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Search for Long-Lived particles coupled to
top-quarks with the ATLAS detector at




The Large Hadron Collider (LHC) at CERN

LHC: Large Hadron Collider

Biggest and most powerful hadron collider in the world.

9 CERN, Geneva, Switzerland.

27 km of circumference.

100 m underground.

Energy of the proton/hadron beam up to 6.8 TeV each (Run 3).
Luminosity up to 2 - 1034 cm-2s-1(Run 3).

Collision rate: 40 MHz (1 bunch crossing per 25 ns).
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Search for Long-Lived particles coupled to
top-quarks at the
Large Hadron Collider at CERN
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The ATLAS experiment at LHC

."" \
{
LAr hadronic end-cap and
\ forward calorimeters
Toroid magnets LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation fracker

Muon
Spectrometer

Hadronic

Semiconductor tracker

What do the hadronic objects in the Calorimeters
look like?

collimated set (cluster) of energy produced by
the hadronisation of a high-energy quark or gluon.
» Charged hadrons (r*, K*, protons...).

* Neutral hadrons (K9, neutrons...).

Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet ‘

Transition
Radiation

Trocki ng Trccker
Pixel/SCT detector

The dashed tracks
are invisible to
the detector



Search for
with the ATLAS detector at the
Large Hadron Collider at CERN
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Long-lived particles (LLPs) at colliders

Standard Model (SM) particles exist over a wide s  Particles Beyond the Standard Model (BSM) can too!

range of mean proper lifetimes.

Lifetime

[s] A

.ﬂ } Detector stable
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L e BY ... e Long-lived particles (LLPs)
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Figure adapted from
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Small couplings

Small mass splittings

Decays via massive particles

can resultin Long-Lived
particles (LLPs)

Without dedicated searches, we are missing large
corners of potential BSM physics



https://arxiv.org/abs/1810.12602

Axion portal: Long-lived Axion-like particles

. Motivation | Top-down Theo IR LLP Scenario
Many BSM scenarios: P R4
RPV SUSY
GMSB
* Supersymmetry (SUSY) mini-split SUSY SV LD
Stealth SUSY s A
« Neutral Naturalness Naturalnoss | Axinos (e prodvcion o BSHE e o
« Dark Matter producing mechanisms Sgoldstinos -
* Portal interactions between a Hidden Sector (HS) E‘iﬂ?ﬁ“ﬁiﬁ’?sﬁ - Hidden Valley ==
and the SM - feeble SM-HS interaction mediated Relaxion ES
by a single new field Asymmetric DM —————— ALP==Z=22q70
Freeze-In DM - = v
Co-D :
(S +ASHTH  scalar Dark Matler | o Amnihilation — | :
- Dynamical DM SM+V (+5) ' exotic Z
= PP pseudoscalar WIMP Baryogenesis decays
LD« f Baryogenesis Exotic Baryon Oscillations
S—— ) Leptogenesis ——————— exotic Higgs
2cosOy M E— Minimal RH Neutri | decays
mnima eutrino s IB——————
\ynLHN neutrino W1$ ISJI(JI(?Z];L \Z;I i
. wi R WR exotic Hadr
Neutrino long-lived scalars — dt:al;s adron
Masses ;Ivith I]-;Egs ;d);)rtallr#
om - SredinpinT 2
Discrete Symmetries

Axion-like particles (ALPs)

* Pseudo-Nambu-Goldstone bosons - breaking of global U(1) symmetries
« Could couple to any SM particle
« ALP-fermion coupling o fermion mass
strong motivation to study the ALP coupling to top quarks in LHC experiments
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LLPs at colliders: unconventional detector signatures

Long-lived ALP decaying
hadronically in the Calorimeters
- Displaced Jet (DJ)

Displaced jet in the Hcal = unusual features compared to SM jets

Trackless: no tracks in the Inner Detector

Narrow: shower starts later, less time to become spatially separated
Little/no-energy in the Electromagnetic Calorimeter (ECal)
Decay inside the HCal dimensions
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Search for Long-Lived particles coupled to top-quarks with the
ATLAS detector at the Large Hadron Collider at CERN

Analysis workflow

* Theoretical Benchmark signatures

* Background content

 Event preselection

* Signal identification

* Background estimation

This approach aims to explore, for the first time in ATLAS, a specific region in the parameter
space of Long-Lived ALP models, potentially leading to the discovery of New Physics
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Search for Long-Lived particles coupled to top-quarks with the
ATLAS detector at the Large Hadron Collider at CERN

Analysis workflow

* Theoretical Benchmark signatures

This approach aims to explore, for the first time in ATLAS, a specific region in the parameter
space of Long-Lived ALP models, potentially leading to the discovery of New Physics
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Theoretical Benchmark signatures

ORI YW\ NN aYeYe LYl [ALPs from the Top - arXiv:2202.09371]

EFT where ALPs only interact with up-type quarks at tree-level:

1 m? d,a _
L= —(0,a)(0"a) — —%a® + 2= (cup)ijUriV"UuR;
2 2 fa
€11 €12 C13 Cuu * Cuc Cut c;j = 1 — flavour violating coupling
Cur = | C21 C22 C23 | = | (el Cec Cat except for
C31 €32 €33 Ctu Ctc Cit Cuc = Ccy =0
coupling matrix elements ci; free parameters for tuning lifetime
Single top + ALP (DJ) Top + light g + ALP (DJ)
g t
000000
t
u/c a
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https://arxiv.org/abs/2202.09371

Theoretical Benchmark signatures

m?2 dua

L= 5 (8ua)(8"a) -

C11 C12 C13 Cuu D
Cup = C21 C22 C23 | = Ceu Cec  Cet
C31 C32 C33 Ctu Cic Cyt C

coupling matrix elements

Single top + ALP (DJ)

g
000000

u/c a

ORI YW\ NN aYeYe LYl [ALPs from the Top - arXiv:2202.09371]

EFT where ALPs only interact with up-type quarks at tree-level:
2a a2 + — fa (CU,R)@juRz’Y URj

c;j = 1 — flavour violating coupling
except for

uc = Ccy = 0

c;; free parameters for tuning lifetime

Top + light g + ALP (DJ)
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Linear ALP model

On the coupling of axion-like particles to top quark -
arXiv:2303.17634v3]

EFT describes the ALP to third-generation
fermion couplings as:

Ba

(CQaQL’Y QL + ety tr + chbR'y“bR)

l Only the ALP-top
uark coupling # 0
Dty e

= —ZCt
a

SM tt + ALP (DJ)

W+
4 Yy
0000
I 3 b 3
_______ a_{‘:
r 3 f B g
l
W= _



https://arxiv.org/abs/2202.09371
https://arxiv.org/abs/2303.17634v3

Theoretical Benchmark signatures

Charming ALP model / Linear ALP model \

Single top + DJ tt+ DJ
g t I
W+
000000 et Z
: [ @ . ’
u/c a A ; b
R !
W 5
0.001
100 10°
> 1.x1079
éff 1 Indirect 7
\%" . 19 Indirect)
wof S [~
s 3 | :
£ i:‘ : o7 % 1073 o
& 5.x10~ 3
'%' . v E ,9, tt(boosted top) meas.
. 'l 10-8 =, —— JHEP 06 (2022) 063
This search = y %1070 = 0 __
© 3 ’E 3 \-... tt+MET search H
N ‘] "t O 105 JHEP 04 (2021) 165 This seargch
0.10 “\ ) B decays
s : 10-6 ALPs to invisible
_________ ks "
5x10 arXiv:2303.17634
-'-u.__ = _ 10_7 1 T L RAR] | T Ty T LR ERA] | T Ty T Ty T LG R B L OLE T
001} . = 10 GeV 1107 102 10-1 100 10! 102 103 104
\
107 1075 0.001 0.100 ma [GeV]
Paper: [arXiv:2202.09371] Br(t — aq) 17634v3]
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Search for Long-Lived particles coupled to top-quarks with the
ATLAS detector at the Large Hadron Collider at CERN

Analysis workflow

- Background content

This approach aims to explore, for the first time in ATLAS, a specific region in the parameter
space of Long-Lived ALP models, potentially leading to the discovery of New Physics
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Background content

Main Backgrounds:

« QCD jets
«  QCD multi jets (SM jets):
* dominant background due to high cross-section . :
* low probability to mimic signal [LHC beams | _ Beam-induced
« Beam-induced background (BIB): muon from bunch interacting ]
with beam pipe undergoing bremsstrahlung in the HCAL - Cosmic Rays

e Cosmics: lowest rate.

/ \
Can all look like trackless, narrow, with low/no energy in the ECal! \
BIB can be differenciated /I' I
from signal with the timing : f/fr::m\

" -100 -75 -50 -25 00 25 50 75 100
clus_time_0

BIB travels parallel to the beam pipe:
no travel time from IP to Calo!
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Search for Long-Lived particles coupled to top-quarks with the
ATLAS detector at the Large Hadron Collider at CERN

Analysis workflow

* Event preselection

This approach aims to explore, for the first time in ATLAS, a specific region in the parameter
space of Long-Lived ALP models, potentially leading to the discovery of New Physics
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Event preselection

The study is separated in three different searches, according to the final state signatures:

Single top + DJ

Signal

ALP > DJ

Top quark > 1 b-jet+ W
decay products (lepton
+MET or 2 hadronic jets)

Trigger
Single lepton

Exotic-top quark > 1
light jet (u/c) + ALP — DJ
SM anti-top quark > 1
b-jet + W decay products
(lepton +MET or 2
hadronic jets)

ALP > DJ

Top and anti-top quark
> 2 b-jets + 2 lept + MET  Dilepton
or

> 2 b-jets + 1 lept + 2

hadronic jets

Single lepton

Clara Carriéon Martinez - XL Reunidn Bienal RSEF, Sevilla, 20-24 July 2026

Event cleaning

-3 < time(sig; bib) <15 ns

logo(En/Ep)> —1.5 for
jetsig

Final selection

Cuts in top quark
decay products

e.g:
prePon > 25 GeV(u)
> 27 GeV(e)
MET > 30 GeV
mrw > 50 GeV

ALP candidate jet

ALP decay products
features

pr{jet®9)
Trackless?

Ef,.c per calo layer
Reconstructed as 1
or 2 jet cones?

AR < 0.4 — 1 jet
AR>0.4 — 2 jet

Neural Net for DJ
identification

y



Search for Long-Lived particles coupled to top-quarks with the
ATLAS detector at the Large Hadron Collider at CERN

Analysis workflow

» Signal identification

This approach aims to explore, for the first time in ATLAS, a specific region in the parameter
space of Long-Lived ALP models, potentially leading to the discovery of New Physics
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Signal identification: per-jet NN

Developing a per-Jet Transformer Neural
ping a p Signal Region QCD,

Network (NN) to classify a jet as signal, QCD- Signal and BIB. w Loss(main)
||ke or BIB To be classified as QCD -
QCD, Signal, BIB R .
= = Neural Signal,
Inputs variables: - BIE ek
) Complement dataset: prediction
« Trackvariables (pt, 1, ¢, do, 20 -..) Control Region MC and Data, ~——

 Jetvariables (pr, 1, ¢)

« Muon segment variables (n and ¢ position, Back Propagate
n and ¢ direction, tO direction)
Leading cluster EME”:DEE“ jet phi
140000 7 BB n —gee |
[] Signa
[ QcDb 0.4 4
[ BIB
120000 A M [ Signal
100000 4 w 0.3 4
5
80000 S
LT}
T 0.2
60000 E
=
40000 1
0.1 4
20000
0 [ Jﬂlﬂ 0.0 —L ; ; ; . . .

T T T T T T T T
-0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50 =3 -2 -1

0 1 2 3
Hadronic Energy Frac. of Leading Cluster phi
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Signal identification: per-jet NN

Developing a per-Jet Transformer Neural T T e
. . . S1gEnal hegion L L,
Network (NN) to classify a jet as signal, QCD- Sienal and BB, Cross Entropy

||ke or BIB To be classified as
QCD, Signal, BIB Transformer
- = Neural

QCD,

Signal,
BIB Cross Entropy

—p

Network

Inputs variables:
» Track variables (pt, 1, ¢, do, 25 -..)

prediction

« Jetvariables(pt, 1, ¢) = Loss
« Muon segment variables (n and ¢ position, Back Propagate
n and ¢ direction, tO direction)
Output: 3 scores for each jet = Signal, BIB or SM-QCD
w 108 - T w 108 T T » 108 : ;
b= ATLAS Internal s Signal 2 ATLAS Internal s signal 2 ATLAS Internal m Signal
@[ Vs=13TeV, 139" = BB ] Vs = 13 TeV, 138 fb~' e BiB < /5 = 13 TeV, 139 fo-" e BIB
10 High-Ex NN W SM Multijet High-E1 NN I SM Multijet 10°%  High-Ey NN e SM Muttijet
With complementary training s Total stat. unc. With complementary training % Total stat. unc. With complementary training w42 Total stat. unc.
104 IO"
1_03 103

102 IOE

1
10 101

0.8 1.0

ol
%0 0.2 0.4 06
NN SM Multijet Score

0
%.0 02 0.4 06 08 1.0 y , , ,
NN Signal Score NN BIB Score
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Search for Long-Lived particles coupled to top-quarks with the
ATLAS detector at the Large Hadron Collider at CERN

Analysis workflow

- Background estimation

This approach aims to explore, for the first time in ATLAS, a specific region in the parameter
space of Long-Lived ALP models, potentially leading to the discovery of New Physics
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Background estimation

Using only Monte Carlo (MC) simulations leads to:
* Low statistics when removing background

« No MC for BIB

Data driven background estimation - The ABCD method

* Use two uncorrelated variables, divide a plane into 4 regions:
A (signal region)and B, C, D (control regions)

+ Background content in A can be estimated as

Np - N¢ |
NA,bkg = Np B A B ’
€
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* Long-lived particles are one of the most promising approaches for Beyond Standard Model

theories
« Two benchmark models based on EFTs: charming ALP & Linear ALP
* A complete analysis staretgy is being developed from the scratch
« Event preselections defined
« Background content under study

» Developing new NN for signal identification
« Developing background estimation techniques to well identify signal from background

Expecting new data coming from HL-LHC era!!

This approach aims to explore, for the first time in ATLAS, a specific region in the parameter
space of Long-Lived ALP models, potentially leading to the discovery of New Physics
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Backup
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Event preselection

The study is separated in three different searches, according to the final state signatures:

Signal Trigger Event cleaning Final selection ALP candidate jet
Single top + DJ Single lepton -3 < time(sig; bib) <15 ns Cuts in top quark ALP decay products
decay products features
logo(En/Ep)> —1.5 for
jetsig
e.g: pr(jetso)

prePon > 25 GeV(u) Trackless?

top +qDJ > 27 GeV(e) Ef.,. percalo layer
MET > 30 GeV Reconstructed as 1
£ mrw > 50 GeV or 2 jet cones?

AR < 0.4 — 1 jet
AR > 0.4 — 2 jet

Neural Net for DJ
identification

tt+ DJ ; Single lepton

W+

15 Y

A b Dilepton

a

A t_ B

— z
e
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Long-lived particles (LLPs) at colliders

Decay rate (I'): probability per unit time that a particle will decay.
For N identical particles, the decay rate satisfies
dN = -TNdt
The probability that a particle survives for time t before decaying is
thus given by an exponential distribution with time constant 7 = 1/T

P(t) = exp(-t/7)

7 is called the mean proper lifetime of the particle, governed by.
« The kinematically allowed decay modes of the particle

* The strength of the coupling between the particle and its decay

products

1.0

0.8

0.6

P(t)

0.4+

0.2

0.0 q

0 2 H 6 8 10
t[s]
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1073 P o \’
° o Bulk of the high-energy
; . : w .Z / collider searches
T
1|0*‘ 1 10 10?
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Figure adapted from arxiv:1810.124602

Standard Model (SM) particles exist over a wide range of
proper lifetimes. Particles Beyond the Standard Model
(BSM) can too!

Any model with small couplings, small mass splittings, or
decays via off-shell particles can result in Long-Lived
particles (LLPs)

Without dedicated searches, we are missing large
corners of potential BSM physics



https://arxiv.org/abs/1810.12602

Long-lived particles at colliders

[s] &
H Detector stable 2 Theoretical Motivation for Long-Lived Particles
+ K
-7 1 b4 =10
07 = S s (Cettocnesomnsoeomosascoacs EE el The proper lifetime of a particle, 7, is given by
11 ] Kg o _ —1 1 2
10 :—_____________________.______._ﬁ ........... o= oo Long-lived particles (LLPs) T =T= Imx dll | M(mx — {ps})| (1)
T —
10-15 N ST ?‘.’.I-!p_!ﬂr.l where my is the mass of the particle, M is the matrix element for the particle’s decay into the decay
o) 3 products {p;}, and dII; is the Lorentz-invariant phase space for the decay. We use i = ¢ = 1. For a
n particle to be long-lived, there must be a small matrix element and/or limited phase space for the decay.
10719_,. o Jhy There are several mechanisms that typically lead to a small matrix element. One is an approximate
H } Detector prompt symmetry which would, if exact, forbid the operator that mediates the decay. Small breaking of the
10- p @] symmetry results in a small coupling constant for this operator. Another mechanism arises from an
T (e} \; Bulk of the high-energy effective higher dimens.ion operator. ¥n this.case, the .cot.lpling cqnstant is supp.vressed by poswers of tl}e
W.Z J . scale A >> my at which the decay is mediated. This, in fact, is the mechanism for long lifetimes in
I . : , collider searches the case of weakly decaying particles in the SM. To summarize, for a model to predict LLPs, it must
1|071 r 1'0 1:)2 satisfy at least one of the following:

M [GeV]

Figure adapted from e (nearly) mass-degenerate spectra

e small couplings

Standard Model particles exist over a great range of proper ¢ highly virtual intermediate states.
|ifetimes, so too can particles beyond the Standard Model! These conditions, and the LLPs that result from them, are generic features of many BSM models

developed to address the big open questions of particle physics mentioned in Sec. 1.

In what follows, we categorize the discussion of LLP mechanisms into models of supersymmetry
(SUSY), models of Neutral Naturalness, mechanisms of producing dark matter (DM), and portal inter-
actions between a hidden sector and the SM. We also briefly discuss magnetic monopoles. This section
is meant to provide theoretical context for the experimental searches described later in the report, and
not as an exhaustive summary of theoretical models. A more detailed description of theoretical models
can be found in Ref. [25]. Therefore, we give the most attention to those models in which there are
existing searches, in particular models of SUSY. Note that the different mechanism categories are not

Without dedicated sea rcheS, we are missing |arge corners of mutually exclusive. For example, models of SUSY can also give rise to DM, produced via the mecha-
. . nisms described in Sec. 2.3. We summarize the dominant features that gives rise to long lifetimes for
POtentlal BSM Phy5|C5 the different scenarios in Table 1.
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Theoretical Benchmark signatures

/, o ET I WY 1 Gl Paper: ALPs from the Top - [ariv.2202.09371] EFT scenario where ALPs only interact with up-type

:’ quarks at tree-level: !
Sinale top + [)J) === One neutral long-lived ALP decaying to SM fermions . !
L] P in the HCal and a single SM top quark. i L= %{ﬂﬂn}[ﬂ“n} _ %ﬂz + %tfujunm?uum i
L t i = L] i
“. Upper limit on the cross section | s e \ Cr=cu=0 |
I C11 €12 €13 Con e O ) ;=1 |
ufe (o) of New Physics contributing ! P . R :
1o pp =t +j is d’r;ﬁﬂ.Z‘;ph at : T 21 22 €23 Lo o Wl | erametars or |
JE = 13 TeV [1] i Cqy 33 £33 Cia G vy | tuminglibims :
o —err B ) | Coupling matrix elements !
| '
Signature in ATLAS: - Single top quark production in the SM suppressed by | Ili:;?tlz:" qvlﬁﬁt'”gngu”;]:”ili ﬂ;;:g {I‘,ﬂ"frk dt:i; i
I —
ALP - DJ , the b quark PDF. . | production of the ALP in association with atop |
top quark & 1 b-jet +W decay products = DJ requirement together with top quark identification ! quark (single top + DJ signature) as well as A
(lepton+MET or 2 hadronic jets) can efficiently suppress SM backgrounds. '\ top de (top+aDJ signature) exotic 1
tuE+gDJ — A tT event with a SM top quark decay and an exoticteop 777
quark decay into long-lived ALP + light up-type quark. e o]
uje = High tf production cross-section o s e
{o¢:) balances small Branching "o ' ‘x,' ,ﬂ_ﬂﬁ:hq J
Rﬂtlﬂ Er{t—lﬂq}‘ 3 "'-.__II P ‘cl,ﬂ:-l:‘ﬂ{ﬂl.ﬂ]aq o0
Faignal ™= T % Brit = W) = Brit = ag) e _ _
@y ~ 830 ph [, Brit - Wh) ~0.96 ] = 001 T [ F L
> Mew search strategies using top :? 104 "] £ |5\ < . 3.
Signature in ATLAS: quark as a trigger object. ot~ 1 - S - )
top-quark - 1 light-jet + ALP= DJ : e
anti-top quark—> 1 b-jet +W decay Masses and scale factors (fy) 1t
products (leplontMET or 2 hadronic jets)  optimised to maximize decays in the . N B, % 0.1 L [ |1
K HCal. e & 10 -— 50 100 ot "’I; i j
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Theoretical Benchmark signatures

/ BT E T AR T -1 Paper: On the coupling of axion-like particles to the top guark - [JHEP0(20231063]

tE + D) ——— A SM tf event + long-lived ALP.

[ signature in ATLAS: Assuming the ALP is associated with a heavy X
p, ALP=2>DJ new scale f; > electroweak scale. —-
: top and anti-top quark An EFT describes the ALP to third-generation =

b *2bdels + 2 lept + MET  couplings as: L W

or

, 71 i p f

; >2bdjets+1lept + € = 22 (cq,@17"Q) + confrr tr + coxbrr"br) -
b cj p TSET NL T OuAET SR R T R TR TR TR TR TR
I 2 hadronic jets f e
i el v 8 Simplified scenario in which only the ALP-top quark coupling is non-
i

L£L=—-ig .I"_ (t7t)  zero. All other couplings ALP-SM fields set to zero at tree-level.
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Background estimation & systematics

Only using MC leads to:
* Low statistics when removing background
* No MC for BIB

Data driven background estimation: used to predict the expected background yield in the search region given the data in the
other three regions

Np - N¢

The ABCD method: use two uncorrelated variables, divide plane into 4 regions and use N pkg = N
D

Goal: estimate the background in the signal region

*Train two BDTs to separate signal from background
*Use decorrelation to keep the BDT scores independent
*Define ABCD regions in the 2D BDT score plane:
Optimize for expected significance but maintain closure - i.e. keep ABCD prediction consistent with MC expectation

Work in progress
ATLAS Simulation Vs=13.6 TeV
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Signal identification: per-jet NN

Mismodelling
- Large mismodelling in some variables
can lead to data/MC discrepancies

e.g: timing

Timing:

« Very useful variable for distinguidh
between BIB jets and signal

*  Notwell modelled in simulations

Solution: Define a QCD Control Region

*  Complementary training in the TNN comparing

data and MC
« Specific preselection to have low signal/BIB
contamination, distinct region from training

dataset
 Goal - dataset where data/MC are identical

except for mismodeled variables
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Signal Region QCD,
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Network BIB Cross Entropy
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Signal identification: per-jet NN

Timing is a variable that is very useful for distinguishing BIB jets from signal jets; however, it is not modelled correctly.
The data timing does not correspond to the timing used in the simulation. This prevents the neural network from learning
properly, which would introduce a systematic error. Therefore, timing is a variable that leads to mis-modelling.

mismodelling in some variables can lead to big differences in data/MC performance

Control Region for NN Training Data: creation of a Control Region with only MC and data background to prevent the NN

model learning from data/MC mismodeling in classification 24 vs Data

25000 4

1 jza
[ DATA
CR dataset: multijet events - data and MC 20000
« Specific preselection to have low signal/BIB
contamination, distinct region from training dataset ¢ oo
* Goal - dataset where data/MC are identical except 2 0000
for mismodeled variables
5000
2.8
E 1-5_ - -
e
& o5 e
0.0 T T T T T
100 200 300 400 500
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