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5. The ATLAS Detector and its
Upgrade Program

The ATLAS (A Toroidal LHC ApparatuS [6]) is a general purpose detector at the LHC
(Large Hadron Collider [89]). Together with the CMS (Compact Muon Solenoid [31])
experiment, the ATLAS collaboration searches for new particles, evidence of new phys-
ics and performs precision measurements in the full range of Standard Model physics.
Both detectors are designed for operation with an LHC luminosity of up to 10

34 cm�2s�1

in p-p-collisions at a center of mass energy
p
s 14TeV. In addition to these two

complementary general purpose detectors the other two major LHC experiments fo-
cus on more specialized topics of particle physics: The ALICE (A Large Ion Collider
Experiment [30]) detector is optimized for the research on quark gluon plasma. Its full
potential is exploited during the LHCs heavy ion operation, where Pb82+ ions are col-
lided with an energy of up to 2.76TeV/nucleon yielding a total center of mass energy
of 1.15PeV and a nominal luminosity of 1.0⇥ 10

27cm�2s�1 [89]. The LHCb ( [90]) col-
laboration primarily investigates matter-/antimatter asymmetries and CP-violation in
rare B-Meson decays. Therefore, LHCb is designed as a forward detector with emphasis
on precise vertex reconstruction and measurement of the B-decay end-states.

Figure 5.1.: The Large Hadron Collider (LHC) and its major experiments, located
under the Swiss-French countryside close to Geneva. © 2016 CERN

This chapter shall provide an overview of the ATLAS experiment and its detector
systems in section 5.1, with an emphasis on the ATLAS Muon Spectrometer, which
utilizes several gaseous detector technologies. Thereafter the implications of the High
Luminosity upgrade of the LHC (HL-LHC [91]) on the ATLAS detector and the ex-
tensive upgrade program to maintain its excellent performance are discussed in section
5.2. In section 5.3 the New Small Wheel (NSW) upgrade, the first major intervention
on the ATLAS Muon System will be presented in detail.
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l 2 experiments with general purpose detector, covering ~4π solid angle:
ATLAS and CMS

Large Hadron Collider (LHC)
l Proton-proton collider with c.m.s energy à 14 TeV (design)

-- c.m.s. energy of elementary parton-parton collision: O(1) TeV

TeV O(1) )( »-qqs eff
è The real explorer for “TeV scale” physics, e.g

-- Origin of EW symmetry breaking; SM Higgs
-- New physics search

In this talk, searches for new physics (with experimentally 
challenging signatures) from ATLAS/CMS will be presented
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LHC Runs – in a nutshell
l Run-1 (2010-2012)

-- 2010-11: √s=7 TeV, ∫ℒ𝑑𝑡 ~5 /fb
-- 2012: √s=8 TeV, ∫ℒ𝑑𝑡 ~20 /fb

l Run-2 (2015-18)
-- √s=13 TeV, ∫ℒ𝑑𝑡 ~ 140 /fb

Excellent data taking efficiency and excellent data quality

l Searches for new physics with these high-quality/statistical data
à No clear indication yet so far…
à Might new physics lie in experimentally challenging signatures?
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Challenging and long-lived particles signatures

l Long-lived particles (LLP)
-- The majority of BSM searches

focus on promptly decayed and/or
stable new particle

-- Such new particles with
macroscopic lifetime often result
in experimentally challenging
signatures (see later)

l What else are challenging at LHC?
For example, small-mass new particles:

-- Difficult to be triggered on, as the
background cross section is way
too high

* Trigger/DAQ system applies
usually high energetic signatures
to achieve a few/40000 reduction

New physics could be hiding here

arXiv:1810.12602

Phys. Rev. Lett 121.081801

https://arxiv.org/abs/1810.12602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.081801
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Theoretical motivations for LLP
l Macroscopic lifetime can happen (even in SM) due to various reasons 

-- Off-shell particles
-- Small phase-space
-- Small coupling
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l Strong interplay between theory and experiments
-- Experimental searches based on signatures

* Results can be interpreted in different models
-- Specific theories can suggest new signatures to look

Off-shell decays
-- e.g. split-SUSY with
squarks mass > 10 TeV

Small phase-space
-- e.g. small mass 
splitting AMSB

Small couplings
-- e.g. weakly-coupled dark 
sector, small R-parity violation
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Experimental signatures of LLP
l Direct detections, e.g.

-- Electric charge
-- Mass and lifetime
-- Large ionization (dE/dx)

l Indirect detections, e.g:
-- Decay vertex
-- Displaced objects

* Lepton, jets, photons
* Pairs, multi-objects

-- Disappearing/emerging objects
* Tracks, Jets
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Various signatures that often require 
dedicated experimental techniques

l In addition, backgrounds are often 
challenging to estimate as they from
non-pp collisions, such as
-- beam-gas, cosmics, detector noise, etc. Diagram by H. Russel 

LLP
LLPDetector Detector

Direct detection Indirect detection
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Model Signature
∫
L dt [fb−1] Lifetime limit Reference

S
U

S
Y
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ig
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s
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R
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0
%

S
ca

la
r

H
N

L

RPV t̃ → µq displaced vtx + muon 136 2003.119560.003-6.0 mt̃ lifetime m(t̃)= 1.4 TeV

RPV χ̃01 → eeν/eµν/µµν displaced lepton pair 32.8 1907.100370.003-1.0 mχ̃0
1

lifetime m(q̃)= 1.6 TeV, m(χ̃01)= 1.3 TeV

GGM χ̃01 → ZG̃ displaced dimuon 32.9 1808.030570.029-18.0 mχ̃0
1

lifetime m(g̃)= 1.1 TeV, m(χ̃01)= 1.0 TeV

GMSB non-pointing or delayed γ 139 CERN-EP-2022-0960.24-2.4 mχ̃0
1

lifetime m(χ̃01, G̃)= 60, 20 GeV, BH= 2%

GMSB $̃ → $G̃ displaced lepton 139 2011.078126-750 mm"̃ lifetime m($̃)= 600 GeV

GMSB τ̃→ τG̃ displaced lepton 139 2011.078129-270 mmτ̃ lifetime m($̃)= 200 GeV

AMSB pp → χ̃±1 χ̃
0
1, χ̃

+
1 χ̃
−
1 disappearing track 136 2201.024720.06-3.06 mχ̃±

1
lifetime m(χ̃±1 )= 650 GeV

AMSB pp → χ̃±1 χ̃
0
1, χ̃

+
1 χ̃
−
1 large pixel dE/dx 139 2205.060130.3-30.0 mχ̃±

1
lifetime m(χ̃±1 )= 600 GeV

Stealth SUSY 2 MS vertices 36.1 1811.073700.1-519 mS̃ lifetime B(g̃ → S̃g)= 0.1, m(g̃)= 500 GeV

Split SUSY large pixel dE/dx 139 2205.06013> 0.45 mg̃ lifetime m(g̃)= 1.8 TeV, m(χ̃01)= 100 GeV

Split SUSY displaced vtx + Emiss
T 32.8 1710.049010.03-13.2 mg̃ lifetime m(g̃)= 1.8 TeV, m(χ̃01)= 100 GeV

Split SUSY 0 $, 2 − 6 jets +Emiss
T 36.1 ATLAS-CONF-2018-0030.0-2.1 mg̃ lifetime m(g̃)= 1.8 TeV, m(χ̃01)= 100 GeV

H → s s 2 MS vertices 139 2203.005870.31-72.4 ms lifetime m(s)= 35 GeV

H → s s 2 low-EMF trackless jets 139 2203.010090.19-6.94 ms lifetime m(s)= 35 GeV

VH with H → ss → bbbb 2$ + 2 displ. vertices 139 2107.060924-85 mms lifetime m(s)= 35 GeV

FRVZ H → 2γd + X 2 µ−jets 139 2206.121810.654-939 mmγd lifetime m(γd )= 400 MeV

FRVZ H → 4γd + X 2 µ−jets 139 2206.121812.7-534 mmγd lifetime m(γd )= 400 MeV

H → ZdZd displaced dimuon 32.9 1808.030570.009-24.0 mZd lifetime m(Zd )= 40 GeV

H → ZZd 2 e,µ + low-EMF trackless jet 36.1 1811.025420.21-5.2 mZd lifetime m(Zd )= 10 GeV

Φ(200 GeV)→ s s low-EMF trk-less jets, MS vtx 36.1 1902.030940.41-51.5 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(600 GeV)→ s s low-EMF trk-less jets, MS vtx 36.1 1902.030940.04-21.5 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(1 TeV)→ s s low-EMF trk-less jets, MS vtx 36.1 1902.030940.06-52.4 ms lifetime σ × B= 1 pb, m(s)= 150 GeV

W → N$,N → $$ν displaced vtx (µµ,µe, ee) + µ 139 2204.119880.74-42 mmN lifetime m(N)= 6 GeV, Dirac

W → N$,N → $$ν displaced vtx (µµ,µe, ee) + µ 139 2204.119883.1-33 mmN lifetime m(N)= 6 GeV, Majorana

W → N$,N → $$ν displaced vtx (µµ,µe, ee) + e 139 2204.119880.49-81 mmN lifetime m(N)= 6 GeV, Dirac

W → N$,N → $$ν displaced vtx (µµ,µe, ee) + e 139 2204.119880.39-51 mmN lifetime m(N)= 6 GeV, Majorana

cτ [m]

τ [ns]

0.001

0.001

0.01

0.01

0.1

0.1

1

1

10

10

100

100

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Long-lived Particle Searches* - 95% CL Exclusion
Status: July 2022

ATLAS Preliminary∫
L dt = (32.8 – 139) fb−1

√
s = 13 TeV

*Only a selection of the available lifetime limits is shown.

Extensive searches on many LLP 
signatures are actively on going.

SummaryPlotsEXO13TeV

ATL-PHYS-PUB-2022-034

In this talk, several recent results 
are picked up to show.

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/fig_02.pdf
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Direct detection searches

l Fractionally-charged particles
l Multiply-charged particles
l Large ionization loss (dE/dx) particles

Public since this winter (last Nov-)

Public since last year
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Fractionally-charged particles
l Target: free-propagating fractionally charged (< 1e) particles (FCP)
l Signature

-- Many hits with low ionization signal (dE/dx) in tracking detectors 
-- Reconstructed as high-pT muon

CMS-PAS-EXO-19-006

No significant excess of events was observed.
Upper limits on FCP mass vs. charge were derived.
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-006/
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Multiply charged particles
l Target: heavy long-lived multi-charged particles (MCP)
l Signature

-- Large ionization signal (dE/dx) in inner-tracking (Pixel/TRT) and muon
(MDT) detectors

-- Muon-like track in inner-tracking and muon detectors
-- Trigger with: single-muon, complemented with ET

miss, delayed-muon triggers 
* Single-muon trigger only sensitive for β > 0.65 due to time window

ATLAS-EXOT-2018-54

No significant excess of events was observed.
Lower limits on MCP mass vs. charge were 
derived.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-54/


11

Large ionization (dE/dx)
l Target: massive, charged, long-lived particles moving slower than speed of light
l Signature

-- Large ionization signal (dE/dx) in inner-tracking (Pixel) detector
-- βγ is with Bethe-Bloch formula with the measured dE/dx
-- Mass calculated as: 𝑚 = !

"#

arXiv:2205.06013

l Challenges
-- Fully data-driven background estimation

* Main backgrounds are due to dE/dx fluctuations
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Large ionization (dE/dx) -cont’d-
l Results:

-- 8 signal regions targeting different LLP masses and lifetimes
-- Agreement with SM prediction except one SR (dE/dx > 2.4 MeV/g/cm)

arXiv:2205.06013

• 3.3σ global significance deviation at m=1.4 TeV
-- Cross-check with calorimeter/muon system shows β~1 for these tracks

• Complementary with other ATLAS LLP searches
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Indirect detection searches

l Photons
-- Displaced di-photon vertex

l Hadronic jets
-- Out-of-time trackless jets
-- Displaced vertex with jets

l Leptons
-- Muon pairs with small displacements

Public since this winter (last Nov-)

Public since last year
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Technical Design Report

Liquid Argon Calorimeter
15 December 1996
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Figure 6-17 Signal layer for barrel electrode.
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Displaced di-photon vertex
l Target: displaced production of H or Z, originated from neutral LLP 
l Signature: displaced vertex of two photons that arrive to the calorimeter delayed. 

Exploring the ATLAS LAr EM calorimeter capability fully:
-- Trajectories and vertex reconstruction from EM shower shapes
-- Calorimeter timing 𝑡$%& = (𝑡' + 𝑡()/2

ATLAS-CONF-2022-051
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Figure 3: TD jet tagger score distributions (left) for signal (red, lighter) and collision back-
ground (blue, darker). Identification probability for the signal versus the misidentification
probability for the background (right) with the tagger working point (w. p.) used in the analysis
shown as a blue marker.

A sample of photons is obtained by selecting Z ! `+`�g events in which one of the lep-
tons (` = muon or electron) radiates a photon. We require the mass of the `+`�g system to be
between 70–110 GeV to ensure that the sample is not contaminated by jets misidentified as pho-
tons. Because the photon in the Z ! `+`�g sample has a relatively soft momentum spectrum,
this control region is only valid for LLP candidate jets with pT < 70 GeV.

For LLP candidate jets with pT > 70 GeV, we use electrons from W ! ene events as proxy
objects obtained by selecting events with an electron passing standard isolation and identifica-
tion criteria [64] and pmiss

T > 70 GeV. The distributions of the TD jet tagger input variables for
the photons and electrons in data and simulation are smeared to match the distributions for
displaced jets from signal events. To calculate all the tagger input variables, the track produced
by the electron candidate is removed, and the electron is treated as a photon. We evaluate
the TD jet tagger scores for these proxy objects after the corrections to the input variables and
imposing the artificial time delay, shown in Fig. 4, and measure the efficiency for such proxy
objects to have a TD jet tagger score larger than 0.996, the threshold used to tag signal jets. The
measured efficiencies are compared to the efficiencies predicted by the simulation, and data-to-
simulation correction factors are obtained; these factors show no dependence on jet pT and h,
and are all in the range 0.9–1.1. The difference in the correction factor obtained from imposing
a delay of 1 and 2 ns is propagated as a systematic uncertainty.

6 Background estimation
The main background processes are QCD multijet, W+jets, Z(nn)+jets, and tt production,
where prompt jets have been misidentified as signal jets by the TD jet tagger. The misidentifi-
cation occurs very rarely, less than 0.1% as shown in Fig. 5, and results primarily from outliers
in the jet composition and in the time measurement. The prompt jets that pass the TD jet tagger
either result from tracking inefficiencies or comprise mostly photons or neutral hadrons, ren-
dering them approximately trackless. Misidentified jets can also have larger measured times,
making them appear to be delayed. Because the misidentification primarily results from in-
strumental and resolution effects, the misidentification probability per jet ebkg is independent

15

Out-of-time trackless jets 
l Target: LLPs decaying in the outer regions of the 

tracker or within the calorimeter
l Signature: jets that are trackless and out-of-time
l Deep Neural Net (DNN) discriminator, with jet, 

track, timing information as inputs, was developed 

arXiv:2212.06695

14

0 tags 1 tag  2 tags≥
Number of TD-tagged jets

1−10

1

10

210

310

410

510

610

710

N
um

be
r o

f e
ve

nt
s

  (13 TeV)-1138 fb

CMS
Prediction
Data obs.

 = 0.5 mτ = 400 GeV, cχm
 = 3 mτ = 400 GeV, cχm

Figure 6: Distribution of the number of TD tagged jets for the mec0
1
= 400 GeV simulated signal

samples with ctec0
1
= 0.5 m (solid red line) and ctec0

1
= 3.0 m (dotted green line), estimated

background (blue square markers), and data (black round markers). The blue shaded region
indicates the systematic uncertainty in the background prediction. No background prediction
is shown for the bin with zero TD tagged jets as it is the main control region used to predict the
background for the other two bins. There are zero observed events in the bin with two or more
TD tagged jets.
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Figure 7: Expected and observed 95% CL upper limits on sec0
1 ec

0
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as functions of mec0
1

in a scenario
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1 ! H eG) = 0.5 and ct = 0.5 m (left) or 3 m (right).

For long-lived 𝜒'* with 𝑐𝜏=0.5m, masses up to 1.18 TeV were excluded

l Results were interpreted using a 
simplified model of GMSB chargino-
neutralino production

-- Effective pair production of ,𝜒'*
(due to near mass-degeneracy)

-- Each ,𝜒'* subsequently 
decay to (H or Z) and 0𝐺

2
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Figure 1: Feynman diagrams of the effective neutralino pair production in the GMSB simplified
model in which the two neutralinos decay into two gravitinos (eG) and two Z bosons (left), a Z
and a Higgs boson (H) (center), or two Higgs bosons (right).

in Section 2. Section 3 provides a summary of the various simulated samples used in the anal-
ysis. The event reconstruction and selection are described in Section 4, while the DNN-based
TD jet discriminator is discussed in Section 5. The background estimation and systematic un-
certainties are detailed in Sections 6 and 7, respectively. We report and interpret the results in
Section 8. Finally, a summary is given in Section 9. The detailed results of this paper are found
in the associated HEPData record [33].

2 The CMS detector
The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal ECAL, and a brass and scintillator hadron calorimeter (HCAL),
each composed of a barrel and two endcap sections.

The ECAL consists of 75 848 lead tungstate crystals, which cover |h| < 1.48 in the barrel region
and 1.48 < |h| < 3.00 in the two endcap regions. The excellent signal-to-noise ratio and sta-
ble pulse shape of the ECAL sensors allow for timing measurements with the best resolution
achievable at very large energies of better than 100 ps per hit [34]. The HCAL is composed of
cells of width 0.087 in h and azimuth (f, in radians) for the region |h| < 1.74, progressively
increasing to a maximum of 0.174 for larger values of |h|, along with the forward calorimeters
extending the h coverage provided by the barrel and endcap detectors. Muons are measured
in the range |h| < 2.4, with detection planes embedded in the steel flux-return yoke outside the
solenoid and made using three technologies: drift tubes (DTs), cathode strip chambers (CSCs),
and resistive-plate chambers.

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 µs [35]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of
the full event reconstruction software optimized for fast processing, and reduces the event rate
to around 1 kHz before data storage [36]. A more detailed description of the CMS detector,
together with a definition of the coordinate system used and the relevant kinematic variables,
can be found in Ref. [37].

3 Simulated samples
Several simulated event samples are used to model the signal and SM background processes,
and as training samples for the TD jet discriminator. Samples of top quark-antiquark pair (tt)
and single top quark events, W+jets and Z+jets (collectively called V+jets) events, and events

http://arxiv.org/abs/2212.06695
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Displaced vertex with jets
l General search for heavy LLPs decaying into hadrons
l Signature: displaced vertex (large mass, multiple 

tracks) in multi-jets events
-- Displaced vertex can be reconstructed up to

300 mm thanks to the large radius tracking (LRT) 
l Backgrounds: accidental track crossing, 

merged close-by vertices etc.

For long-lived 𝜒'* with 𝜏=0.1 ns, ewkino
masses up to 1.58 TeV were excluded 
independently of the presence of heavier gluino

l Limits derived for benchmark 
models of EW and Strong 
production of R-parity 
violating SUSY
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1 Introduction18

The Standard Model (SM) contains many particles that have a significant lifetime which, when produced at19

a collider, travel a certain distance before decaying away from the primary proton-proton (pp) interaction.20

Despite this, the majority of beyond the standard model (BSM) searches at the Large Hadron Collider21

(LHC) focus on prompt decays, and are not optimised for particles that travel a macroscopic distance. Many22

BSM theories predict particles that have significant lifetimes including R-parity-conserving supersymmetry23

(SUSY) [1–7] as well as R-parity-violating SUSY models [8, 9], models like split-SUSY [10, 11], exotic24

scenarios such as universal extra dimensions [12, 13] and gauge-mediated SUSY breaking (GMSB) [14–25

16].26

In GMSB SUSY models the lightest SUSY particle (LSP) is a nearly massless gravitino, and the next-27

to-lightest SUSY particle (NLSP) becomes long-lived due to the small gravitational coupling to the LSP.28

Well-motivated versions of this model have a stau (⌧̃) as the single NLSP, or a selectron (ẽ), smuon (µ̃),29

and ⌧̃ as a set of degenerate co-NLSPs [17]. In these models, pair-produced sleptons ( ˜̀) of the same flavor30

decay into an invisible gravitino and a charged lepton of the same flavor as the parent ˜̀.31

This paper presents a search for supersymmetric partners of the muon (µ̃) with a lifetime of O(1 � 10) ps,32

targeting a gap in coverage between prompt slepton searches, and displaced slepton searches which33

have optimal sensitivity for lifetimes around O(100 � 1000)ps. This regime has been highlighted as a34

possible blind spot in BSM searches at the LHC [18]. Figure 1 shows a diagram of the targeted signal. A35

combination of results from the LEP experiments exclude the superpartners of the right-handed muons36

(µ̃R) of any lifetime for masses less than 96.3 GeV [19–23]. Previous searches for long-lived sleptons have37

been performed by the ATLAS [24] and CMS [25] collaborations, excluding smuons up to 700 GeV and38

620 GeV respectively, for a lifetime of 100 ps.39

Figure 1: Decay topology of the simplified model considered where smuons (µ̃) are pair produced and each smuon
decays to a gravitino (G̃) and a muon (µ).

24th February 2023 – 16:15 2

17

Muon pairs with small displacements
l Target: smuon ( 2𝜇) with a lifetime of 𝑂 1 − 10 𝑝𝑠, filling a gap between prompt 

and displaced 2𝜇 searches
l Signature: a pair of opposite-charged muons with impact parameters in mm range

-- 𝑑* > 0.6 𝑚𝑚 for signal region

l The observed number of events in all 
SRs compatible with background-
only expectation

l (In addition to the model-independent 
cross section limit), the model-
dependent 2D exclusion limit for 
GMSB SUSY is derived

Excluded the gap between the previous 
displaced and prompt searches

ATLAS-CONF-2023-018

(Prel. on 23 Mar) 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-018/
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Small masses searches

l Small mass di-muon resonance



l Target: dark photon (𝑍+) decaying into di-muon pair
-- Also, a scalar resonance in decay of b-hadrons

l Nobel experimental technique : ”Data Scouting” 
-- Very high-rate triggers with limited event content 

* to ensure affordable bandwidth usage
-- Enables to search for di-muon masses > 300 MeV

D. Trocino — Search for long-lived particles at ATLAS & CMS — IPA2022Sep 7, 2022

Low mass: high-rate muon triggers

• Low mass di-muon vertices within Pixel detector


‣ Scouting: very-high-rate triggers with limited event  
content stored, to ensure affordable data throughput 


- di-muon masses > 300 MeV


- limited information for analysis


‣ Limits on HADM dark photon model: H → ZDZD
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Figure 1. Diagrams illustrating an SM-like Higgs boson (H) decay to four leptons (!) via two
intermediate dark photons, ZD [6]: (left) through the hypercharge portal; (right) through the Higgs
portal, via a dark Higgs boson (HD).
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Figure 2. Diagram illustrating the production of a scalar resonance φ in a b hadron decay, through
mixing with an SM-like Higgs boson (H).

below the ZD mass, this mixing causes the ZD to decay exclusively to SM particles, with a
sizable branching fraction to leptons, with the coupling of the SM fermions to ZD being
proportional to ε. The ZD boson is expected to be long-lived if ε ! 10−4. In this range of
parameter values, the decays H → ZZD and H → ZDZD through the hypercharge portal
have negligible branching fractions. Diagrams in figure 1 illustrate the production of two ZD
bosons from a Higgs boson. Constraints have been placed on the visible dark photon decays
by beam dump [7], fixed-target [8], e+e− collider [9], and rare-decay experiments [10], as
well as by the LHCb [11–13] and CMS [14] experiments at the CERN LHC.

Other scenarios may produce a low-mass, long-lived resonance decaying into a muon
pair. For instance, one of the minimal extensions to the SM adds a singlet scalar field φ,
which mixes with the H boson and couples to all SM fermions [15, 16]. In the hypothesis of
weak coupling to SM fermions with a signal mixing angle θ ! 10−3, φ will be long-lived. Such
a scalar resonance may be produced in the decay of a b hadron, hb → φX, as illustrated in
figure 2. Constraints on this model have been previously placed by the CHARM [17] and
LHCb [18, 19] experiments.

– 2 –
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Long-lived small-mass di-muon resonance
JHEP04 (2022) 062
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Low mass: high-rate muon triggers

• Low mass di-muon vertices within Pixel detector


‣ Scouting: very-high-rate triggers with limited event  
content stored, to ensure affordable data throughput 


- di-muon masses > 300 MeV


- limited information for analysis


‣ Limits on HADM dark photon model: H → ZDZD
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• No significant peak-like structures are 
observed; upper limits on the branching 
fraction is set
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Figure 5. The dimuon invariant mass distribution is shown in a mass window around 2GeV, in
one of the dimuon search bins (3.1 ≤ lxy < 7.0 cm, pµµT < 25GeV, with two isolated muons). The
result of the background-only fit to the data is also shown (blue) together with the dimuon invariant
mass distribution expected for a representative hb → φX signal model (green) with mφ = 2GeV
and cτφ

0 = 1mm. The signal event yield corresponds to a value of the branching fraction product
B(hb → φX)B(φ → µµ) = 1.2 × 10−8, equal to the median expected exclusion limit at 95% CL
set in this paper (see section 7), and is multiplied by a factor of 5 for display purposes. The lower
panel shows the ratio of the data to the background prediction, with error bars corresponding to the
statistical uncertainty in the data.

in the fit to account for the uncertainty associated with the arbitrary choice of the function.
For Bernstein polynomials, we also include orders N − 1 (if the selected best order N > 0)
and N + 1 in the list of suitable functions. Typically, the selected best order N is ≤ 4 and
is smaller in event categories with a small number of observed events. In addition, we use a
goodness-of-fit test to remove background models that do not describe the data appropriately.
The test is based on a χ2 test statistic, which is converted into a p-value through a set of
pseudo-experiments. Models with p < 0.01 are not considered. The potential presence of
a bias in the measurement of a signal due to the choice of the functional forms used to
model the SM background is also assessed by means of pseudo-experiments. First, a varying
amount of signal is injected on top of the background generated according to the selected
functional form. Then, a background+signal fit is performed allowing the signal yield to float
freely. The bias, quantified as the difference between the measured and injected signal yields
relative to the statistical uncertainty in the measured signal yield, is found to be negligible.

The background-only fit results for the selected functional forms in one of the dimuon
search bins are shown in figure 5 together with the dimuon invariant mass distribution
expected for a representative signal.

– 11 –
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• Low mass di-muon vertices within Pixel detector


‣ Scouting: very-high-rate triggers with limited event  
content stored, to ensure affordable data throughput 
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Figure 1. Diagrams illustrating an SM-like Higgs boson (H) decay to four leptons (!) via two
intermediate dark photons, ZD [6]: (left) through the hypercharge portal; (right) through the Higgs
portal, via a dark Higgs boson (HD).
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Figure 2. Diagram illustrating the production of a scalar resonance φ in a b hadron decay, through
mixing with an SM-like Higgs boson (H).

below the ZD mass, this mixing causes the ZD to decay exclusively to SM particles, with a
sizable branching fraction to leptons, with the coupling of the SM fermions to ZD being
proportional to ε. The ZD boson is expected to be long-lived if ε ! 10−4. In this range of
parameter values, the decays H → ZZD and H → ZDZD through the hypercharge portal
have negligible branching fractions. Diagrams in figure 1 illustrate the production of two ZD
bosons from a Higgs boson. Constraints have been placed on the visible dark photon decays
by beam dump [7], fixed-target [8], e+e− collider [9], and rare-decay experiments [10], as
well as by the LHCb [11–13] and CMS [14] experiments at the CERN LHC.

Other scenarios may produce a low-mass, long-lived resonance decaying into a muon
pair. For instance, one of the minimal extensions to the SM adds a singlet scalar field φ,
which mixes with the H boson and couples to all SM fermions [15, 16]. In the hypothesis of
weak coupling to SM fermions with a signal mixing angle θ ! 10−3, φ will be long-lived. Such
a scalar resonance may be produced in the decay of a b hadron, hb → φX, as illustrated in
figure 2. Constraints on this model have been previously placed by the CHARM [17] and
LHCb [18, 19] experiments.
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Long-lived small-mass di-muon resonance -cont’d-

• The obtained constraints are the most stringent to date for substantial 
regions of parameter space.

• Competitive with LHCb in higher mass regions.
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Dimuon!resonances!–!limits! 
2017<18:!101/Y!! EXOa20a014,!May!2021!

!  No!significant!excess!is!observed!!
!  Bkg+signal!fits!are!used!!

to!set!limits!signal!models!!

SMalike!Higgs!boson!decay!to!leptons!!
via!one!or!two!intermediate!ZD!
through!the!hypercharge!or!Higgs!portal!

The!most!stringent!
constraints!to!date!in!a!
wide!range!of!signal!mass!
(2a40!GeV)!
!and!lifetime!hypotheses!

l Limit on branching ratio 
to simplified scalar
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Di-muon exclusions
• Limits set on LLP masses, 

lifetimes, & branching fractions 

• Dark photons  

• Simplified scalars  
• Scalar from b-hadron decay 
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Summary and Run3 prospects
l In the last few years, ATLAS and CMS have produced a large variety of searches 

for experimentally challenging signals such as long-lived particles
-- Various noble and dedicated techniques, calibrations, background handling,

trigger, etc. have been invented

l There are still room for further improvements and filling gaps of past searches, 
and the Run3 has just started since 2022! (already collected ~40 /fb)

-- New triggers e.g. for unconventional tracking signatures
-- New dedicated reconstruction and analysis methods

* For example, large radius tracking (LRT) runs on all events in ATLAS
since Run3

-- Extension to uncovered signatures
….


