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e A quick journey from LHC early days to the (immediate) future: an overview
of personal favourites (based on the effort going into the analyses):

e And also a celebration to the creativity of the LHC collaborations.

e On the menu for today:
e Chapter 1: resonances and the dark sector - from simple to challenging scenarios

e Chapter 2: compressed scenarios - a physics-driven strive to improve detector
reconstruction.

e Chapter 3: taking the most from the detector for long-lived particle searches.

e Chapter 4: aglance into HL-LHC
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The textbook search for new physics

UNIVERSITA DI BOLOGNA

BACK IN
MY DAYS...
e "Back in my days” new physics searches meant: -

N
™=
Wijcs

1. Look for a resonance over a smooth background.

2. Look for an excess of events over a distribution

e Things have changed a bit...

4 i

Among other things:
Stunning detector stability and
understanding
Exquisite quality of reconstruction
enabling study of complex final states
Dedicated triggers and increased
bandwidth

e Advanced machine learning techniques

Always going above and beyond \/ &

Variable Variable
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Chapter 1: resonance and the
dark sector

See also D. Hayden and S. Sekmen at LHCP


https://indico.cern.ch/event/1537360/contributions/6833609/attachments/3276906/5855122/Hayden_PromptSummary_190526.pdf
https://indico.cern.ch/event/1537360/contributions/6833612/attachments/3277707/5856720/SekmenDSDMLHCP26.pdf

“Easy” new physics does not appear to exist.... :

283 fb™' (13.6 TeV)

e Dilepton resonances, from the first to the latest
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-25-021/index.html

Low-mass resonances with data parking

e Dark photon/ALP decaying into lepton resonances is a compelling

scenario.

o CMS goes as low as my; > 0.88 GeV using data parking in Run 3
(di-muon trigger thresholds with pr > 3,4 GeV)

Triggering at ATLAS / CMS

From 40 MHz collisions to a few kHz of recorded data

40 MHz

LHC collision rate

u LEVEL-1 TRIGGER (L1)

@ Custom hardware

4; Very fast decision
(~2.5 us latency)

V Reduces rate to ~100 kHz

—» ~100 kHz

events accepted

HIGH-LEVEL TRIGGER (HLT)

Q Processor farm

Full event reconstruction
and sophisticated algorithms

V Reduces rate to a few kHz

—> ~1-5 kHz

events recorded to disk

=== We discard
m >99.999% We keep only
of the data ~0.001% of the data

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

e Sliding window fit against a
background parameterisation.

o Largest excess at 2.43 GeV (2.80
local - same position as a 3.10

excess from LHCb)
e Improving sensitivity with respect
to LHCb and BaBar
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210"
= £ CMS Preliminary
o -
T e Data
g10°F
(- L
S -
> -
- 10° 3 §
~ e % ::
1075_ o® .. :o
10° s 5
] | 1 | | | | | 1
0.6 1 2 3 4 5 6 7 8
m,, (GeV)

|. Vivarelli - PASCOS 2026 - Sheffield - 22-26 June 2026



https://cds.cern.ch/record/2961501/files/EXO-25-019-pas.pdf

Low-mass resonances with data parking

e Dark photon/ALP decaying into lepton resonances is a compelling
scenario.

o CMS goes as low as my; > 0.88 GeV using data parking in Run 3
(di-muon trigger thresholds with pr > 3,4 GeV)

Triggering at ATLAS / CMS

From 40 MHz collisions to a few kHz of recorded data
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e Sliding window fit against a
background parameterisation.
e Largest excess at 2.43 GeV (2.80

local - same position as a 3.10

excess from LHCD)
e Improving sensitivity with respect
to LHCb and BaBar
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https://cds.cern.ch/record/2961501/files/EXO-25-019-pas.pdf

Dark sector - simplified models

Z/

e Dark matter approached with a suite of analyses targeting different paradigms and final states

o Insimple fi

mz: . [TeV]

Dilepton

139 fb'1;PLB 796 (2019) 68

bb resonance

139 fb'l;JHEP 03 (2020) 145
Dijet+ISR

140 fb'l;PRD 110 (2024) 032002
Dijet TLA

15.0, 132 fb!;arXiv:2509.01219
Dijet

139 fb1;JHEP 03 (2020) 145
ET™ + jet

139 fb'1;PRD 103 (2021) 112006
E?iss +v

139 fb'l;JHEP 02 (2021) 226
ET™ + V(aq')

140 fb'1;JHEP 11 (2024) 126

How do we get to the

smallest invariant masses?

&q

nal states (e.q., single mediator), mono-X analyses often used together with (mostly)
diet resonant searches

A constant battle against jet thresholds,

with a few different solutions

1.00

0.50
0.40

-

A/O.].O_'

ATLAS Preliminary
[ /s = 13 TeV, 15-140 fb'!
October 2025

/

’ , ’
4 b-trigger ¢
’

,l
/I /

/

005— 15 fb—1 T jet trigger ]

004" Q);iazl—lvgc_}zv’néiiitflb 132 fb—1 -

003_ ] 1 ) M | 1 n
10 300 1000 2000

|. Vivarelli - PASCOS 2026 - Sheffield - 22-26 June 2026

mz: [GeV]

95% CL upper limit
m— Observed
= == [Expected

| === Resolved dijet + ISR

140 fb™*; PRD 110 (2024) 032002
Boosted di-b-jet + ISR
80.5 fb'; ATLAS-CONF-2018-052
= Dijet + lepton

139 fb'; JHEP 06 (2020) 151

Dijet angular

37 fb''; PRD 96 (2017) 052004
e Di-b-jet

139 fb'; JHEP 03 (2020) 145

24.3 fb''; PRD 98 (2018) 032016
—— Dijet TLA

15.0, 132 fb*; arXiv:2509.01219
= tt resonance (1L)

36.1 fb!; EPJC 78 (2018) 565

| === tt resonance (0L)

139 fb'; JHEP 10 (2020) 61
Dijet

139 fb'; JHEP 03 (2020) 145
Boosted dijet + ISR (~3)
140 fb™; JHEP 01 (2025) 099
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e Single ISR photon recoiling against a large-R jet (identified via ParticleNet)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-24-027/

Jets from pileup

o Access to the low end of the di-jet mass spectrum
can be gained by looking at jets into pileup
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EXOT-2022-32

Dijet resonance search
in pileup vertices
king beyond the primary vertex

Pileup vertex
(used for search)

CX eC \/ Lower track multiplicity
Highest track multiplicity

Di-jet mass reconstructed from

jets attached to pile-up vertices

thanks to particle flow
association.

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-32/

EXOT-2021-31

Emerging jets

o If the Z' goes into long-lived dark-sector quarks, jets may

"emerqge” directly in the calorimeters. Signature: energy
clusters with no tracks associated.

Ql 103§ """" IR I I IR LN I I I
= - ATLAS ¢ Data
C\D 102 = \/_ 136TeV, 51.8 fb_1 e =5mm E A"l'LAS """""""""""""""""""""" T _
: - . - 23 = _ _ T, = _ —— Obs. limit (cut-based) _ Lot 2
e Two different selections: cut 5 ob :?;”h- n:op?ei\;]e:ﬁon1'5 TeV o - o0 mn E e erev st o Dimirn oo | (8 2
ba_ns.ed and ML. 8 Tk jpreseiection mn:= 100 S qge) Mo 100 9a= 000 0e =0 $
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selection based on number 8 0L ' x
- .= T = 2 N
of tagged jets and the dijet |HniEEE-E—" eessscesssccs o'y
- - —2 [ wih e @ Q
invariant mass. 107 Jee™= s
Dedicated Run-3 trigger 10k L -
SG'GCtiI’lg lOW_PTFjetS at the 1045 ........ ol Lovia oy ovalin ol 0 g‘).
: : . 10" 3
high level trigger improves 0" 005 0.1 015 0.2 025 0.3 0.35 0.4 0.45 0.5 S
. Leading jet PTF 22
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z track 107750 1000 1250 1500 1750 2000 2250 2500 10
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Pr
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-31/

Chapter 2: compressed EWkinos
scenarios



https://indico.cern.ch/event/1537360/contributions/6833604/attachments/3276896/5855203/BSM%20Run3%20perspective%20-%20Franceschini%20-%20LHCp%202026.pdf
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The textbook search for new physics

e "Back in my days” new physics searches meant:

1. Look for a resonance over a smooth background.

2. Look for an excess of events over a distribution

e Things have changed a bit...

# £ *\

| Among other things:
] o Stunning detector stability and
| understanding

e Exquisite quality of reconstruction

enabling study of complex final states
| ¢ Dedicated triggers and increased
bandwidth

- # ¢ Advanced machine learning techniques
Variable \ Variable

P4l Always going above and beyond \@
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Easy new physics does not appear to exist....

e The naturalness of the Higgs boson mass requires:

e A Higgsino mass of maximum few hundred GeV.

o A top partner mass at the TeV scale.

e A gluino mass of maximum few TeV.

natural SUSY

L;.¢€;
B T
- Q1.2,81.2,d12
%% sosszzzizis:
br

decoupled SUSY
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UNIVERSITA DI BOLOGNA

m(g) [GeV]
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Compressed states

e The EW side of naturalness:

e Generic name for a set of EW-produced set of states with “smal

mass separations

o Generically appearing in models of dark matter where relic density

needs to be requlated.

|II

e In SUSY they are the trademark of higgsino production.

e The mass separation can be anywhere from hundreds of MeV to

tens of GeV.
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Compressed states

al
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—
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Compressed states

Mass separation to the LSP

PP — LA X XL, XKD (Higgsino)  Vs=13 TeV, 137-140 fb”
;‘ 1 I 1 1 1 I 1 1 1 ,I 1 1 1 I 1 1 1 I 1 " 1 I 1 1 1 I 1
() 30 [ (- e’ =
S 20f .2 _
O
z
T _
+ - -
(22 - -
c - _
< 4 - _
3 _
2 _

n |
100

T
120

T
140

T
160

March 2026

All limits at 95% CL

— Observed limits
= =+ Expected limits

[ 2L+3L combination
m( g ) =m(%; ) +2Am( %7, %7 )
Run 2 arXiv:2106.01676

) 1L+ 1track
m( %3 ) =m( %) +2Aam( %, %7 )
Run 2 arXiv:2511.20042
[ Displaced track
m(%3 ) =m( %) +2Aam( %, X;)
Run 2 arXiv:2511.20042
Disappearing track
m( X3 ) =m( %)
Run 2 arXiv:2603.08315
LEP
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e Mass separation so small that the pair-
produced particle lives a bit

e Now reconstructing also the secondary pion

— Signal tracklet

— Soft track
- - Not reconstructed

HMBS-2024-66

|. Vivarelli - PASCOS 2026 - Sheffield - 22-26 June 2026 16


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HMBS-2024-66/
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PP — XXy X XL XOK2 (Higgsino)  ¥s=13Tev, 137-140 16" March 2026
1 1 1 I 1 1 1 - 1 1 1

I 1 1 1 I 1 .4 1 I 1 1 1 I 1

[
— All limits at 95%

- rg:;:g:;l'l' e Leptons are low-pT. Depending on the mass
separation, do not attempt their reconstruction, but
- PRy Father look for a (displaced) track.

m(%g ) =m(%; ) +2Am(
Run 2 arXiv:210
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Run 2 arXiv:251
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~ 0
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Disappearing
m( %y ) =m(x) ATLAS
Run 2 arXiv:260 Low-pT electron-track ID for 1L1T

LEP ¢ True e tracks (Higgsino)
¥ Fake e tracks (W+jets)
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Significance

Mass separation to the LSP
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Pair-produced particle
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HMBS-2024-65/
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Chapter 3: Long-lived particle
searches

Taking the most from the detector

For more info and more results see K. Di Petrillo’s talk at LHCP


https://indico.cern.ch/event/1537360/contributions/6833607/attachments/3276959/5855336/2026.05.19.kdp.LHCP.LongLived.pdf

Long-lived particle searches

e Run 3 has seen a significant increase of
"unconventional searches” for long-
lived particles (LLP).

e While the LLP programme was already
thriving in early Run 2, a “creative” use
of the detector has marked a change of
perspective.
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Improved reconstruction for Run 3

e Early Run 3 results started to show the true LLP potential

e Improved tracking with large impact parameter and
vertexing (and imported into high-level triggering).
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Improved triggers for Run 3
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Chapter 4: a glance into HL-LHC



A glance into HL-LHC

Triggering at the HL-LHC (ATLAS / CMS)

From 40 MHZz collisions to ~10 kHz of recorded data

40 MHz
Largely new detectors, often with vs .:ujc-c.o"'.sm;rati(?L.HC);, .
increased granularity and timing St st AN H1Y
capability.
Improved trigger systems (including
a higher incoming rate for HL-LHCO
and tracking at L1 (for CMS).
High luminosity + detector flexibility

LEVEL-0 TRIGGER (LO)

@ Custom hardware

4} Ultra-fast decision
(~10-20 ns latency)

reduction V Reduces rate to ~1 MHz

—_—3 ~1 MHz

events accepted

= dramatic improvements for
weakly and feebly interacting low-
mass states. oy
Improved opportunities already on G i
the table (and many will be fully | l _______________ / _______
studies during LS3)

HIGH-LEVEL TRIGGER (HLT)

Q Large processor farm

Full event reconstruction
and advanced algorithms

V Reduces rate to ~10 kHz

—> ~10 kHz

o events recorded to disk ;
e ®HL-LHC in a nutsh

& Much higher rates

2= We discard
m >99.999% We keep only (J Trigger earlier (LO)
of the data ~0.001% of the data

v/ Smarter algorithm:

N2 40 MHz - ~1MHz _, ~10kHz _ @ storediendisk

7\ collisions after LO after HLT
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e Hail to the creativity of the LHC
collaborations! | have touched upon:

o I IL.L AVAN N\ J.
e R 5 . i
\\ N | ; ‘1 & "4; i | 1 I, y
Because the best discoveries

are worth the search. _* BSM

F
il

e Pushing searches for resonances to their [imit.

e Challenging reconstruction targeting specific,
compelling physics scenarios.

e Getting the most from the detector with long lived

searches. \
OUR STRATEGY:
[/ BETTER DETECTORS core

e Creative new avenues on reducing trigger o o [l oz R

lim Itations. [/ MORE DATA l S’i'l/{ngII:NG smakrip

| %thl 55 FURTHER
! : B A
e Let's get the most from this awesome oo

scientific tool with Run 3 and HL-LHC data! ’ LET’S FIND IT TOGETHER!
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/It resonances
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Excesses

e https://Ihc-bsm-wqg.docs.cern.ch/excesses/
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Resonances to semi-invisible jets

e Single Z' going into two dark quarks decaying to partially invisible decay products.

e Bump hunt search in mn(JJ, EITniSS), after selecting events with either a supervised

DNN (PFN) trained on an event-level collection of tracks, or a variational
autoencoder (ANTELOPE)

e Best limits on models used

in training from PFN

e But ANTELOPE yields best
results on models not seen

during training
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