~*
e dark Higgs boson H, coupling with the SM higgs through k -

E(I) :‘D/,L(I)SM|2 = m%SM‘(I)Sm|2 — )\‘(I)SM £ —> ~SM

+‘Du@X‘2+m%X‘q’X‘2—p‘@X4 —>  Hidden sector

— K,|<I)SM|2|(I)X|2 : —>  Mixing
B CW —SWCa SWSa A \ f
Pon I H; Wl =|sw ewea —cwsa Z }NSM
X —Sh  Ch Hy X 0 Co S z Hidden sector

Mixing angle \ Mass eigenstates function of : n, hidden sector vev and HAHM model, by Wess et al.
coupling constants, Z and Z' boson masses

Giulia Maineri - Overview of dark sector searches in ATLAS and CMS WIFAI 2025 81


https://indico.tlabs.ac.za/event/26/contributions/219/attachments/103/115/Kruger2012_Mathieu.pdf
https://indico.tlabs.ac.za/event/26/contributions/219/attachments/103/115/Kruger2012_Mathieu.pdf

Dark QCD

« Dark QCD force governed by SU®™*) with N, flavours
e Dark quarks hadronise to form dark baryons (DM candidate) & mesons (lightest particle)
e Hidden sector couples to SM weakly via mediators
Why?
e Typical strategies focus on high-pT+ MET I ach Nark QCD
— dark showers may be rejected as noise  1ev | X4
e Most visible matter is composite
— DM might be too (dark baryons?) \
e Similar densities: QDM 5xQbaryons assyhrgi?neéry
-~ hints at a common origin Dds Ty - - -
e Dark matter from asymmetric production |
- Nho indirect detection, no annihilation signals Tdy Pds - - -
_ Gev +— P,m—
e Ultra-weak couplings decd
— Nno direct detection, no visible decay products

T, K,...
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Two Higgs Doublets (2HDM)

e Each complex doublet contains four degrees of freedom, for a total of 2x4=8
degrees of freedom in the 2ZHDM.

e After the electroweak symmetry breaking, three of these are "eaten" to become
the longitudinal components of the W+ and Z bosons.

e The remaining five physical scalar states are:

o Two CP-even (scalar) Higgs bosons (h and H): The lighter (h) is often identified
with the 125 GeV Higgs boson discovered at the LHC.

g -
o One CP-odd (pseudoscalar) Higgs boson (A): ] “
o A pair of charged Higgs bosons(H+). |~
g
An extension of the model is the 2HDM+S model, where there is an extra Complex

Scalar Singlet (S). In this extension, there can be additional pseudoscalar and scalar
arising from the mixing of S with h, H.
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Why Higgs boson decays as a portal to the dark sector?

e The most stringent 95% CL upper limit on the branching ratio for the SM Higgs
boson decay into undetected final states is 12%

e SM predicts a very narrow decay width for the Higgs boson: even a small coupling
to a new light state could result in a significant BR to that state.
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