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The LHC RUN 3 is the era of LLP !!

ct~0.1l mm= 7> 1071
-

To not disrupt BBN = 7 < 1§

.........
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LLPs - where are they from?

v Delayed decays because of small phase volume:
states in the dark/visible sector are closely
degenerated by masses

v Delayed decays because of small/very small
coupling values (f. e. RPV SUSY)

d v Hidden valleys/dark QCD concept: transitions

.‘.‘ haring Y :,
by a high mediator mass scale -2 ”p‘,,.ln.,....

prompt/LLP decays ’ o
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Motivation

LLP at the LHC: physics motivations

Top-down Theory

IR LLP Scenario
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with Higgs portal =
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Discrete Symmetries

exotic Z
decays

exotic Higgs
decays

exotic Hadron

decays

https://arxiv.org/abs/ 190420404

v Dark photon
v' Heavy neutral leptons (quarks)

v Dark GB and/or Higgs(es)...
\

v' Higgs/GB/gluon/SUSY portals
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DM search € a framework s “full” theories vs “portals”

“Full” theories: “Portals”:

SUSY/dark SUSY, hidden valleys, see-saw, scalar/vector/fermionic

extra dimensions...

h,,5 properties, h - invisible, flavor-yiolating proc
extra higgses/gauge bosons,
new resonant/non-resonant deviations\from the S
ALPs, MET etc.

superpartners, HNL, KK-modes etc.
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Portals to hidden sector

Possible portals at lowest order:

"'
-
”\
A
H 9

Lint 3 Ap |H(x)|? ¢(x)?

) ) [ ——— Xmag ot
Lllux - 2 }"JI‘P W — T-{{uuﬁ w

Vector portal Fermion portal Higgs portal

Portals = Simplified Models Visible Sector Portal Dark Sector

Nuclei for BSM models [ w . y
u P f o H PN Multiparticle Spectrum
Sferce|e w0 =<
Augment Lagrangian by s elele e - o 00
term(s) that allow to e e e Y
dccess nEW/hidden Sector | SU.(3) x SUL(2) x Uy(1) ) | New Gauge Symmetries
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Higgs portal to DM

* The Higgs mediates interactions with DM or dark sector

_ : : DM SM
* Can naturally explain DM relic abundance via thermal freeze-out, B
and appear in many extensions (scalar singlet DM, Higgs-mixed >_f’;"
dark vectors, etc.) /
DMy SM
» Additional scalars can give rise to first-order EWPT (baryogenesis)
Search strategies: T ————— = S
= 10 ATLAS | o 5 ATLAS 3 i":“" o
ZHI WBF} ttHl H+jet — With ¥ go;;i:s\ o ,JF,.J; ‘ 1 g L .‘h"'-\_ f”: k:::’ :;: T tiggs Portal WIMP.
8 \"I:‘F- -". ;E B=13Tev. 13910 ‘: == Scalar
Higgs decay into dark matter ~Rnzcom. | 3 10 ' s [
6 . o j:_ = Vectorg,y
Current limits: ) - 3
. A 104 f = -:fl'-'\n-ﬂ-l.\g
ATLAS: BR(H — inv)<0.15 al 1 == teeam
/ ¢ ] 105 ] PandaX 4T
CMS: BR(H — 1Ny ) <0.18 00.2 -0.1 0 0.1 02 03 04 05 06 107" 1 10 10° 10°
By M [GEV]

HL-LHC limits:
Combination of ATLAS and CMS results in BR(H — 1nv) < 0.025 at 95% CL

= For DM below 62.5 GeV, probes Higgs-portal coupling constant A to order 102
— excludes observed DM relic abundance through Higgs-mediated interationcs

= Can probe spin-independent DM-nucleon scattering CS down to 1074% c¢m?
— reaches neutrino floor for DM masses around 50 GeV
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Fermion portals to DM

* DM interacts with SM predominantly via neutrino or lepton sector couplings, e.g. sterile
neutrino DM candidate (often keV-GeV masses) that mixes feebly with active neutrinos.

* Introduce heavy neutral fermions N (e.g. right-handed neutrinos in seesaw models) that
connect the SM and dark sector. N can serve as mediators or as DM themselves.

Search strategies: Neutrino-portal signatures often involve heavy neutral leptons (HNL)

(1) Heavy Majorana N via W exchange, e.g. pp — W — N

(2) HNL from meson decays for my ~ GeV, e.g. B — €N

(3) Tri-lepton signatures for 10 < my < 1000 GeV, W — N¢ — £€v
(4) Long-lived HNL decays - if N long-lived 3

HL-LHC limits:

= HL-LHC will mostly close window for a thermal heavy neutrino mediator
(with elw-scale mass and 9(0.1) couplings)

sl Tl < 036
e W
eROSITA (0.2-10keV), ART-XC (4-30keV)

Upcoming intensity-frontier experiments (DUNE, SHiP) and cosmic probes will tackle the
lighter mass regime:

= DUNE can constrain HNL mixings in the sub-GeV range by orders of magnitude

= JWST/Eu

avina, BLIP JIN -



S Vector portals to DM

» VP features a new gauge boson that kinetically mixes with the photon or Z boson

* This arises naturally if there’s an extra U(1) symmetry in the dark sector.

* Kinetic mixing of a dark photon (A’) with the SM photon by a small parameter € is a minimal
scenario, predicting a light vector that couples weakly to electric charge. Alternatively, many
models include heavy Z' bosons (e.g. from U(1)g_; or grand unified groups)

Search strategies:

(1) High-Mass Z": Look for resonances in dilepton or dijet spectra

(2) Mono-X searches: If Z' DM mediator - events with recoiling jet, photon etc
(3) Low-Mass Dark Photon: For O(0.1 — 10 GeV) — CMS dimuon data limits Lo )

Combining these results with those from BABAR, NA64, and Belle |l, I
kinetic mixings € > 1073 now excluded for all A’ masses from 1 MeV to 200 GeV

W HL-LHC limits:

1
i

]

|
|

= 7' Mass Reach: Exclusion limits could extend up to ~6 TeV for Z' bosons with
electroweak-scale couplings.

. 5
10 1 = 10"

'\
i

= For mid mass Z' bosons, the HL-LHC aims to probe kin. mixing parameters down to € ~ 10™*

= Moreover, experiments like FASER2 and Belle Il will hunt for visibly decaying dark photons

in the MeV—GeV range, down to €2~ 1078 (expl. thermal freeze-out target for light DM). W
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Higgs portal

497" (7 Tev), 19.7 ' (8 TeV), 140 ' (13 TeV) s

M

inv)/c

95% CL upper limit on ¢ x BR(H —
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ATLAS: 0.107 (0.077) observed (expected) limit

CMS: 0.15 (0.08) observed (expected) limit

CMS

1.54+0.09x10-3

ATLAS PLB 842 (2023) 137963
EPJC 83 (2023) 933/PAS-HIG-21-018

1.5667+0.09x10%
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125.09 GeV 125.38 GeV
Signal strength 2.0+10555 2.4+09,4
Observed significance 2.20 2570
Expected significance 1.20 1.20
95% CL obs(esp) limit 3.6 (1.7) 4.1(1.8)
o(pp—H)xBR(H—Zy) 305 fb (95% CL UL) | 352 b (95% CL UL), 210+80 fb (measured)
Mass resolution 4.0 GeV 3.7 GeV



Combination of h,,; = invisible searches for ttbar andVH

resolved/boosted ttbarH

4.91fb’ (7 Tev), 19.7 " (8 TeV), 140 o' (13 TeV

—

T T
CMS
—&— Cbserved
~©- Median sxpected
- 80% expected
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95% CL upper limits

il

0.49 022
0.26 (0.39)
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Higgs h,,: with an admixture of a new CP-even neutral higgs state

can decays into other higgs states from an extended scalar sector due to the
mixing in the potential «<— decay into a light PS pair «— decays of each PS
into DM particles (invisible)

see further on 2HDM+a search CMS HIG-21-007,
arXiv:2303.01214 [hep-ex]

o
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Combination of h,,; = invisible searches

The most stringent limit on WIMP-nucleon scattering cross section in the DM
mass region up to ¥2 m(h,,;) for the scalar mediator!! arXiv:2303.01214 [hep-ex]
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Higgs potential and self couplings

Moo V(9) = —p’¢? + Mg

. 1 1 A @
Our universe lives in 2 1.2 3 4

the minimum: V —_ V() _I_ _mHh + ABVh + _/\4h - _4 ,

In the Standard \ \Jlil/
Model: . M / ¢
ASM — mH I{‘A — A/A SM: 2" order phase transition. Continuous
- 2 cross-over from one phase to the other.
2v

Non-resonant HH production searches probe the shape of the
Higgs potential by measuring the Higgs self coupling: k,.

x, # 1 could indicate beyond Standard Model physics.

Moreover, in the SM: ol \ \ /
T s (e slludiniln AN/,
A3 o A4 H'e, Unne,

We can use HHH searches to independently constrain A,

4
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Higgs potential and self couplings

Precision on top mass is also fundamental to answer the Metastable universe

question on the metastability of the universe. e Current minimum is a false vacuum.
1 ¥ 477 e Lifetime is larger than the age of the universe, but
ATLAS+CMS 3 ab™! per experiment eventually it will decay to the new minimum...
Projections ESPPU 2026
120.0 1 V(¢)
Instability
177 m from tt+jet
= ~--- 8 TeV (202 fb 1)
Q Metastability — 13 TeV (363 fb I)
g 1P —— S2 with profiling
- 52 without profiling
o= =
i\ \__’_//I
0] Stability  Ts-o--”

T T
124.8 125.0 125.2 125.4 125.6 125.8

my [GeV]
Measuring the self-coupling can provide discrimination between different scenarios, or different models.
But, keep in mind that we will require to measure triple-Higgs production to fully describe the shape of the Higgs potential.
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Higgs potential and self couplings

Vector boson fusion

Other production mechanisms also allow us to probe different couplings:k,, , k

~— a~ ~ e e - tr‘-r ’_7_"’ - ~— ‘L_V‘L e o
T H LKy Kkx H L e
A v Ll 2 v
4
25 »---@ M-
¢ r B B, N
¢ ! Vo or
V ------- i & H o
LT Ky -4 Iy
= - - T ’,_,r‘"(- T - e o b T
q— q —q q - T

VVHH coupling modifier
SM predictsk,, =1

Ve

Associated production ttHH

g “TTEOOY > t g 70Tt - H
4
—————— H
4
fffffff H ..
— g - ~H

g Too00 ———1

VVH coupling modifier
SM predictsk,, =1

’_ ; Sy _'
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Higgs potential and self couplings

H 0900000000000 @ ----------

9. 0000000000000 -
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2 T T I T T 7T T W T T 7T T | T T 1 T ] T T T T T T T- . i .
= ATLAS Simulation : Therg IS howeyer destructive interference _betvyeen the box and
> 012 .. - triangle diagrams, thus the cross section is suppressed
g - o Vs =13 TeV . (~10° times smaller than single Higgs cross section).
£ o E 0000 s Kx=0,0 = 68.56 fb |
i :' .-l ..... KA.= 1'(7 = 30.?7 ﬂ) j SI\I
0.08— : . — K)=2,0 = 14.08 fb ] R = )\/A
-l -ee K\=5,0=90.82 fb _
ECE @k . SM predictsk, =1
0.04} g - .
: e m,, distribution depends onk,.
Q.02 N e For large values of k, the triangle diagram dominates.
obas e T 72, e Forvalues ofk, # 1, x-section can be enhanced.

fL - P ;
300 400 500 600 700 800
Adoeted from: tt i 51 m ” |gﬁV|
reEEsSm———— @400
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bbIl + Eiss
Multilepton
bbbb

bbyy

bbt*t~

HH production, observed upper limits, ATLAS/CMS

—

—

ATLAS

Vs =13 TeV, 126—140 fb-"
ooF .ver(HH) =32.8 fb

Oy

—e— Observed limit (95% CL)

Expected limit (95% CL)
(UxH =0 hypothesis)

[ Expected limit £10
1 Expected limit +20

Obs. L

Exp

10 14

ATLAS Obs 29 (Exp 2.4)

5.3 8.1
4.0 5.0
5.9 3.3

Combined
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| ] | I | |

15 20 25 30 35 40
95% CL upper limit on HH signal strength Ly

WWyy
Obs. (Exp.): 95 (54)

bbzz, 4|
Obs. (Exp.): 33 (41)

YYT'T
Obs. (Exp.): 31 (26)

CMS Preliminary
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K1=Kt=‘<v="‘2v'—'l1
—e— Observed
------ Median expected

CMS Obs 3.5 (Exp 2.5)

bbyy

Obs. (Exp.): 8.4 (5.6)

bbt*t
Obs. (Exp.): 3.4 (5.3)

bbbb
Obs. (Exp.): 7.5 (4.3)

Combined
Obs. (Exp.): 3.5 (2.5)

B 68% expected
------ 95% expected

|

= ===

95% CL limit on o(pp - HH) / ¢

=300
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HH production, observed upper limits, ATLAS/CMS

|K1=KI=KV=K2V=1

CMS Preliminary 138 fb™' (13 TeV)
T T T e Ll L T TrTr V;

—a— Nhearnmad limit /{QROL 1 ) |
ATLAS Phys. Rev. Lett. 133 (2024) 101801 served Em 68% expected
< f——— 77— dian expected === 95% expected
Vs =13 TeV, 126—14( = . ATLAS — Combined —— bbyy 1 .
SM = ~ 7L — i —— bbbb ]
Ogar.vee(HH) =328t o 7+ 4 Multilepton : .
agr + | : \/g = 13 TeV, 126—140 fb R bb-’l + E-F“SS bbttt™ ] ]
- HH combination ;
7 61— All other k fixed to SM — Obs.: 95% CL [-1.2,7.2] ]
i _ l i -== Exp. (SM): 95% CL[-1.6,7.2] ]
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. \ W iq / 4
= \ R ! I N
i ! o P ! )
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X 0: o . . -4;-’1 1 ’iri L 1 ] ;
Combined— ¢ -5 0 5 10
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< A
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Higgs self-coupling measuring: perspectives

HL LHC
projection

ATLAS + CMS projections ESPPU 2026
VS =14 TeV, 3 ab~! per experiment
SM HH production (x; = 1)

bbbb
mmm bbyy
6 bbrT
=== Combined

From LHC

to HL-LHC ‘
\ HH pair

production

HH statistical significance
@

H/T NCraig, R. Petrossian-Byrne

QrXivi2504 00672 3 ab~? per experiment (14 TeV)

) ' ' o ' < | ATLAS+CMS
= ATLAS+CMSr t ESPPU 2026
= S +CMS Projections i 81 projections ESPPU 2026 g !
E 20} Vs =14TeV, S3, 3 ab~! per experiment 7 2 i ' 1
~ All other couplings fixed to SM 6 i '
' 68% CL k3 €[0.74, 1.29] 5 i!
4 i
15 3 I I
—— Combination 2 I I
— bbT*T" "
= 1 ¥ i
—— bbyy ]
101 —— bbbb 9 i !
Multilepton -1 g B i 95%Cl |
bbIl —28 I 68%cCl |
5p =33 10 1 2 3 4 5 6 7 8
L 42 |
______ “ N fo'goollollll|I||||Il||l'§
%5 oo 0.5 1.0 <12 i

2 -1 0 1 2 3 4 5 6 7 8
KIIUE
3

. g 0.29
S8 scenario: k, is expected to be measured as 1-0f0_26 :
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V() — Vsm(9)
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1o Uncertainty
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1o Uncertainty
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& /
4

T T
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Measuring the self-coupling can provide discrimination
between different
potential scenarios or models.

BSM scenarios where new heavy particles lie beyond a
large energy scale cut-off, so cannot be produced at
the LHC. The potential is then expressed as a
deformation of the SM EWSB potential.

Scenarios considered are in the context of SMEFT (dim
6 and 8) and modifications of the low-energy SM Higgs
potential by small term (logarithmic or exponential).

These scenarios predict a strong first-order phase
transition in the early universe fork, >k, .

32
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Triple and quartic self couplings

- It is directly sensitive to:

- BSM enhancements
- h;, h; = any SM H or heavy scalar X, 5

- Triple Higgs production is extremely rare in the Standard Model (o = 0.01 fb)

- Higgs self-couplings, including the quartic Higgs coupling

I’H
211115

-- H

g

- SM-like
- extending the SM by adding two real scalar bosons

- with resonant production of generic heavy spin-0
bosons

Results are interpreted in terms of three benchmark models:

Non Resonant: my > mg + my, mg < 2my

Resonant: my > mg+ my, mg > 2my,
- 325 <my <575 GeV, 200 < mg < 350 GeV

Heavy Resonant:
- 550 < my < 1500 GeV, 275 < mg < 1000 GeV

| M. Savina, BLTP JINR, Russia
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<+ 400
»

200

—200

Triple and quartic self couplings

Only direct access to quartic A, coupling.
Re e Production cross section lower than HH,

===O;----H thus an interesting channel for BSM

searches

T I T 1 1 l T 1

T T I T | T T T T

Pt
‘!g - 13 TeV, 126 fb'1 _er=ERES = o — ObS.. 68:/0 CcL
— HHH —6b g . ----gﬁst:égg/om

___________
""""

1 1 |- 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1

-20 -10 0 10 20

first experimental constraint placed on
the quartic Higgs self-coupling (k4)

avina, B

arXiv:2411.02040

ATLAS
: V8 =13TeV, 126 o'
nonresONN | resDNN  TRSM Benchmark 3

225 250 275 300 325 350
mg [GeV]
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95% CL on B(H— aa]

Sy
Ssm

95% CL on

x BR(H-aa)

Extra higgses, PS light/heavy states (LHCP 2025)

m, [GeV]

5 CMS Preliminary 35.9-138 fb' (13 TeV)
£ - T - ———%
b [ =
10218 2HDM+S || ]
E typel [l i
10 (| £ -
B (| A \ =
E A

£ | I 1\ _
1E . e -
3 || WV -
1071 V LAY \Df;
5 _ 2HDM+a N
E [ Observed exclusion 95% CL 3
3 ; ——— Expected exclusion 95% CL ;
107 E [Hommm  Hoaa E|
E [ Jris 706 2019) 131 || P8 660 (2019) 135087 3
i prT BT 7
107 JHEP 08 (2020) 139 JHEP 11 (2018) 018 g
E Hoaaslbb [ Hoaa bbb 3
5 HIG-22-007 | HIG-18-026 ]

10 5 L L L i Y IE | L L L
1 2 3 4 5878910 20 30 40 50 60
m, (GeV)

ATLAS

Runt {5=8TeV

2HDM+S Type-1Il, tanp = 5

-~ expected *1c
—— observed

Run1203 16"

Run 2139 fb" s
ATLAS arXiv:2503.05463
(submitted to PLB)

The H,,5; tends to be closer and closer to the SM Higgs !!

I

Two complex scalar doublets, &, and &,, 8 real d.o.f, after SSB -

5 physical scalar states:
= peutral CP-even h,H
* neutral CR-odd A

= charged H*, H

Mass hierarchy is not fixed exactly, but the state h considered light and

v2+vZ = v2 = (246 GeV)?, 2 = tanB

the rest 4 are considered heavy

Decoupling limit:

Most of the LHC studies, including for dark matter, are performed for this limit

decoupling limit?

(H does not contribute)

hey = O1cos3 + dasin/3 = hsin(a — 3) — Heos(a — [3)

Model Uy dy €r
Type 1 b, D, D,
Type Il b, ], P
Lepton-specific | ¢, D, P,
Flipped D, D, D,

CMS Preliminary

Median expected

'
138 fb! (13 TeV)

95% CL exclusion, My = 5.0% ma
95% expected Observed |
I 68% expected I T > Ta

| 2HDM

No tt bound states
L

2 non-zero VEVs: v, (®;) and v, ($,): 0560

600 800 1000
my [GeV]
~3.0 ; ; :
v & CMS 138 fb~1 (13 TeV)
2 § Preliminary —— 68%CL
g2 —- 95%cCL |
o
2.0 Including 1S tf bound state n; 7|
PRD 104, 034023 (2021)
1.5F 9
1.0 F 9
05F ]
—— Expected (b)
—— Observed

1.5; 2.0 2.5 3.0
JA(365, 2%)

]

ATLAS

95% CL, exclusions
H—= it | Observed, T
hMSSM Expected, tv
\s=13 TeV [ Observed, 1o

| 361"

----- Expected, th

m,. [GeV]
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CMS

CMS 138 i (13 TeV)
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Qobserved
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Add one complex scalar singlet S

(Hi.H2,5) =

138 ™ (13 TeV)
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v" Scalar, pseudoscalar (axion-like) and Higgs-like X interactions (X=V/tt)
v' Scaled by sin® / Dims op. for S(PS)/Higgs-like interactions

138 b (13 TeV)

CMS EX0O-21-018,
Zo{ — wu), PSEUGDSCAIAl ¢ 3 arXiv:2402.11098 [hep-ex]

A, =10 TEV, Bl¢ — pu) = 1'!
0852 CL upper imis 3 -
Observed - 138" (13 TeV)
B § ,l'l[llllllllllll‘llllllllF!l!IIlIl
; x'm e:q::geu - Wo( — uu), Pesudoscalar ¢
< eXpect E
852 expected : — An=10ToV, Blé — uu) =1
85% CL upper limits
—— Obesrvad
—— Median sxpsctad
B 682. sxpectad Z¢( — 1), Pseudoscalar ¢
852, sxpectad

138 D' (13 TeV)

)
(=
t
o
=
-
=
N
o]

—— Ap,=10TeV, B¢ — =x) =1
85% CL uppe limitz

s ) -
Jllilli.l_lllllllllllllllllllllllll_l -‘7-"‘__. =
50 100 150 200 250 300 350 H i
—— Meadian expectad

¢ mass (GeV) ’ , ) I 65 expected
. : 95% expacted

Z decays leptonically to
all 3 generations

W decays leptonically/
hadronically for Higgs- Higher mass limit of about 300

like coupling GeV because of non-negligible ST PR AU TUEE TR PP

. ’ . 50 100 150 200 250 300 3
axion branching to top-antitop o Mass (GeV)

50 100 150 200 250 300
¢ mass (GeV)
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CMS EX0O-21-018,
arXiv:2402.11098 [hep-ex]

138 ' (13 TeV)
|'lll'!l|l'|lllll'lIllllllll’lll’

[ CMS Axion-like ¢ production and decay |
fi¢ ( — up, 1) combination |

T T
ll‘ll.ll

]
i

85% CL upper limits
—— Observed
—--e= Median expected

B ©8% expected
25% expected

llll[

PURTI T RN U U U T TN W WO U U AT U NN U N WA

50 100 150 200 250 300
o mass (GeV

M. Savina, BLTP JINR, Russia

> 1,
L C —2sinf (Pfl (m;\.- WHFWS + 5 M2 Z¥Z,

{

138 o™’ (13 TeV)

T T EREREE

H-Ike proauction -

Xé( — ee) combination 3

95% CL upper inits '
Observed

Median expected
B G8% expecled
595% expecled

sin’d B¢ — ee)

ol 1

P P 4 (I R PRI R BT :
50 100 150 200 250 300 350
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for Higgs-like,
© — mixing angle

138 b (13 Tev)
T 11 Tr TTT ] T T T1T] 1 3% 5 ijff'ﬁ'rTfflf'fr

CMS

HHike ¢ production and decay |
X¢( — pu, tt) combination
95% CL upper limits
— Observed B 658% expected _|
— Madian expected 95% expected I

PR IR ST B AT B AT A AR A A |

50 100 150 200 250 300
¢ mass (GeV)

For ¢ branchings as for the SM Higgs
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PNGB - Axion-like particles

Cow . C i

p 24

Janomaly :) - G‘ULG}U/ + B a F'HbFﬂb + L
Jda

)
- ‘ 2a
8% = u*®*+ h.c. = ;12_}‘5 cos| — | + -

Jda
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CMS

Electroweak-scale ALPs?
Composite Higgs Models with Extended Cosets

In composite Higgs models, the Higgs is a pNGB from a spontaneous breaking of a global
symmetry in a strong sector: G — H with G D SU(2), X SU(2)y,.

By enlarging the coset G/H, one often gets additional pseudo-Goldstone bosons,
which can play the role of ALPs

Example: SO(6)/SO(5) [Gripaios, Pomarol, Riva, Serra '09]

* This coset gives 5 pNGBs: 4 Higgs components and 1 ALP-like state.
* The fifth pNGB is a singlet under the SM gauge group, and has a shift symmetry inherited from SO(6).
* |t couples to SM fermions and gauge bosons via partial compositeness or anomalies.

—  natural m, few GeV to 100 GeV, depending on details of the strong sector,

Relaxion and Clockwork models

The relaxion mechanism involves an ALP-like field that dynamically relaxes the Higgs mass. Usually
requires mild explicit breaking of shift symmetry over many periods — can be engineered using clockwork.

Clockwork ALPs [Giudice, McCullough "16]

* A chain of N fields with nearest-neighbor interactions can give rise to a light ALP with
exponentially suppressed couplings at one end.

* The mass of the ALP depends on the explicit breaking scale at the far end: m, ~ Aﬁr/fu

* You can engineer m, ~ 1 — 100 GeV with Ap, ~ TeV andf, ~ TeV.
M. Savina, BLTP JINR, Russia
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Electroweak-scale ALPs?

Anomalous U(1) Extensions with Heavy Fermion Loops
Consider a UV model with:
* Aglobal U(1) symmetry broken by (®) = f,

* Heavy vector-like fermions W charged under both U(1) and SM gauge groups

e s
Integrating out ¥ generates anomalous ALP couplings: —FF, —GG
a Ja

You can then introduce hard breaking terms like ,u:CD2 + h.c. to give the ALP a mass: M, ~ i < f,

With u ~ 10 GeV and f, ~ 1 TeV, you get m,, in the collider-accessible regime

Higgs-Portal ALP models

C;
th 2
—a h*

C
You can write an EFT with a Higgs—ALP portal: & D @ H'H or

a a

After electroweak symmetry breaking, this mixes @ and / and generates:
* A mass for a proportional to v (or vzl'ﬁl)
* Exotic decays like h — Za, h — aa.

EFT model, but can be UV -completed via:

* Extended scalar sectors (e.g. singlet extensions of 2HDMs) or mixing with other singlet scalars 'wv




Electroweak-scale ALPs?

Effective ALP couplings and role of shift symmetry

The shift symmetry a — a + const strongly constrains ALP couplings. Allowed terms
must involve derivatives of a or be associated with anomalous current divergences.
The lowest-dimension couplings are:

(a) Fermionic couplings (derivative):
The ALP couples derivatively to fermion axial currents:

= (),Ha 45 IBP+EOM Cl,,'"w ~ pseudoscalar Yukawa
&3 f Z CW Yrre - £ D1 f ayry coupling
Jd W Ja

(b) Gauge couplings (anomalous):

The ALPs can couple to gauge bosons via dim-5 operators:  Arise from integrating out heavy

1 fermions in triangle diagrams

0 FF T o =

£ Wy WY — L JiUpo . ) .

L D—aF,F with  F* = e  J- Interactions violate shift symmetry due to

Ja - quantum anomalies, but are controlled by f,

So, up to dim-5 we have the following interactions:

_ | m: , C,m Cso " C N Cww =
Z cgims = ;(Oﬂa)(c)“a) - ,)” a’ +i——La gry+ = G,G" +—28 g B, B" +— s W, W

- Jw
= Ja Ja Ja Ja




Electroweak-scale ALPs?

(c) Couplings involving Higgs boson and gauge bosons:

(*a)(p iDyp+h.c)p’p+ -

5 Cm T
Z>dim6 2 A—;(()ﬂa)(a“a)qﬁ ¢ +

A3
(d) Couplings involving Higgs boson and fermions:

£ >dim6 o1

M. Savina, BLTP JINR, Russia 25.09.2025 32/70



ALP status

Pseudoscalar in many BSM theories

e QCD axion: solution to strong CP problem 10-3 : s BaBar v

NOMAD

. 3 a5 10" & % &,
e ALP: Generalized axion with independent i ~ \:
106 - ): o

mass and coupling

SN1987A (1]
Solar i Low-ESNe
Diffuse--

e Nambu—Goldstone bosons from broken
global U(1) symmetry

10-10 Globular clusters

"o

10- 11 . - o m\l:r

basin

e Linked to dark sector mediator
Explain anomalies (muon g-2, hierarchy ..)

|8ayy| [GeV ]

e Wide (ma—g) parameter space 10~

= diverse search strategies needed

10-3 102 10! 10° 10! 102 10® 10* 10° 10° 107 10° 10° 10 10! 102

LHC can act as an ALP factory m, [eV]
enabling Y-, g-, and heavy boson-mediated ALP production. Image credit by cajohare
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ALP status

e Photon Couplings
UPCs : PbPb & pp collisions amiv:2412.15413 & PRD110(2024)012010

e Top and Invisible Couplings
tT(t)+a (invisible & leptonic decays)cms-pas-£x0-22-014 & PRD110(2024)012013 .

e Boson Couplings

o Mono-Z+a (invisible decays) £eica12021)13

o Higgs exotic decays : H— Za—2I2y & aa—>4\ELE 852(2024)138582 & JHEP07(2023)148 b
BSM Higgs X decays : X—aa— 2 merged YY E£EL134(2025)04180110

e Displaced ALP signatures e
Higgs exotic decays : H — aa — 2 merged e*e s pas £x0-24-031

O Higgs exotic decays : H — aa — 4p juep1200241172

M. Savina, BLTP JINR, Russia 25.09.2025 { 34/70



ALP status

Fermiophilic ALP: Pseudoscalar with Minimal Flavor Violation

(MFV) = Higgs-like Yukawa couplings, enhanced top coupling

Dataset and Signature
- 2016-2018 pp collisions at 13 TeV, £ ~ 138 fb !
- Signal: tT/t/tW +a (a—XX)
- Channels: OL (all-hadronic) 1L, 2L (dileptonic)

- Analysis Strategy

- 0-1L: Event categorization by N, Nj ,and N, to
increase sensitivity

- 2L: Sensitivity improved using a Neural Network

M

Events / Bin

- ‘u-[‘i"\"

1381513 TeV)

CMS

Preliminary

SR (OF)

- Limits
- m excluded < 290 GeV (at fixed dark matter
mass and coupling: m = 1 GeV, gszgle)

Data / Bkg

NN output [bins]

-1
138 b (13 TeV
£ 102 T T T T T T <)
E 95% CL upper lmits CMS
@) =+ Expeciad (combination Expected ) Prehmfnary
B 3% expecied Expecied (1/)
95% expecied - Expecied @)
10} — Obsenved
o 1 i

290 GeV

107

Laay aaal il Laad il ' i
50 100 150 200 250 300 350 400 450 500
m, [GeV]

T
i
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ALP status

= COF LHC
: § ] ‘
Existing o' N ) | 10° Existing
search L
107 1 107 search
> 2
2 10
e ATLAS Preliminary i
= ATLAS Preliminary 4 £ "EA- }379\'- 140 fo~!
) o L vE =13 TaV, 140 fo™? g 95% C.L. limits
ot [CRE R N J 9ssCL limits 4 w0 s H=aa=yyyy .
“'\I'- H=Za=!"I"yy -%l 2 -2
] 10 BV eme |CanliA? = 0.1 ToV-?
— [Canli? = 1.0 TeV-2
=== |Cz4|/A=0.1Tev™*
— [ConliA=0.72 TaV ] 1
. L. - " 10 y - , l‘ 1:\ .1‘ .
10 10° 10’ 10 10 10 10 10 10 10

m,[GeV) m, [GeV]

ATL-PHYS-PUB-2025-007
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Vector portals, dark photon / Z,

The coupling to SM particles . ,
proportional to electric charge v A
1 or 2 loops: naively 107> S € < 1073

a = eagy

Add a U(1)p where massive dark gauge boson (A'/Zp/yp) Kinetically mix with SM photon

« Parameters: kinetic mixing term, ¢, and ma

LLP

Seafch strategies

Medium lifetime, 1.00

Prompt, resolved deca] resolved decays:
products: ZpZp/ZpZ* Displaced muons

0.70
0.50

S/CMS detector
able lifetimes: : 0.30

Medium lifetime, JET signature

Prompt, collimated deca) ) 015
collimated decays: o

“lepton jets” (LJ) :

plofJ Displaced LJ L i arfiv:1002.2952
= 5 > 0.10 0.150,26 0.30 0.50 070 1.00 1.502.00 3.00
Lifetime ¥4 Mass [GeV]

wagknds on mA' and €)

% M. Savina, BLTP JINR, Russia 25.09.2025 { 37/70
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Reinterpretation in terms of two models :
v minimal dark photon model U(1)p

v light pseudoscalar in 2HDM+S (7 Higgs states, CP-even/odd + charged)

The ability to search for light new resonances thanks to a
sophisticated high-rate dimuon trigger trained on known
SM resonances in the region below 10 GeV (J/¢ and Y(1S))

96.6 1t (13 TeV)

-t
<

— Observed .
— Modion expeced region 2.6 — 4.2 GeV
[77] 68% expected .
95% expected is excluded due to the
presence of J/¢ and

P (28)

E
§

Soouting iriggers, 96.6 1 (13 TeV)
OﬂS ———— Acceptance DY (derk photon)
EMcencyD + Trigped x Acoapiance DY
Accupancn (gF (HONLS)

-t
LR LLL L

!

8
=
S
t
>
x
b4
t
&
s

T T
LRI

\

TTT

96,6 " (13 Tev)

i3
é

JO - T

o

X) B(X — pp) A [pb]

LLLLLL I B RLLL B

CMS EXO-21-005,

arXiv:2309.16003 [hep-ex]

T 1Ty T
E
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96.6 fb~' (13 TeV)

| SO piEiEEanaE) | - d
G uu-jj ¥ ]
——
\\ | L |
wer] !

_ 96.6 fo~! (13 TeV)

CMS EXO-21-005,

Type IV 2HDM+S model | arXiv:2309.16003 [hep-ex]
tanp=05 3

. ;l' 1
m, [GeV]
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Vector portals: from the simplest one to more complex

Connecting dark photon portal to other models

Under some assumptions on the mass and coupling of the dark matter candidate,
other models like or IDM signatures
can be used to set limits on the same parameter space
extending coverage of the limits in terms of mass and lifetime

M. Savina, BLTP JINR, Russia



V/AV portal + additional Z’

“pencil-jet” from )
highly boosted Z’ x : T
veckor medar, m, = 1 0V, W, = 150 Qe WO eI, M, = 1 GV, m_ = 4 TeV

“Double gauge” portal:

,
5
L
A
=
L

v heavy V/AV mediator (2 — 5 TeV)

Cross ndbr.;(pb)

v heavy DM (0.1 — 1 TeV)

mpas (GeV)
S

Cross sedtion (pb)

v light additional Z’ (0.3 — 3 GeV)

9
-

—

1
-

low multiplicity charged particles as ,
decay product (hadronically decaying [ s e e e e g e
T _]_\.-l)e l'e('.) Mumed (GeV) Mmed (GEV)
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HAHM - Hidden Abelian Higgs Model, weakly coupled DS,
dark Higgs, dark photon Zp from U(1)p
Gauge/higgs portal (kinetic/higgs mixing)

K> €

higgs mixing Y CMS-HIG-19-007,
dominates over s il arXiv:2111.01299v2
kinetic mixing [hep-ex]

137 o (13 Tev) 137 ™' (13 Tev S
4 — - - - - —- - 10 (19 1Y)

B . T
 F— B N .

Expected exclusion ._

|
Expected exclusion
Observed exclusion e

Expected exclusion
- Observed exclusion
T — H- Z_u Z - 4l x =0.0002 : L. : Observed exclusion

See a talk by
Slava Valuev on
LLP search

B(X — ee or pu)

) x BX —eeor uu)

See also Backups
for ALP
interpretation

HH—ZX
B(H — X X)x
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Dark sector/hidden valleys

known 'LHC\ do stuff |
territory

hidden |
valley /

[Strassler, Zurek ’06]

M. Savina, BLTP JINR, Russia 25.09.2025 | 43/70




Why “hidden” or “dark” physics?

Data & Theory Both Motivate Beyond Ordinary Signatures

Dark matter New Visible Particles

Neutrino masses
Supersymmetry breaking e Masses above 100 GeV (LEP)

o Lifetimes ~ 10~ (15-27) ggc*

*with exceptions

Cosmological phase transitions

Baryogenesis

e Production singly or in pairs

String theory model building

e Decays: a few leptons, photons, jets

vvyvYyYvYvYYvY YyY

Neutral Naturalness

Also, experimental limits are weak Dark/Hidden Particles

e Masses may be below 100 GeV
e Lifetimes may be much longer

But accessible at the LHC?

e Production & decay can be complex

Maybe, maybe not.

Often requires specialized analysis

: Still, cannot afford to ignore.
w el




What is a Hidden Valley?

MJIS & Zurek 2006
A sector of SM-neutral particles which

1. can be produced in SM collisions with a reasonable rate
(not gravitationally-coupled hidden sectors)

2. include states that can decay within 1 sec
(not sectors with massless final states or coupled too weakly)

3. have self-interactions that complicate the dynamics
(i.e. not sectors of single dark photon or single free fermion)

Often called "dark sectors” or "rich dark sectors” nowadays
(especially if sector contains dark matter)

l M. Savina, BLTP JINR, Russia 25.09.2025 ANNPCYYLY



MJS & Zurek 2006

Why useful to give this giant class of theories a single name?

Qualitative Predictions (alone or in combination)
» Multiple neutral particles decaying to SM particles (and often MET)
» High-multiplicity production
» Unusual clustering

» Displaced vertices

= exotic jets: "dark”, "displaced”, "emerging”, "semivisible"”

Potential Dramatic Impact:

» When added to existing theory, can completely change signatures
e SM + HV = exotic decays of h, W, Z.t

e SUSY + HV = reduced MET, exotic final states

| AR @400
: M. Savina, BLTP JINR, Russia 25.09.2025 { 46/70




QCD vs “dark” QCD: SM

Quite a few adjustable parameters
» SU(N:) with No =3
» Quarks in 3 rep.
> N /N, =1, N7 /N, =1
» Light quarks my, mg < ms < Agcp

Dynamics: Confinement, Chiral Symmetry Breaking

Light-quark hadrons
» masses range over an order of magnitude
» lifetimes range over 15 orders of magnitude
» many different decay modes (to hadrons, leptons, photons)

» produced in high-multiplicity clusters (" jets”) with no fixed mass

Predictions:

e Perturbation theory including resummation (showering)

e Lattice calculations (spectrum, decay constants, scales)

m e Models of hadronization (Lund, Herwig, etc.) 47/70
1 o



QCD vs “dark” QCD: HV/DS

Quite a few adjustable parameters
» SU(Nc) with other N¢; or not SU group

» Quarks in N. and/or other representations

» N¢/N: (much) larger or smaller than 1
» Light quarks masses smaller or larger relative to Ayy

Dynamics: Confinement?? Chiral Symmetry Breaking??

Light-quark hadrons
» masses range over an order of magnitude or more
» lifetimes range over many orders of magnitude
» many different decay modes (to HV /DS hadrons, SM particles)
>

produced in high-multiplicity clusters (" jets”??) with no fixed mass

Prediction methods can all potentially fail:
e Perturbation theory including resummation (showering)
e Lattice calculations (spectrum, decay constants, scales)

e Models of hadronization (Lund, Herwig, etc.) 43K70
_ﬁ’




1 _ _
L= =3P, " +q4iPqa — Ga Mg

Nc’ Nf’ Adark’
mdark; rinv--- qys: dark quarks (N flavours)

Fa: dark gluons (N, colours)

M,: quark mass matrix

Dark QCD
TeV =—— Xd
v' One of the most striking DM-targeted signatures asymmk
(dark QCD - dark showers - mediator - SM transition) sharing
| Pds Nd, - - -
e ark? ' ark annihilation |
Z’ as a messenger (also scalar portals) Tdy Pds - - -
v DS-SM transitions are suppressed by a high mediator
mass scale - prompt/LLP decays




semivisible jets

—)

DM part (visible) +
SM part (invisible)

xsec., My,

Maark gdark,
r SM hadrons

inv

fér;:‘

']l‘ M“:i"
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Strongly coupled DM: signhatures, prompt/LLP

t Hooft coupling 1 = a3, NE¥* < 1

pT + X

emerging

emergin Bl
ging semivisible

semivisible

1

rinv

Tracks start near the edge of the tracker, in the g
“Q CAL and HCAL and even in the inner muon stations

soft unclustered energy patterns{(SUEP)

M. Savina, BLTP JINR, Russia 25.09.2025 { 51/70



ble jets

Resonant production of strongly coupled DM for semivis

The first CMS study of jet ivsisible contribution with dark sector | JHEP 06 (20
nterpretation. The fraction r,,, of stable invisible dark hadrons in between CMS EXO-19-
0 (dijet, small MET) and 1 (large MET)

10 138 o' (13 TeV)
— —_— > BT T e L) '
% ‘8_ o 95% CL upper limits 10° ‘8_
O] o . . Inclusive —
- (1] 0 85 — Observed (8 8]

X OF - Median expected

S 1 g E - - 68% expected 10 g
= o 0.7% = U -+ 95% expected o
P 5 6: J M, = OGeV,uM=a:'.:l" —
E e 1 E
- 05:' <
10" ] E Q
o 0.45 o
:_ 0 3.:_ 1o :
g oa g
10_2 (@] 02:—_'._ |‘ ‘ [e)
5 0.15 00 1025
\0 0{ i . 1 1 n 1 1 i i 1 r ¥ [ \g
% 2 3 4 5 %

m,. [TeV]
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LLP dark showers, LLP, emerging jets

CMS EXO-22-015;

arXiv:2403.01556 [hep-ex

unflavored: __
€Ty, ., = 80mm (—

‘“dark

o flavor-aligned:

—10° 138 fo™" (13 TeV)
E Mo, = 20 GV
HV dark QCD, scalar portal, = B — o mienso | oy
dark meson LLP decays, b-quark FS 5 F
102:—
- 410°
10 107
] 1072
1500 2000 2500
My [GeV]
138 ' (13 TeV)
T ' e mow
é favoraligned model ]
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Soft Unclustered Energy Patterns (SUEPs)

light y, mqD < AD ) AD << \/E

- Boltzmann distr. for pseudoscalar p;, depending
- decay ¢ =2 YpYp, 2 SM FS trough y -y, mixing, promptidecays
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Showering in a dark QCD and SUEPs

As we vary Nfght/Nc, different behavior. For massless quarks:

Asymptotically free

QCD-like (QL) Conformal window (CW) Infrared free (IF)

Confinement (NE / Nc )Lhng[y Weakly- 1 b

Coupled Coupled
CFTs CFTs

» QCD-like: Ordinary shower with varying details; = confinement
» |F: Free gluons and quarks in IR; calculable at LL

» CW: Two-loop running balances one-loop running:
e leads to CFT; Standard LL shower not always enough

» Narrow jets just below Nf/N: = 5.5
» Fat jets for Nf /Nc ~ 3 — 4 (Details?)
» Not currently believed to give SUEP for any N¢/N¢ (but not sure)

Kulkarni, Lockyer & MJS '25




Showering in a dark QCD and SUEPs

As we vary N,fght/Nc, different behavior. For massless quarks:

Asymptotically free

QCD-like (QL) Conformal window (CW) Infrared free (IF)

(Ng /N )L‘n\ 11 /2
Strongly- Weakly-

Coupled Coupled
CFTs CFTs

Confinement

» QCD-like: Ordinary shower with varying details; = confinement

What creates SUEP? Cenformal-Field—theory

e Only extremely strongly-coupled CFTs (asN. > 1) make SUEP.

e Important: many QCD Ilke CFTS (and near-CFTs) have jets, not SUEP

e v s A"

> Not currently believed to give SUEP for any N¢/N¢ (but not sure)

Kulkarni, Lockyer & MJS '25
| C 1) N U C LY U




Supersymmetry

natural SUSY | decoupled SUSY

% M. Savina, BLTP JINR, Russia 25.09.2025 { 57/70



SUSY status

CMS SUS-23-014
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SUSY status

Compressed electroweak

CMS Preliminary 129-138 fb™' (13 TeV)
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95% CL‘upper limit on the cross section [pb]
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CMS EXO-22-020;
arXiv:2402.15804 [hep-ex]
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GMSB, gravitino as DM in the MSSM sector

Gravitino mass

’ F
mgp = F _1( \/F )246\[ K=F—0<1 ‘ m3/22k€V<

kv3Mp Kk \ 100 TeV

no direct

Gravitino effective action

g 1 ~ k = M, _ =
L= —FOJE,B#G ‘ L =@ [(mf(, - m?ﬁ)wLQs + 4—\/’\5/\GO'VPFSPI G + h.c.
& ¥ &
S0 OuJg = —Fy*9,G 1/F suppressed ! |



GMSB, HS/MS stable states as DM candidat

. Dimopoulos, G. F. Guidice, and A. Pomarol , arXiv:hep-ph/9607225

z 2 cold unobservable DM (highly
QB*’h ~ (va/ 300 TeV) suppressed HS-MSSM interactions)

= MS neutral scalar
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7
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85x10°5 fmy\2 =z | N gl
Q,h? = ( = ) / _Me . conditions for the stable lighte
. Ve \Tov) ax B =g, (JCTTET IR p
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RPV SUSY

-parity is not a symmetry of the most general MSSM Lagrangian!!

o pmmmmmmmmmmmeoeooy Lomoooooog
3l i .
Wg, -—m,H Li + 2A,,,,LL Ef + A,,kLQ,D;H i U D5 1 :’
"""" i DA R (_1)ME-0 g

too many free parameters! I". '

RPV: 1‘\“];

= L-volating terms - origin of light neutrino mass \
= LSP can carry charge and decay to SM
= Various detector signatures depending on coupling
strength (triple resonances, SS leptons, multijets..., LLP)
= DM candidate - gravitino, axino !!
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0 RPC - stable LSP Long-lived LSP - displaced decays Prompt decays Single production 0(1)




RPV SUSY, ATLAS RUN2, prompt/LLP

ATLAS-CONF-2018-003

\
\
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RPV SUSY in three-lepton plus jets FS
CMS SUS}23-015

Degenerated by mass gaugino-like <0 . el = B
. . . —+ £ ; —+ W
neutralino/chargino production X2 =7 €X13 X1 7 WX

with LSP (neutralino) RPV decay. X1 uds §
FS with light/heavy quarks X1 — udb |
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Stealth SUSY basis

is natural, low-scale SUSY breaking, hidden sector with (at least) one chiral
et supefield (R-odd singlino, R-even singlet). LSP - gravitino (GMSB),

decays to gravitino through a hidden sector.

tates of order the EW scale, states approximately supersymmetric (F <<M ) -
sely degenerated by masses.

pression of large missing E; at the end of decay chain (gravitino assosiated).

2 2
350 E mg = ASusy = 59x%x107° ( Asusy ) eV Missing Energy
" Elifiio V3M 500 GeV : . ,
300+ 0.4} $m=1,510,20GeV 1

arXiv:1105.5135 [hep-ph]
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Stealth SUSY simplified, prompt/LLP

pair production rate

L(x] —1G) =

1000
100} :
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7] 1k N,
S kAR N 59
0.10F ™ \\
...."7--.,~.\1-- ... T
00)00 200 600 800 1000 1200
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NLSP neutralino decay width
NLSP gluino decay width I'(g

In dependence on a parameter space region NLSP decay can be promp

JiJi Fan, Matthew Reece, Joshua T. Ruderman
arXiv:1105.5135 [hep-ph]

arXiv:1201.4875 [hep-ph]

arXiv:1512.05781 [hep-ph]

Field set: LOSP - gluino, stop, higgsino only
The lightest R-odd SUSY particle - gravitino/axino
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Gluino/stop PP, neutralino as NLSP, prompt, 2gamma + jets +

150 GeV < M < mg(mq) — 100 GeV; mgmg:1250 <M < 2350 GeV,1100 <M < 2000 GeV

MS SUS-19-001;
q 3 a . Xiv:2310.03154 [hepexX];




Gluino/stop PP, neutralino as NLSP, prompt, 2gamma + jets +

150 GeV < M < mg(mq) — 100 GeV; mgmg:1250 <M < 2350 GeV,1100 <M < 2000 GeV\

MS SUS-19-001;
Xiv:2310.03154 [hepex];
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WIMPs may still be in

v"hidden SUSY sector(s) (observable?? most likely not!)
v “stealth” SUSY spectra (only as LLP signatures)

HV strongly coupled DS (many possible collider signatures)

? (HNL, ALPs...)

LLP now and beyond:

Events decaying within 30 cm

1

08
0.6
04
0.2

10! 10?
mass of the LLP [GeV]

= | HC experiments to support that task: FASER, MoEdal, SND@LHC FASER2, SHIP ?

e Some notable results so far:

= Exclude SUSY scenarios with LLPs below 3 TeV (ATLAS) [2502.06694]

1 [mm]

Fraction of Events

m Constrain Higgs branching ratios to LLPs to <1% for masses 5-55 GeV (CMS) [2403.15332]

= Narrow parameter spaces for dark photons and axion-like particles [CMS-PAS-EXO-23-014]

l [2407. 09168|



