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• Standard Model (SM): very successful theory

• Precise predictions, verified by experiment with impressive agreement 
with theory across orders of magnitude
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Status: February 2022

ATLAS Preliminary

p
s = 7,8,13 TeV

Theory

LHC pp
p
s = 13 TeV

Data 3.2 � 139 fb
�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb
�1

LHC pp
p
s = 7 TeV

Data 4.5 � 4.6 fb
�1

Standard Model Total Production Cross Section Measurements

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/fig_01a.pdf
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Searching for new physics

• But we believe this picture is not yet final: observational and 
theoretical issues need resolution 

• Searches for beyond-Standard-Model physics a core element of 
LHC programme 

To date, O(100) 
ATLAS, CMS, 
LHCb papers on 
BSM searches with 
full Run 2 dataset! 

Still, no evidence of 
new physics…

• Standard Model (SM): very successful theory

• Precise predictions, verified by experiment with impressive agreement 
with theory across orders of magnitude
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/fig_01.png
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Why are we not finding new physics??
• Several possible reasons: 


• It is above the scale accessible by the LHC?? ….. 
Not much we can do at the moment….
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• Several possible reasons: 

• It is above the scale accessible by the LHC?? ….. 


Not much we can do at the moment….

• It isn’t where we have been looking. What if it is just very hard to see? 

Why are we not finding new physics??
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• Strategy: organize searches according to final states. 

• Start with the simple models, then if nothing new observed, we explore the 
more complex, well-motivated ones


• Soft new particles

• Low cross sections

• Huge / difficult backgrounds

• Long-lived particles with unconventional signatures
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Long lifetimes can come from…

• Small couplings


• Decays via heavy particles


• Limited phase space


Example in BSM

Some parameter space in ALPs


heavy neutrinos 


compressed scenarios 

(almost degenerate masses)
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3
Limits on the ALP-gluon couplings vs. ALP mass 

from collider and accelerator searches
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Width of ALP decay to gluons:

Coupling to gluons scaled by 
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CG̃

➤ Many searches assume ALP coupled to photons, but nothing observed so far: assume photophobic ALPs so coupling to 
photons is suppressed (i.e. , suggested by theorists ); focus on ALP decays to gluons, and the 
production channel via a Z boson 

➤ The cross-section depends only on ALP’s coupling to the Z boson ( one parameter  , since  ), and its mass 

➤ ALP’s lifetime depends on the coupling to gluons ( ) and the ALP’s mass: can extend existing limits to lower 
values of  

CB̃ = − tan θwCW̃

CW̃ CB̃(CW̃)
CG̃

CG̃ ALPsDISPLACED AXION LIKE PARTICLES MODEL
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Long lifetimes can come from…

BSM=/➝LLP 

Hidden Valley 

      ALP 

      SM+S 

      SM+V (+S) 

HNL

RPV SUSY 
GMSB 
mini-split SUSY 
Stealth SUSY 
Axinos 
Sgoldstinos  

Neutral Naturalness 
Composite Higgs 
Relaxion  
 
Asymmetric DM 
Freeze-In DM 
SIMP/ELDER 
Co-Decay 
Co-Annihilation 
Dynamical DM 
 
WIMP Baryogenesis 
Exotic Baryon Oscillations 
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Minimal RH Neutrino 
   with U(1)B-L Z’ 
   with SU(2)R WR 
   long-lived scalars 
   with Higgs portal 
   from ERS 
Discrete Symmetries

exotic Z  
decays 

exotic Higgs 
decays 

exotic Hadron 
decays

confining  
sectors

Top-down Theory IR LLP Scenario

Baryogenesis

Neutrino
Masses

Dark Matter

Naturalness

Motivation

(direct production of BSM state at  
LHC that is or decays to LLP)

UV theory

depends on production mode

EFT

Figure 1. Summary of some top-down theoretical motivations for LLP signals at MATHUSLA. Figure taken
from [46].

ety of models that address the Hierarchy Problem, the nature of Dark Matter, the Baryon Asymmetry
of the Universe, and the origin of neutrino masses. All of these fundamental mysteries of the SM can
be addressed by theoretical frameworks that give rise to LLP production at the LHC. Furthermore,
there are many scenarios where observation of LLP decays at MATHUSLA represents the first or
only discovery opportunity. This is summarized schematically in Fig. 1.

For example, the hierarchy problem could be addressed by Neutral Naturalness [12–14], where
the Higgs mass is stabilized at low scales by a hidden valley that is related to the SM by a discrete
symmetry. Crucially, the top partners that cancel the top quark contributions to the Higgs mass are not
charged under SM QCD, making these scenarios unconstrained by standard SUSY searches. How-
ever, the hidden valley gives rise to LLP signatures, such as mirror glueballs, which can be produced
in exotic Higgs decays [89, 90]. In the long lifetime regime, MATHUSLA is the only way to discover
these new states. Even standard SUSY scenarios like R-parity violation and gauge mediation give
rise to LLP signatures (a scenario made perhaps more likely by the discovery of a relatively light 125
GeV Higgs boson [91–93]). The same is true of many Dark Matter models, especially if the DM
candidate is part of a dark sector with a variety of hidden states, some of which can be long-lived. In
some theories, like Freeze-In DM [27, 94] or Dynamical DM [31, 32] the LLP plays a crucial role in

– 5 –

Curtin et al, 1806.07396 

• Many different signal 
models predict LLP
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Searching for new physics. Where should we look?

⌥ resonances, and in the continuum regions o↵ the resonances. Operating between 1999 and 2010, the
two experiments collected data samples totaling about 1600 fb�1. The largest sample used for LLP
searches was 711 fb�1.

In many LLP search analyses performed to date, the SM backgrounds have been extremely small,
sometimes much less than one event. In such cases, the search sensitivity grows roughly linearly with the
integrated luminosity of the data sample. This is in contrast to background-dominated BSM searches,
where sensitivity is proportional to the square root of the integrated luminosity. Therefore, LLP searches
are especially attractive for high-luminosity colliders. In particular, this includes the future runs of the
LHC [22], but also those of Belle II [23] and proposed high-energy e

+
e
� facilities such as FCC-ee [24].

As the focus of this review is BSM LLP searches at particle colliders, we aim to cover the broad range
of theoretical models, their experimental signatures at such facilities, and published searches pursuing
them. Thus, other than an occasional mention when relevant, we do not discuss experiments at non-
collider facilities or results from astrophysical observations1. Furthermore, following the definition of
LLP signatures stated above, we do not include signatures without detectable features of the LLP or
its decay.

Basic distance-scale definitions used throughout the review are indicated in Fig. 1. A particle decay
is considered prompt if the distance between the particle’s production and decay points is smaller than
or comparable to the spatial resolution of the detector. By contrast, a distance significantly larger than
the spatial resolution characterizes a displaced decay. Depending on the relevant detector subsystem,
the typical resolution scale is between tens of micrometers to tens of millimeters. The second distance
scale of relevance is the typical size of the detector or relevant subsystem, ranging from about 10 cm to
10 m. A particle is detector stable if its decay typically occurs at larger distances.

In Sec. 2 we review the theoretical motivation and a variety of BSM scenarios that give rise to
LLPs. The experimental methods used for identifying LLPs, which frequently give rise to non-standard

1
For a review of implications of collider-accessible LLPs on cosmology and astroparticle physics, see Ref. [2]

Figure 1: The SM contains a large number of metastable particles. A selection of the SM particle
spectrum is shown as a function of mass and proper lifetime. Shaded regions roughly represent the
detector-prompt and detector-stable regions of lifetime space, for a particle moving at close to the
speed of light.

5

[1810.12602] 
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where is it more probable to find a LLP decay?

That depends on:

LLP lifetime

How can we look for LLPs in collider experiments?

Imagine the ATLAS/CMS/LHCb detector structure….
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where is it more probable to find a LLP decay?
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How can we look for LLPs in collider experiments?
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Example light particle with relatively short lifetime: 

E.g. for c𝜏 = 5 cm, <𝛃𝛄> ~ 30 

Decays happen mainly in the Inner Detector and calo

Figures by 
H. Russell

where is it more probable to find a LLP decay?

That depends on:

LLP lifetime

How can we look for LLPs in collider experiments?
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Example light particle with relatively short lifetime: 

E.g. for c𝜏 = 50 cm, <𝛃𝛄> ~ 30 

Decays happen mainly OUTSIDE the detector

Figures by 
H. Russell

where is it more probable to find a LLP decay?

That depends on:

LLP lifetime

How can we look for LLPs in collider experiments?
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Example light particle with relatively short lifetime: 
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We can use information from different sub detectors 
(or even different detectors!) for different targets
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Displaced jets 
in the ID

Displaced Lepton-jets 

Late photons

Disappearing 
tracks

Displaced jets in the 
Calorimeter

Highly ionising 
particles

Displaced jets in 
the MS

Displaced vertices 
+ MET

Displaced leptonic vertices 

(Meta-) Stable Charged 
LLPs

Stopped LLPs
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Spect.

That depends on:

LLP lifetime

How can we look for LLPs in collider experiments?

LLP nature

• Is it charged? 

• Does it leave a standard track?

• Is it highly ionising?


• Is it neutral?

• which decay mode (hadronic, 
leptonic, photons, invisible)?
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That depends on:

LLP lifetime LLP nature object identification

How can we look for LLPs in collider experiments?

• ATLAS and CMS were designed to identify (prompt) 
SM particles


• Standard object ID algorithms assume prompt 
particles generated at the Interaction Point

•  don’t have good efficiency for LLP reconstruction


• Then, can we look for LLPs in ATLAS and CMS?

19
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That depends on:

LLP lifetime LLP nature object identification

How can we look for LLPs in collider experiments?

• ATLAS and CMS were designed to identify (prompt) 
SM particles


• Standard object ID algorithms assume prompt 
particles generated at the Interaction Point

•  don’t have good efficiency for LLP reconstruction


• Then, can we look for LLPs in ATLAS and CMS?
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That depends on:

LLP lifetime LLP nature object identification

How can we look for LLPs in collider experiments?

Pixel Layer-2

Pixel Layer-1

Pixel B-Layer

IBL

Example: 

Large Radius Tracks (LRT)

• Standard tracking in ATLAS (similar in CMS) optimized for particles 
that point back to the interaction point with displacements of a few 
mm

• tight requirements in number of silicon hits and impact parameter

• would reject tracks from displaced decays

Long-lived

Track

Track
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Pixel Layer-2

Pixel Layer-1

Pixel B-Layer

IBL
+

That depends on:

LLP lifetime LLP nature object identification

How can we look for LLPs in collider experiments?

• Large radius tracking (LRT)

• Relax requirements in number of silicon hits and impact 
parameter


• Re-run only with hits not associated with existing tracks to form 
Displaced Vertices (DV)


• targets charged particles with displacements up to 300 mm 
improving acceptance for long-lived particles

+ +
+

Track

• Standard tracking in ATLAS (similar in CMS) optimized for particles 
that point back to the interaction point with displacements of a few 
mm

• tight requirements in number of silicon hits and impact parameter

• would reject tracks from displaced decays

Example: 

Large Radius Tracks (LRT)

Long-lived
Track
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That depends on:

LLP lifetime LLP nature object identification

How can we look for LLPs in collider experiments?
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• Standard tracking in ATLAS (similar in CMS) optimized for particles 
that point back to the interaction point with displacements of a few 
mm

• tight requirements in number of silicon hits and impact parameter

• would reject tracks from displaced decays

Example: 

Large Radius Tracks (LRT)

Long-lived

• Large radius tracking (LRT)

• Relax requirements in number of silicon hits and impact 
parameter


• Re-run only with hits not associated with existing tracks to form 
Displaced Vertices (DV)


• targets charged particles with displacements up to 300 mm 
improving acceptance for long-lived particles
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That depends on:

LLP lifetime LLP nature object identification trigger

How can we look for LLPs in collider experiments?

• Trigger: combination of hardware + software that must decide very quickly whether to save an event or lose it forever


• Depending on the model:


• Rely on additional SM-like activity 

(e, mu, jet, MET triggers)


Standard lepton triggers

Long-lived

24
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That depends on:

LLP lifetime LLP nature object identification trigger

How can we look for LLPs in collider experiments?

• Trigger: combination of hardware + software that must decide very quickly whether to save an event or lose it forever


• Depending on the model:


• Rely on additional SM-like activity 

(e, mu, jet, MET triggers)


Standard lepton triggers

Long-lived

�
s
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p

p f

f̄

f̄

f

LLP

But what if there’s no prompt 

activity in the event?? 25
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That depends on:

LLP lifetime LLP nature object identification trigger

How can we look for LLPs in collider experiments?

• Trigger: combination of hardware + software that must decide very quickly whether to save an event or lose it forever


• Depending on the model:


• Develop dedicated triggers 

exploiting specific features 

• Rely on additional SM-like activity 

(e, mu, jet, MET triggers)


Standard lepton triggers

E. Torró        16 June 2021

2

CalRatio trigger HLT selection
L1	item

	

L1TAU
	/	L1Topo	

Jet	reconstruc4on	

Jet	selec4on	

E
T 	>	30	G

eV	

|η|	<	2.5	

logR	>	1.2	

track	isola4on	

beam
	halo	

rem
oval	

HLT	le
vel	

•“Noiso" trigger:

•very good BIB trigger!

•used to study BIB

•Nom
inal trigger:

•cleaner in BIB but still 

can contain som
e

*logR= log (E
H /E

EM )

•Used in the search for neutral long-lived particles decaying hadronically in 

the calorim
eter giving displaced jets with:

•no tracks in the ID

•m
ost energy in the HCal (low EM

F = high logR)

•very sim
ilar to fake jets from

 BIB

Line	of	Fire:	

>	3	cells	w
ith:		

Δφ
(cell,	jet)	<	0.2,	

ΔR(cell,	jet)	>	0.3	and		

@m
ing	consistent	w

ith	a	beam
	halo	m

uon	

BIB rem
oval algorithm

 

•Rejects the jet it finds at least 4 cells in 

the sam
e calo layer fulfilling:

•cell ET > 240 M
eV

•cell’s tim
e consistent with BIB

•dPhi(cell, jet) < 0.2

•dR(cell, jet) > 0.4

Dedicated trigger requires a jet with no ID tracks 

and most energy in the HCal

Long-lived
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LLP
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That depends on:

LLP lifetime LLP nature object identification trigger

How can we look for LLPs in collider experiments?

• Trigger: combination of hardware + software that must decide very quickly whether to save an event or lose it forever


• Depending on the model:


• Develop dedicated triggers 

exploiting specific features 
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CalRatio trigger HLT selection
L1	item

	

L1TAU
	/	L1Topo	

Jet	reconstruc4on	

Jet	selec4on	

E
T 	>	30	G

eV	

|η|	<	2.5	

logR	>	1.2	

track	isola4on	

beam
	halo	

rem
oval	

HLT	le
vel	

•“Noiso" trigger:

•very good BIB trigger!

•used to study BIB

•Nom
inal trigger:

•cleaner in BIB but still 

can contain som
e

*logR= log (E
H /E

EM )

•Used in the search for neutral long-lived particles decaying hadronically in 

the calorim
eter giving displaced jets with:

•no tracks in the ID

•m
ost energy in the HCal (low EM

F = high logR)

•very sim
ilar to fake jets from

 BIB

Line	of	Fire:	

>	3	cells	w
ith:		

Δφ
(cell,	jet)	<	0.2,	

ΔR(cell,	jet)	>	0.3	and		

@m
ing	consistent	w

ith	a	beam
	halo	m

uon	

BIB rem
oval algorithm

 

•Rejects the jet it finds at least 4 cells in 

the sam
e calo layer fulfilling:

•cell ET > 240 M
eV

•cell’s tim
e consistent with BIB

•dPhi(cell, jet) < 0.2

•dR(cell, jet) > 0.4

Dedicated trigger requires a jet with no ID tracks 

and most energy in the HCal
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G. Gonella - Run 3 new trigger ideas                          SUSY+Exotics WS - 09/23/2020

RUN3: BEYOND TRACK TRIGGER LIMITS

3

Unexploited data can hide New Physics:  
unconventional signatures lost in data acquisition 

Long-lived/invisible particles excellent Run 3 targets:  
not explored + theoretically well-motivated  

Zoo of dark and unconventional signatures: 

lif
et

im
e

% invisible in jet

emerging jets

dark jets
semi-visible 

jets

prompt

disp
lac

ed

vis
ible

invis
ible

QCD-like

Inspired by 
C. Doglioni

displaced tracks

disappearing tracks

high-pT isolated, 
large dE/dx tracks

0.01

0.1

1

10

100

1000

c  [mm]τB. Hooberman 17/06 TGM

 K. Nagano 01/07 TGM

Do HLT track trigger on unconventional track: 
- extend d0 coverage -> Large Radius Tracking (LRT) to trigger  
- full-scan fast track finder (FTF) for jet/b-jet/MET

- Lepton/jets from 
associated 
production 
- MET from 
invisible/muon

That depends on:

LLP lifetime LLP nature object identification trigger

How can we look for LLPs in collider experiments?

• Trigger: combination of hardware + software that must decide very quickly whether to save an event or lose it forever


• Depending on the model:


2828
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That depends on:

LLP lifetime LLP nature object identification trigger background rejection

Q !8#++')&'3$363#+'9#7RE&)3$%6'2+#<'#'R*<'&)+*S


Q T)&'8)6"')L'"1*8M'$)'E))%'6583+#"5)$6'

Q >++'6*#&71*6'&*+<')$'%#"#I%&5G*$'8*"1)%6


8#"*&5#+'5$"*&#7"5)$6
9*#8'1#+)'83)$67)6857'83)$6 !('2#&"57+*6'U5"1'

&*+#"5G*+<'+)$E'+5L*"58*

How can we look for LLPs in collider experiments?

29
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That depends on:

LLP lifetime LLP nature object identification trigger background rejection

How can we look for LLPs in collider experiments?

Systematics!!!

• Algorithms developed specifically for each analysis. 
Can’t use ATLAS/CMS common recommendations for 
object reconstruction nor trigger

30
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Examples of 
some 
unconvention
al searches in 
LHCb, CMS, 
ATLAS

31



LLP decays in the ID - unconventional tracking

LLPs in 𝑒±𝜇∓𝜈

9

[Implications workshop]
LHCb-PAPER-2020-027 in preparationPreliminary

Preliminary

❑ Searching for a single LLP decaying to 𝑒±𝜇∓𝜈:
• mass: 7-50 GeV
• lifetime: 2-50 ps
• dataset: run 2 (5.38 fb-1)

• 𝑏ത𝑏 is the main bkg
• bkg model from data, 𝑏ത𝑏 → 𝑒𝜇X simulation to recheck
• simultaneous maximum likelihood fit into 2 BDT bins
• candidates with BDT value < 0.1 are rejected

• Search for single LLP decaying to e±μ∓ν, 

• Example, LLP can be neutralino (RPV) or HNL


• Search for displaced vertices with opposite sign e and μ

• lifetimes between 2 and 50 ps

• masses between 7 and 50 GeV


• Probes forward region (not covered by ATLAS and CMS)


Eur. Phys. J. C81 (2021) 261
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mLLP [GeV/c2]

0.1
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LHCb (a) ⌧LLP = 10 ps

10
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0.01

0.1

1

�
(q

q̄
!
�̃

0 1�̃
0 1)
⇥
B

(�̃
0 1
!

e±
µ
⌥ ⌫

)[
pb

]

LHCb (b)

mLLP = 7.0 GeV/c2

mLLP = 8.7 GeV/c2

mLLP = 10.8 GeV/c2

mLLP = 12.1 GeV/c2

mLLP = 29.8 GeV/c2

mLLP = 50 GeV/c2

• Exclusion of lifetimes ~10 ps (c𝜏  ~ 0.1 mm)

Single displaced vertex

LLP

,+

✓+U

✓�V

✓+W

aW

N ,+⇤

https://link.springer.com/article/10.1140/epjc/s10052-021-08994-0
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LLP decays in the ID - unconventional tracking
Pairs of displaced vertices  Displaced jet

Inclusive search for long-lived particles decaying into jets (covering lifetime between ~1 mm to ~1 m)

!4
 

•Dedicated di-jet trigger to lower HT 
threshold from ~1 TeV to 0.4 TeV


•Select 1 displaced secondary 
vertex (SV) within tracker and 2 
displaced jets


•MVA selection to discriminate signal 
from huge QCD background: 

•Minor backgrounds from nuclear 
interactions, heavy flavour decays, 
randomly crossing tracks 

select displaced tracks 
online and tag displaced-
jets with the HLT system by 
counting the number of 
prompt/displaced tracks 
associated with the jets 

CMS high-level trigger

Secondary Vertex

CMS-PAS-EXO-19-021

HT: scalar sum of jet pT for jets with pT > 40 GeV and |η| < 2.5

• Dedicated di-jet trigger
• Select dijet events and look for displaced vertex (DV) within them

• Select events with at least 1 DV

• MVA selection to discriminate signal from huge QCD background

• Minor backgrounds from heavy flavour decays and random track 
crossing

CMS-PAS-EXO-19-021

p

p

g̃

g̃

t̃

t̃

t

b

s

s

b

t

λ′′

323

λ′′

323

RPV SUSY

p

p

H
S

S

q

q

q

qHidden sector

LLP

DV
Displaced vertex

DV

jet trigger

33• Exclusion of c𝜏 between 10 and 100 mm

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-010/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-021/index.html
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Charged LLPs
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Q F#5&'2&)%37"5)$')L'6*G*&#+'%5LL*&*$"'+)$EI+5G*%'62#&"57+*6')L'71#&E*'V𝑞V'W'.

Q 56)+#"*%'"&#7R6'U5"1'15E1'"&#$6G*&6*'8)8*$"#'J20K'#$%'#$)8#+)36+<'+#&E*'
62*75L57'5)$56#"5)$'+)66*6'J%𝐸X%YK'


Q 2#&"57+*6'#&*'*Y2*7"*%'")'8)G*'65E$5L57#$"+<'6+)U*&'"1#$'"1*'62**%')L'+5E1"

Q Z6*'(@0'"&5EE*&6

Q T3++<'%#"#I%&5G*$'9#7RE&)3$%'*6"58#"5)$/ High pT track with 

large dE/dx
LSP = MET

Large dE/dx

34
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https://arxiv.org/pdf/2205.06013.pdf
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Large dE/dx
Charged LLPs
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Charged LLPs

g̃	--1


g̃	--1

p

p

�̃0
1

q

q

�̃0
1

q

q

Target

mass

[GeV]

Mass

window

[GeV]

Signal region bin

SR-Inclusive_Low SR-Inclusive_High

Exp. Obs. p0 `local Y95
exp. Y95

obs. Exp. Obs. p0 `local Y95
exp. Y95

obs.

Short lifetime

200 [120, 225] 81 ± 4 76 5.00 ⇥ 10�1 0.0 21+8
�6 18 5.6 ± 0.7 7 2.65 ⇥ 10�1 0.6 6.3+2.5

�1.7 7.8
300 [200, 350] 72 ± 4 72 4.72 ⇥ 10�1 0.1 20+8

�6 20 9.2 ± 0.8 14 7.11 ⇥ 10�2 1.5 7.6+3.0
�2.1 12.5

400 [300, 500] 45.6 ± 3.3 43 5.00 ⇥ 10�1 0.0 16+6
�4 14 5.8 ± 0.4 6 4.39 ⇥ 10�1 0.1 6.1+2.5

�1.8 6.5
450 [350, 600] 37.6 ± 2.7 44 1.72 ⇥ 10�1 0.9 15+6

�4 20 5.1 ± 0.4 3 5.00 ⇥ 10�1 0.0 6.0+2.2
�1.6 4.6

500 [400, 700] 30.6 ± 2.2 42 3.41 ⇥ 10�2 1.8 13+5
�4 24 4.3 ± 0.4 4 5.00 ⇥ 10�1 0.0 5.4+2.2

�1.3 5.2
550 [400, 800] 33.9 ± 2.5 45 4.74 ⇥ 10�2 1.7 14+5

�4 24 4.8 ± 0.4 4 5.00 ⇥ 10�1 0.0 5.8+2.5
�1.8 5.4

600 [450, 900] 27.5 ± 1.9 35 9.48 ⇥ 10�2 1.3 12.1+5.3
�3.5 19.3 3.91 ± 0.31 2 5.00 ⇥ 10�1 0.0 5.5+2.2

�1.6 4.0
650 [500, 1000] 22.5 ± 1.6 29 1.03 ⇥ 10�1 1.3 11.2+4.4

�2.8 17.2 3.22 ± 0.31 2 5.00 ⇥ 10�1 0.0 5.2+1.9
�1.6 4.4

700 [550, 1100] 18.7 ± 1.4 23 1.71 ⇥ 10�1 0.9 10.3+4.0
�2.7 14.3 2.64 ± 0.31 2 5.00 ⇥ 10�1 0.0 4.7+1.9

�1.0 4.3
800 [600, 1200] 15.6 ± 1.3 20 1.47 ⇥ 10�1 1.1 9.5+3.8

�2.9 13.7 2.22 ± 0.24 3 2.86 ⇥ 10�1 0.6 4.5+1.8
�1.0 5.5

900 [650, 1400] 13.8 ± 1.3 17 2.09 ⇥ 10�1 0.8 9.1+3.5
�2.5 11.9 2.0 ± 0.3 4 9.74 ⇥ 10�2 1.3 4.3+1.6

�0.9 6.8
1000 [700, 1850] 13.1 ± 1.3 17 1.54 ⇥ 10�1 1.0 8.8+3.6

�2.3 12.7 1.9 ± 0.5 4 9.01 ⇥ 10�2 1.3 4.1+1.9
�0.7 7.0

1200 [800, 2400] 11 ± 2 14 1.85 ⇥ 10�1 0.9 8.6+3.3
�2.5 11.9 1.5 ± 0.7 6 9.10 ⇥ 10�3 2.4 4.0+1.6

�0.8 10.0
1400 [900, 2900] 8.5 ± 2.1 11 2.37 ⇥ 10�1 0.7 8.1+3.1

�2.6 10.5 1.1 ± 0.7 7 2.08 ⇥ 10�3 2.9 4.0+1.4
�0.7 11.5

1600 [1000, 3450] 6.9 ± 2.4 9 2.57 ⇥ 10�1 0.7 7.8+3.0
�2.6 10.1 0.9 ± 0.5 7 6.03 ⇥ 10�4 3.2 3.6+1.5

�0.5 11.8
1800 [1100, 4000] 5.7 ± 2.6 8 2.35 ⇥ 10�1 0.7 7.3+2.8

�2.3 9.9 0.8 ± 0.6 7 8.87 ⇥ 10�4 3.1 3.5+1.1
�0.2 11.9

2000 [1200, 4600] 5 ± 4 6 3.03 ⇥ 10�1 0.5 7.3+3.0
�2.3 9.0 0.6 ± 0.5 5 4.92 ⇥ 10�3 2.6 3.1+1.1

�0.1 9.4
Long lifetime

100 [120, 200] 68 ± 4 63 5.00 ⇥ 10�1 0.0 19+7
�5 16 3.9 ± 0.6 5 2.81 ⇥ 10�1 0.6 5.4+2.1

�1.0 6.7
200 [150, 225] 63 ± 4 54 5.00 ⇥ 10�1 0.0 18+7

�4 13 5.5 ± 0.6 7 2.61 ⇥ 10�1 0.6 6.1+2.6
�1.8 7.8

300 [250, 350] 40.9 ± 2.7 35 5.00 ⇥ 10�1 0.0 15+6
�4 11 5.1 ± 0.5 7 2.01 ⇥ 10�1 0.8 5.9+2.4

�1.4 8.0
400 [350, 500] 29.2 ± 2.2 33 2.54 ⇥ 10�1 0.7 12.6+5.3

�3.2 16.0 3.83 ± 0.26 2 5.00 ⇥ 10�1 0.0 5.4+1.9
�1.3 4.2

450 [400, 550] 21.5 ± 1.6 30 5.03 ⇥ 10�2 1.6 11.0+4.2
�2.9 19.4 3.00 ± 0.23 2 5.00 ⇥ 10�1 0.0 5.1+1.7

�1.3 4.3
500 [450, 650] 19.4 ± 1.2 27 5.62 ⇥ 10�2 1.6 10.3+4.3

�2.6 17.4 2.73 ± 0.22 1 5.00 ⇥ 10�1 0.0 4.7+1.9
�0.9 3.9

550 [450, 700] 21.8 ± 1.5 29 7.73 ⇥ 10�2 1.4 11.0+4.2
�3.2 17.8 3.06 ± 0.32 2 5.00 ⇥ 10�1 0.0 5.0+2.1

�1.5 4.2
600 [500, 800] 18.4 ± 1.3 24 1.12 ⇥ 10�1 1.2 10+4

�3 15 2.64 ± 0.19 2 5.00 ⇥ 10�1 0.0 4.4+2.2
�1.2 4.2

650 [550, 850] 15 ± 1 19 1.32 ⇥ 10�1 1.1 9.1+3.7
�2.7 13.4 2.07 ± 0.17 2 5.00 ⇥ 10�1 0.0 4.5+1.5

�1.2 4.6
700 [550, 950] 16.6 ± 1.2 21 1.52 ⇥ 10�1 1.0 9.7+3.8

�2.8 13.7 2.4 ± 0.2 2 5.00 ⇥ 10�1 0.0 4.5+2.0
�0.9 4.3

800 [650, 1150] 12.0 ± 1.1 14 2.86 ⇥ 10�1 0.6 8.4+3.5
�2.3 10.4 1.74 ± 0.16 3 1.79 ⇥ 10�1 0.9 4.1+1.8

�0.8 5.8
900 [700, 1250] 10.4 ± 0.9 13 2.17 ⇥ 10�1 0.8 8.1+3.0

�2.6 10.3 1.5 ± 0.4 3 1.35 ⇥ 10�1 1.1 3.9+1.8
�1.0 6.0

1000 [800, 1550] 8.6 ± 0.8 11 2.16 ⇥ 10�1 0.8 7.5+2.9
�2.5 9.6 1.2 ± 0.6 4 3.73 ⇥ 10�2 1.8 3.8+1.4

�0.8 7.5
1100 [900, 1800] 7.1 ± 0.7 10 1.46 ⇥ 10�1 1.1 7.0+2.5

�1.9 9.8 1.0 ± 0.5 4 2.13 ⇥ 10�2 2.0 3.7+1.2
�0.8 7.6

1200 [950, 2100] 6.7 ± 1.3 10 1.38 ⇥ 10�1 1.1 7.0+2.5
�2.3 10.2 0.9 ± 0.5 6 1.65 ⇥ 10�3 2.9 3.7+1.3

�0.6 10.4
1300 [1000, 2200] 6.1 ± 1.2 9 1.48 ⇥ 10�1 1.0 6.5+2.9

�1.4 9.7 0.8 ± 0.4 6 5.47 ⇥ 10�4 3.3 3.5+1.2
�0.5 10.3

1400 [1100, 2800] 5.2 ± 1.7 8 1.76 ⇥ 10�1 0.9 6.5+2.6
�2.0 9.6 0.7 ± 0.4 7 1.46 ⇥ 10�4 3.6 3.2+1.1

�0.1 11.9
1500 [1150, 2900] 4.9 ± 2.4 7 2.41 ⇥ 10�1 0.7 6.6+2.8

�1.9 9.3 0.6 ± 0.4 6 6.09 ⇥ 10�4 3.2 3.2+1.2
�0.1 10.7

1600 [1250, 3400] 4.2 ± 3.4 5 3.24 ⇥ 10�1 0.5 7.0+2.9
�2.2 8.4 0.54 ± 0.35 5 1.19 ⇥ 10�3 3.0 3.1+1.2

�0.1 9.5
1800 [1400, 4250] 3+4

�3 4 2.74 ⇥ 10�1 0.6 7.2+2.4
�1.5 8.3 0.44 ± 0.32 4 3.36 ⇥ 10�3 2.7 3.2+1.0

�0.1 8.1
2000 [1550, 4650] 3+4

�3 3 3.14 ⇥ 10�1 0.5 6.2+1.9
�2.1 6.9 0.36 ± 0.25 3 6.96 ⇥ 10�3 2.5 3.1+1.0

�0.1 6.8
2200 [1650, 5900] 2+5

�2 4 2.18 ⇥ 10�1 0.8 6.0+2.4
�2.2 8.2 0.33 ± 0.28 3 8.85 ⇥ 10�3 2.4 3.0+1.1

�0.1 6.8
2400 [1750, 6300] 2+4

�2 3 3.17 ⇥ 10�1 0.5 5.5+1.5
�1.5 6.7 0.29 ± 0.28 3 9.75 ⇥ 10�3 2.3 3.2+0.8

�0.0 6.9
2600 [1900, 6500] 2+4

�2 1 5.00 ⇥ 10�1 0.0 4.9+2.0
�1.6 4.0 0.25+0.31

�0.25 3 9.71 ⇥ 10�3 2.3 3.1+0.7
�0.0 6.9

2800 [2000, 6700] 1.5+3.1
�1.5 1 5.00 ⇥ 10�1 0.0 4.5+2.1

�1.4 4.2 0.2+0.4
�0.2 1 1.07 ⇥ 10�1 1.2 3.0+0.6

�0.0 4.0
3000 [2100, 6700] 1.4+3.1

�1.4 1 5.00 ⇥ 10�1 0.0 4.4+1.4
�1.1 4.3 0.2+0.4

�0.2 1 9.43 ⇥ 10�2 1.3 2.9+0.4
�0.0 4.1

Target

mass

[GeV]

Mass

window

[GeV]

Signal region bin

SR-Inclusive_Low SR-Inclusive_High

Exp. Obs. p0 `local Y95
exp. Y95

obs. Exp. Obs. p0 `local Y95
exp. Y95

obs.

Short lifetime

200 [120, 225] 81 ± 4 76 5.00 ⇥ 10�1 0.0 21+8
�6 18 5.6 ± 0.7 7 2.65 ⇥ 10�1 0.6 6.3+2.5

�1.7 7.8
300 [200, 350] 72 ± 4 72 4.72 ⇥ 10�1 0.1 20+8

�6 20 9.2 ± 0.8 14 7.11 ⇥ 10�2 1.5 7.6+3.0
�2.1 12.5

400 [300, 500] 45.6 ± 3.3 43 5.00 ⇥ 10�1 0.0 16+6
�4 14 5.8 ± 0.4 6 4.39 ⇥ 10�1 0.1 6.1+2.5

�1.8 6.5
450 [350, 600] 37.6 ± 2.7 44 1.72 ⇥ 10�1 0.9 15+6

�4 20 5.1 ± 0.4 3 5.00 ⇥ 10�1 0.0 6.0+2.2
�1.6 4.6

500 [400, 700] 30.6 ± 2.2 42 3.41 ⇥ 10�2 1.8 13+5
�4 24 4.3 ± 0.4 4 5.00 ⇥ 10�1 0.0 5.4+2.2

�1.3 5.2
550 [400, 800] 33.9 ± 2.5 45 4.74 ⇥ 10�2 1.7 14+5

�4 24 4.8 ± 0.4 4 5.00 ⇥ 10�1 0.0 5.8+2.5
�1.8 5.4

600 [450, 900] 27.5 ± 1.9 35 9.48 ⇥ 10�2 1.3 12.1+5.3
�3.5 19.3 3.91 ± 0.31 2 5.00 ⇥ 10�1 0.0 5.5+2.2

�1.6 4.0
650 [500, 1000] 22.5 ± 1.6 29 1.03 ⇥ 10�1 1.3 11.2+4.4

�2.8 17.2 3.22 ± 0.31 2 5.00 ⇥ 10�1 0.0 5.2+1.9
�1.6 4.4

700 [550, 1100] 18.7 ± 1.4 23 1.71 ⇥ 10�1 0.9 10.3+4.0
�2.7 14.3 2.64 ± 0.31 2 5.00 ⇥ 10�1 0.0 4.7+1.9

�1.0 4.3
800 [600, 1200] 15.6 ± 1.3 20 1.47 ⇥ 10�1 1.1 9.5+3.8

�2.9 13.7 2.22 ± 0.24 3 2.86 ⇥ 10�1 0.6 4.5+1.8
�1.0 5.5

900 [650, 1400] 13.8 ± 1.3 17 2.09 ⇥ 10�1 0.8 9.1+3.5
�2.5 11.9 2.0 ± 0.3 4 9.74 ⇥ 10�2 1.3 4.3+1.6

�0.9 6.8
1000 [700, 1850] 13.1 ± 1.3 17 1.54 ⇥ 10�1 1.0 8.8+3.6

�2.3 12.7 1.9 ± 0.5 4 9.01 ⇥ 10�2 1.3 4.1+1.9
�0.7 7.0

1200 [800, 2400] 11 ± 2 14 1.85 ⇥ 10�1 0.9 8.6+3.3
�2.5 11.9 1.5 ± 0.7 6 9.10 ⇥ 10�3 2.4 4.0+1.6

�0.8 10.0
1400 [900, 2900] 8.5 ± 2.1 11 2.37 ⇥ 10�1 0.7 8.1+3.1

�2.6 10.5 1.1 ± 0.7 7 2.08 ⇥ 10�3 2.9 4.0+1.4
�0.7 11.5

1600 [1000, 3450] 6.9 ± 2.4 9 2.57 ⇥ 10�1 0.7 7.8+3.0
�2.6 10.1 0.9 ± 0.5 7 6.03 ⇥ 10�4 3.2 3.6+1.5

�0.5 11.8
1800 [1100, 4000] 5.7 ± 2.6 8 2.35 ⇥ 10�1 0.7 7.3+2.8

�2.3 9.9 0.8 ± 0.6 7 8.87 ⇥ 10�4 3.1 3.5+1.1
�0.2 11.9

2000 [1200, 4600] 5 ± 4 6 3.03 ⇥ 10�1 0.5 7.3+3.0
�2.3 9.0 0.6 ± 0.5 5 4.92 ⇥ 10�3 2.6 3.1+1.1

�0.1 9.4
Long lifetime

100 [120, 200] 68 ± 4 63 5.00 ⇥ 10�1 0.0 19+7
�5 16 3.9 ± 0.6 5 2.81 ⇥ 10�1 0.6 5.4+2.1

�1.0 6.7
200 [150, 225] 63 ± 4 54 5.00 ⇥ 10�1 0.0 18+7

�4 13 5.5 ± 0.6 7 2.61 ⇥ 10�1 0.6 6.1+2.6
�1.8 7.8

300 [250, 350] 40.9 ± 2.7 35 5.00 ⇥ 10�1 0.0 15+6
�4 11 5.1 ± 0.5 7 2.01 ⇥ 10�1 0.8 5.9+2.4

�1.4 8.0
400 [350, 500] 29.2 ± 2.2 33 2.54 ⇥ 10�1 0.7 12.6+5.3

�3.2 16.0 3.83 ± 0.26 2 5.00 ⇥ 10�1 0.0 5.4+1.9
�1.3 4.2

450 [400, 550] 21.5 ± 1.6 30 5.03 ⇥ 10�2 1.6 11.0+4.2
�2.9 19.4 3.00 ± 0.23 2 5.00 ⇥ 10�1 0.0 5.1+1.7

�1.3 4.3
500 [450, 650] 19.4 ± 1.2 27 5.62 ⇥ 10�2 1.6 10.3+4.3

�2.6 17.4 2.73 ± 0.22 1 5.00 ⇥ 10�1 0.0 4.7+1.9
�0.9 3.9

550 [450, 700] 21.8 ± 1.5 29 7.73 ⇥ 10�2 1.4 11.0+4.2
�3.2 17.8 3.06 ± 0.32 2 5.00 ⇥ 10�1 0.0 5.0+2.1

�1.5 4.2
600 [500, 800] 18.4 ± 1.3 24 1.12 ⇥ 10�1 1.2 10+4

�3 15 2.64 ± 0.19 2 5.00 ⇥ 10�1 0.0 4.4+2.2
�1.2 4.2

650 [550, 850] 15 ± 1 19 1.32 ⇥ 10�1 1.1 9.1+3.7
�2.7 13.4 2.07 ± 0.17 2 5.00 ⇥ 10�1 0.0 4.5+1.5

�1.2 4.6
700 [550, 950] 16.6 ± 1.2 21 1.52 ⇥ 10�1 1.0 9.7+3.8

�2.8 13.7 2.4 ± 0.2 2 5.00 ⇥ 10�1 0.0 4.5+2.0
�0.9 4.3

800 [650, 1150] 12.0 ± 1.1 14 2.86 ⇥ 10�1 0.6 8.4+3.5
�2.3 10.4 1.74 ± 0.16 3 1.79 ⇥ 10�1 0.9 4.1+1.8

�0.8 5.8
900 [700, 1250] 10.4 ± 0.9 13 2.17 ⇥ 10�1 0.8 8.1+3.0

�2.6 10.3 1.5 ± 0.4 3 1.35 ⇥ 10�1 1.1 3.9+1.8
�1.0 6.0

1000 [800, 1550] 8.6 ± 0.8 11 2.16 ⇥ 10�1 0.8 7.5+2.9
�2.5 9.6 1.2 ± 0.6 4 3.73 ⇥ 10�2 1.8 3.8+1.4

�0.8 7.5
1100 [900, 1800] 7.1 ± 0.7 10 1.46 ⇥ 10�1 1.1 7.0+2.5

�1.9 9.8 1.0 ± 0.5 4 2.13 ⇥ 10�2 2.0 3.7+1.2
�0.8 7.6

1200 [950, 2100] 6.7 ± 1.3 10 1.38 ⇥ 10�1 1.1 7.0+2.5
�2.3 10.2 0.9 ± 0.5 6 1.65 ⇥ 10�3 2.9 3.7+1.3

�0.6 10.4
1300 [1000, 2200] 6.1 ± 1.2 9 1.48 ⇥ 10�1 1.0 6.5+2.9

�1.4 9.7 0.8 ± 0.4 6 5.47 ⇥ 10�4 3.3 3.5+1.2
�0.5 10.3

1400 [1100, 2800] 5.2 ± 1.7 8 1.76 ⇥ 10�1 0.9 6.5+2.6
�2.0 9.6 0.7 ± 0.4 7 1.46 ⇥ 10�4 3.6 3.2+1.1

�0.1 11.9
1500 [1150, 2900] 4.9 ± 2.4 7 2.41 ⇥ 10�1 0.7 6.6+2.8

�1.9 9.3 0.6 ± 0.4 6 6.09 ⇥ 10�4 3.2 3.2+1.2
�0.1 10.7

1600 [1250, 3400] 4.2 ± 3.4 5 3.24 ⇥ 10�1 0.5 7.0+2.9
�2.2 8.4 0.54 ± 0.35 5 1.19 ⇥ 10�3 3.0 3.1+1.2

�0.1 9.5
1800 [1400, 4250] 3+4

�3 4 2.74 ⇥ 10�1 0.6 7.2+2.4
�1.5 8.3 0.44 ± 0.32 4 3.36 ⇥ 10�3 2.7 3.2+1.0

�0.1 8.1
2000 [1550, 4650] 3+4

�3 3 3.14 ⇥ 10�1 0.5 6.2+1.9
�2.1 6.9 0.36 ± 0.25 3 6.96 ⇥ 10�3 2.5 3.1+1.0

�0.1 6.8
2200 [1650, 5900] 2+5

�2 4 2.18 ⇥ 10�1 0.8 6.0+2.4
�2.2 8.2 0.33 ± 0.28 3 8.85 ⇥ 10�3 2.4 3.0+1.1

�0.1 6.8
2400 [1750, 6300] 2+4

�2 3 3.17 ⇥ 10�1 0.5 5.5+1.5
�1.5 6.7 0.29 ± 0.28 3 9.75 ⇥ 10�3 2.3 3.2+0.8

�0.0 6.9
2600 [1900, 6500] 2+4

�2 1 5.00 ⇥ 10�1 0.0 4.9+2.0
�1.6 4.0 0.25+0.31

�0.25 3 9.71 ⇥ 10�3 2.3 3.1+0.7
�0.0 6.9

2800 [2000, 6700] 1.5+3.1
�1.5 1 5.00 ⇥ 10�1 0.0 4.5+2.1

�1.4 4.2 0.2+0.4
�0.2 1 1.07 ⇥ 10�1 1.2 3.0+0.6

�0.0 4.0
3000 [2100, 6700] 1.4+3.1

�1.4 1 5.00 ⇥ 10�1 0.0 4.4+1.4
�1.1 4.3 0.2+0.4

�0.2 1 9.43 ⇥ 10�2 1.3 2.9+0.4
�0.0 4.1
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| < 1.8η > 120 GeV, |trk
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ATLAS
3.6 σ excess!!


Is this New Physics???

Maybe, though… from the TOF of 

these events indicate that none of the 
candidate tracks are from charged 
particles moving significantly slower 
than the speed of light ☹

CMS doing a similar analysis

Analysis will be repeated in Run 3!
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Large dE/dx
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2205.06013

https://arxiv.org/pdf/2205.06013.pdf
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 Delayed jets (1906.06441)

Displaced jets (2012.01581)

Displaced vertices (EXO-19-013)

)g~ g~ →(pp σApprox. NNLO+NNLL 

1

0
χ∼ q q → g~, g~ g~ →p p 

 = 100 GeV
1

0
χ∼

m

 = 2400 GeVg~m

PreliminaryCMS 

Moriond 2021  (13 TeV)-1132-140 fb

Complementary Results from 3 Hadronic Searches

15

Can expand the lifetime coverage by using multiple search strategies

 

Juliette AlimenaMarch 22, 2021

Mini-split SUSY benchmark:

LLP

LLP

Target decays in: 
Calorimeters 
Tracker 
Beam pipe 

We can expand the lifetime coverage 
by using multiple search strategies

• Searches for signatures in different subdetectors can be complementary

p

p g̃

g̃

q

q

χ̃
0
1

χ̃
0
1

q

q

Complementary searches
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Hard to compare between experiments

Not using the same benchmark models

Being discussed in the LHC LLP WG• Searches for signatures in different subdetectors can be complementary

Complementary searches

• Among all LLP searches in ATLAS, CMS, and LHCb we’ve tested c𝜏 from 10-5 to 102 m!! 

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

S
U

S
Y

H
ig

g
s

B
R

=
1

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.
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• Find a few more examples in backup

https://lpcc.web.cern.ch/lhc-llp-wg
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/fig_02.pdf
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/barplot_RPV_RPC_OLL_v5.pdf
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• Run 1 (2009-2013) and Run 2 (2015-2018) delivered 200/fb  for the two general purpose experiments, ATLAS and 
CMS (only 5% of the total integrated luminosity to be collected)

• Run 3 (2022-2025) started with an energy of 13.6 TeV!


• High Luminosity LHC (HL-LHC) will start with Run 4 in 2029:
• Expected integrated luminosity: 3000/fb, observation of Higgs boson self-coupling as physics driver


Looking at the future: Run 3 and HL-LHC

• How can we make the best use of the future data?

• Lots of plans and ideas…

39



E. Torró        13 Sept 2022        TAE 2022

Reinterpretation
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CMS Preliminary 13–39 fb°1 (13 TeV)

eg ! qq̄¬0 (BR=100%)
(R-hadron cloud model)

Expected

Observed

Status: February 2018

Jets + pmiss
T , arXiv:1802.02110

m¬0 = 100 GeV, charge suppressed
Jets + pmiss

T , arXiv:1802.02110
meg ° m¬0 = 100 GeV, charge suppressed

Stopped gluino, arXiv:1801.00359
meg ° m¬0 > 160 GeV, fegg = 0.1

HSCP, CMS-PAS-EXO-16-036
fegg = 0.1
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ATL-PHYS-PUB-2020-007

• Understanding backgrounds is a big part of the analysis

• Every search is defined based on a benchmark theory model 
but other models can lead to very similar signatures.


• Better understanding of general coverage of existing analyses
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 + Xdγ 2→H  = 0.01176 mgenτc = [800,0.4] GeV, 
dγ

,mHm

 ]-1Displaced lepton-jets result [36 fb

 ]-1 selection [33.0 fbTERECAST result, high-

genτc

ATLAS Preliminary  = 13 TeVs

Obs.

σ, 2σ 1±Exp. 

(100%) = 5 + X dγ 2 →H B × σ

Dark matter FRVZ model 

Original search for displaced 
dark photon jets
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Re-interpretation:

SUS-16-038

Search for pairs of displaced 
jets in hidden sector

Reinterpreted in FRVZ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-007/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-16-038/index.html


E. Torró        13 Sept 2022        TAE 2022

• Trigger is the first filter in data taking


• If we don’t trigger on new processes we can’t discover them!


• Run 3 is an opportunity to add ideas for new triggers


• Study topologies or phase spaces that have not been ever looked at!


• The limit bandwidth is limited… How do we do that?

New triggers for Run 3

LHCb Upgrade Run 3

14

2-5 GB/s to storage

❑ New subdetectors:
• Vertex Locator (VELO)
• Scintillating Fibre Tracker (SciFi)
• Upstream Tracker (UT)
❑ Hardware level L0:
• Removed for Upgrade Run 3
❑ GPU-based HLT1 (Allen): 
• Starting Upgrade Run 3
[Comp Soft Big Sci (2020) 4 7]

• LHCb: radical idea 

• get rid of the L0 trigger in Run 3!!!


• gain a factor 2 in hadronic channels

• GPU-based HLT

41
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• In ATLAS and CMS: created and improving 
dedicated triggers for Run 3


• Great example: running ATLAS LRT at trigger level
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HLTTrackingPublicResults

• Trigger is the first filter in data taking


• If we don’t trigger on new processes we can’t discover them!


• Run 3 is an opportunity to add ideas for new triggers


• Study topologies or phase spaces that have not been ever looked at!


• The limit bandwidth is limited… How do we do that?

New triggers for Run 3

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HLTTrackingPublicResults
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EXECUTIVE SUMMARY

The Large Hadron Collider (LHC) provides unprecedented sensitivity to short-distance

physics. Primary achievements of the experimental program include the discovery of the

Higgs boson [1, 2], the ongoing investigation of its interactions [3], and remarkable precision

Standard Model (SM) measurements. Furthermore, a multitude of searches for physics be-

yond the Standard Model (BSM) have been conducted over a tremendous array of channels.

These have resulted in greatly improved BSM limits, with no new particles or force carriers

having been found.

The primary LHC experiments (ATLAS, CMS, LHCb, ALICE) have proven to be remark-

ably versatile and complementary in their BSM reach. As these experiments are scheduled

for upgrades and data collection over at least another 15 years, it is natural to consider

whether they can be further complemented by one or more detectors specialized for well-

motivated but currently hard-to-detect BSM signatures. A compelling category of such

signatures are long-lived particles (LLPs), which generally appear in any theory containing

a hierarchy of scales or small parameters, and are therefore ubiquitous in BSM scenarios.

The central challenge in detecting LLPs is that not only their masses but also their

lifetimes may span many orders of magnitude. This makes it impossible from first principles

to construct a single detector which would have the ultimate sensitivity to all possible LLP

signatures; multiple complementary experiments are necessary, as summarized in Fig. 1.

In this expression of interest we advocate for CODEX-b (“COmpact Detector for EXotics
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ŝ

m
L
L
P

 
li
gh

te
r

(.
10

M
eV

)
h
ea

vi
er

(&
10

G
eV

)
!

 lighter ⇠ cc̄, bb̄, ⌧ ⌧̄ h, t heavier !

LHC coverage

(ATLAS, CMS, LHCb)

Forward

(FASER, SHiP,
NA62, . . . )

Transverse

(CODEX-b,
MATHUSLA, AL3X, . . . )

SCHEMATIC

FIG. 1: Schematic summary of reach and coverage of current, planned or proposed experiments
in terms of the LLP mass, lifetime and the required parton center-of-mass energy,
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• Trigger constraints

• lots of SM background

• limited by size

1911.00481
• Many of the theories 
involving Long-lived 
particles give no 
specifications on 
lifetimes


• Need dedicated 
experiments far away 
from the IP!

Searches beyond ATLAS, CMS, LHCb

43

New LHC projects 
complementary to existing 

experiments

https://arxiv.org/pdf/1911.00481.pdf
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• Huge range of lifetimes from ~50m to 108 m 
covered by different detector volume and distance 
form IP


• Range of models, couplings and masses covered 
by different angle wrt beam axis


• Many possible decay modes!


• Need variety of detectors = complementary 

44

Overview of proposed LLP detectors at the LHC
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MATHUSLA
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FACET

AL3X

ANUBIS
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FORMOSA
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MOEDAL 
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SND@LHC

FLArE
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Overview of proposed LLP detectors at the LHC

• Huge range of lifetimes from ~10m to 108 m 
covered by different detector volume and distance 
form IP


• Range of models, couplings and masses covered 
by different angle wrt beam axis


• Many possible decay modes!


• Need variety of detectors = complementary 
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• Located at LHCb cavern, approved in 2010

• Target: highly ionizing particles, magnetic monopoles, massive 
pseudo-stable charged particles (sleptons, R-hadrons) , …


• Two technologies used:

• Magnetic Monopole traps


• bind a magnetically charged particles with an energy of 
0.5 - 2.5 MeV and capture it inside the atomic lattice


• Nuclear Track Detectors: when a HIP passes through the 
NTD, it creates an invisible damage along its track

The MoEDAL
experiment at LHC

�

�

�

�

�

�

• Moedal’s results for monopoles: 
leading mass limits

MoEDAL’s Recent 
Results

Phys. Rev. Lett. 123 (2019) 021802

• For the first time at the LHC, monopoles were 
searched for via photon-fusion mechanism (in 
addition of drell-yan).

• World leading mass limits (1500-3750 GeV) 
placed on magnetic charges g ≥ 2$! %&'( 5$!

 
PhysRevLett.123.021802 46

MoEDAL

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.071801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.021802
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✩

Test stand10 m

Rock

Access 
shaft

Access 
shaft

Cavern

Beamline

IP

ATLAS

x

z

• Sensitive to LLPs with lifetime up to 108 m

• Placed on the surface above CMS during HL-LHC: rock shielding


• Aiming for zero background analysis

• Large air decay volume with several scintillator layers for tracking

• Test stand with 2018 confirmed background hypothesis and gives confidence in projected 
physics reach
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 Upward data (with beam)
 Cosmic ray inelastic backscattering
 IP muon simulation
 Prediction uncertainty

 Upward data (with beam)
 Cosmic ray inelastic backscattering
 IP muon simulation
 Prediction uncertainty

LoI: 1811.00927

 Test stand: 2005.02018 


Updated LoI: 2009.01693

Snowmass: 2203.08126

Point 5 
(CMS)

IP

MAsive Timing Hodoscope for Ultra Stable neutraL pArticles
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https://arxiv.org/abs/1811.00927
https://arxiv.org/abs/2005.02018
https://arxiv.org/abs/2009.01693
https://arxiv.org/abs/2203.08126
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Proposal: 1911.00481 

Snowmass: 2203.07316

3

x

'

SM

SM

CODEX-b box

UXA shield

shield veto

IP8Pb shield

DELPHI

FIG. 2: Top view layout of the LHCb experimental cav-
ern UX85 at point 8 of the LHC, overlaid with a top view
schematic of the CODEX-b detector. Adapted from Ref. [5].

of complementary experiments and searches. Given the
many possible topologies, some amount of “theory bias”
is inevitable. We have considered two complementary
approaches, studying:

1. Minimal models or “portals”, which are simple SM
extensions with a single new particle, neutral under
all SM gauge interactions. Such simplified models
have limited predictive power and physical inter-
pretation. They are, however, good representatives
of more complicated models, which aim to address
one or more outstanding problems of the Standard
Model. This approach has led to the development
of a set of benchmark models during the Physics
Beyond Colliders (PBC) e↵ort [7].

2. Complete models, which are more complicated and
aim to address one or more of the outstanding puz-
zles of the Standard Model. This includes the hier-
archy problem, baryogenesis and dark matter.

In the remainder of this section we briefly summarize our
findings for these two lines of reasoning.

A. Minimal models

Underpinning the minimal model approach is the fact
that the symmetries of the SM already strongly restrict
the possible couplings through which a new, neutral state
may interact with the SM sector, and a simple classi-
fication is possible through the spin of the new state.
One typically considers a scalar (S), pseudo-scalar (a),
a fermion (N) or a vector (A0), where each allows for a
handful of dimension 4 and/or dimension 5 operators:

Abelian hidden sector: Fµ⌫F
0µ⌫

, hA
0
µA

0µ (1a)

Dark Higgs: S
2
H

†
H, SH

†
H (1b)

Heavy neutral leptons: H̃L̄N (1c)

Axion-like particles: @
µ
a  ̄�µ�5 , aWµ⌫W̃

µ⌫
,

aBµ⌫B̃
µ⌫
, aGµ⌫G̃

µ⌫
. (1d)

Here F
0µ⌫ represents the field strength operator to the

vector field A
0; H the SM Higgs doublet; h the physical,

SM Higgs boson; L the SM lepton doublets;  any SM
fermion; and B

µ⌫ , Wµ⌫ and G
µ⌫ the field strengths of the

SM hypercharge, SU(2) and strong forces, respectively.
We also allow for scenarios where a di↵erent operator is
responsible for the production and decay of the LLP, as
summarized below.
The Abelian hidden sector model [8–10] is a very

simple extension of the SM with just one additional, mas-
sive U(1) gauge boson (A0) and its corresponding Higgs
boson (H 0). (See, e.g., Refs. [11–17] for examples of other
models with similar phenomenology.) The A0 and the H 0

mix with, respectively, the SM photon [18, 19] and Higgs
boson. If the latter is heavier than the SM Higgs, it
decouples from the phenomenology, leaving behind the
operators in Eq. (1a) in the low energy e↵ective theory.
The hA0

µA
0µ operator is responsible for the production of

the A
0, through the exotic Higgs decay h ! A

0
A

0, while
the A

0 decay proceeds through the kinetic mixing opera-
tor Fµ⌫F

0µ⌫ . The production and decay rates of the A
0

are therefore controlled by independent parameters. The
top row of Fig. 3 shows the reach of CODEX-b for two
di↵erent values of the A

0 mass.
The most minimal extension of the SM comprises the

addition of a single, real scalar degree of freedom (S) that
couples to the SM Higgs. This scenario is often referred
to as the dark Higgs or Higgs portal simplified model.
The model has three free parameters: the mass (mS), the
mixing angle with the Higgs (s✓) and the mixed quartic
coupling with the Higgs (�D). The mixing angle controls
the lifetime of S as well as the production rate through
exotic B decays, as indicated by the penguin diagram in
the inset of the upper middle left-hand panel of Fig. 3.
The mixed quartic coupling controls the rate for pair pro-
duction of S both in exotic Higgs and B decays, as in-
dicated by the diagrams in the inset of the middle right-
hand panel of Fig. 3. LHCb already has sensitivity to
this model [20, 21], but CODEX-b would greatly extend
the reach into the small-coupling/long lifetime regime.
Axion-like particles (ALPs) couple to the SM

through dimension-5 operators (1d), arising in a broad
range of BSM models. They tend to be light when gen-
erated via the breaking of approximate Peccei-Quinn-
like symmetries, and their suppressed couplings make
them excellent LLP candidates. Long-lived ALPs may
couple to quark and/or gluons, and may be copiously
produced at the LHC through a variety of mechanisms,
including production during hadronization of quarks
and gluons, production from hadron decays via neutral
pseudoscalar meson mixing and production from flavor-
changing neutral-current bottom and strange hadron de-
cays. In addition, for gluon-coupled ALPs, of partic-
ular importance for transverse LLP experiments such
as CODEX-b is production by emission in the parton

• Target: light, weakly interacting LLPs at HL-LHC

• Use LHCb trigger CPUs space in LHCb cavern / DELPHI location


• 10x10x10 m3 box

• 6 layers of RPCs for tracking to reconstruct LLP decay vertex


• Addition of calorimetry or other material layers for photon ID being 
considered


• Shield veto agains collision backgrounds


• Codex-beta: 

• demonstrator, 2x2x2 m3

• data-taking in Run 3 

• Integrated with LHCb

• will check backgrounds and technology

• Full detector for Run 5

Compact Detector for Exotics at LHC-b
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https://arxiv.org/pdf/1911.00481.pdf
https://www.google.com/search?client=firefox-b-d&q=2203.07316
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7The FASER experiment - Susanne Kuehn

Detector layout

16.11.2019

incoming LLPs

Trigger / 
preshower

station

Veto station Tigger / 
timing station

pp ➝ A’(➝ e+e-) + X, with E(A’)~TeV

+ mechanics
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The idea of FASER

16.11.2019 The FASER experiment - Susanne Kuehn

arXiv:1708.09389

• New physics searches at the LHC focus on high pT

• This is appropriate for heavy, strongly interacting particles

• s ~ fb to pb à In Run-3 N ~ 102 – 105,  produced ~ isotropically à high pT

• However, if new particles are light and weakly interacting, this may be completely 
misguided. Instead one can exploit 

• Light à they may be produced in p0, K, D, B decays …

• Weakly interacting but very rarely produced. However looking along the beamline at 
low pT : sinel ~ 100 mb à In Run-3 N ~ 1016, and 2% of the pions produced in FASER 
angular acceptance of 0.2 mrad of the beam (η > 9)

• FASER is a new small experiment in an old LEP injector tunnel (Tl12), to start running 
after LS2, designed to cover this scenario at the LHC and collect 150 fb-1 from 2021-2023

• First concept in 2017 (Feng, Galon, Kling, Trojanowski), approved by CERN in March 2019 
(limited budget ~ 2M$)

FASER 19

ATLAS 
interaction point

Some specs: 
• 20 cm aperture x 5 meters
• ~ 480 meters from IP
• Need small but good tracker 

ForwArd Search ExpeRiment at the LHC

1708.093895

Location of FASER

16.11.2019 The FASER experiment - Susanne Kuehn

• FASER will be situated along the beam collision
axis line of sight (LOS) of Point 1 (IP1/ATLAS) at 

the LHC

• ~ 480 m from IP1, after beams start to bend

• Target: light, weakly interacting LLPs:

• very rarely produced 

• along the beamline at low pT ~2% of pions produced within 
FASER angular acceptance


• Fast! LoI (2018), approved (2019), Installation (2020)

• Expected to start data-taking for Run3 (2022)

• Potential to increase sensitivity with FASER 2 for HL-LHC

ForwArd Search ExpeRiment at the LHC

https://arxiv.org/pdf/1911.09206.pdf
https://arxiv.org/abs/1708.09389
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September 15th 2018 /10Xabier Cid Vidal - Codex-b statusNovember 16th 2020 /24

✦ Sensitivity to production in Higgs decays 
➡ complementarity between different experiments

Dark photons

13
• Mathusla: Good sensitivity for mass > 5 GeV and lifetime >> 100 m, even at low masses

• Codex-b 300/fb, complementary to MATHUSLA at shorter lifetimes
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CODEX-b EoI: 1911.00481

Sensitivity — neutral LLPs, 
scalar mediators

https://arxiv.org/abs/1911.00481
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Sensitivity — neutral LLPs, 
HNLs

6
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FIG. 3. The sensitivity reach of ANUBIS for HNLs produced

from di↵erent channels (upper figure) and reach compared to

other future experiments (lower figure), in the context of the

minimal HNL scenario, with one generation of N mixing with

⌫↵, ↵ = e/µ.

sider one generation of N mixing with either ⌫e or ⌫µ

but not both (↵ = e/µ). The upper plot compares the
exclusion limits among di↵erent production channels at
ANUBIS, while the lower compares combined sensitivi-
ties of the dominant production modes: B�, D�mesons,
and W�bosons at ANUBIS with the limits at other fu-
ture experiments. We show in the gray area in the back-
ground the experimentally excluded region of the param-
eter space based on the summary given in Ref. [48], in-
cluding the searches from CHARM [49], PS191 [50], JINR
[51], and DELPHI [52]. For the other future experiments,
we extract the sensitivity projections from a series of
past studies [6, 10, 42, 53–55]. Note that for the sen-
sitivity prediction of DUNE extracted from Ref. [53], we
only show the results for the HNLs mixing with the elec-

tron neutrinos. For the muon mixing case, the sensitivity
limits only get reduced at roughly two mass thresholds
mK � mµ ⇠ 400 MeV and mD � mµ ⇠ 1800 MeV, com-
pared to the case where the electron mixing is dominant.
Therefore, in order to keep the plot clean, we refrain from
showing the muon mixing sensitivity curve for DUNE.

The comparison among di↵erent production modes
shows that the heavy meson decays into HNLs have
the strongest reach in |V↵N |

2 at O(10�9) (5 ⇥ 10�10)
for mN

<
⇠ 4 (⇠ 1.7) GeV, and that the W�channel

(W+
! e+/µ+ N) extends the mass reach to almost

mN =6 GeV for mixing squared of ⇠ 2 ⇥ 10�8. Com-
pared to these channels, the Higgs bosons (h ! N⌫↵),
top quarks (t ! W+b, W+

! e+/µ+ N), and Z�bosons
(Z ! N⌫↵) would have more limited contributions.

The lower plot of Fig. 3 compares the di↵erent future
experiments’ sensitivities on minimal HNLs. The exclu-
sion limits of ANUBIS are comparable to that of MATH-
USLA for mN

<
⇠ 4 GeV, and show the advantage for mN

slightly larger than 4 GeV by virtue of its better accep-
tance for HNLs produced from W�bosons decays, where
MATHUSLA loses sensitivity.

The plots shown in Fig. 3 are valid for ↵ = e, µ, assum-
ing that the e�ciencies for electrons and muons in ANU-
BIS are at least approximately equal. We also want to
comment briefly on possible constraints on V⌧N . Ref. [1]
does not contain any information on detection e�cien-
cies for ⌧ ’s. Thus, we can not give definite predictions
for V⌧N . However, a few qualitative comments might be
in order. Both of ANUBIS and MATHUSLA are sparsely
instrumented, large-volume tracking detectors. In both
experiments, muons will show up as single tracks, while
taus will give either one or three collimated tracks. A
discussion of tau detection in MATHUSLA can be found
in Ref. [56]. The HNLs sensitivity curves for VµN and
V⌧N shown in Ref. [3] allow us to estimate the sensitivity
loss for MATHUSLA for the case of taus, to be in the
order of (30�50) for mixing squared, depending on HNL
mass. Given the similarities in the detector principles, it
may not be unreasonable to suppose that the numbers for
ANUBIS should be of a similar order. However, without
more concrete input from the experimental side, we are
unable to make more definite predictions in this paper.

For the HNLs produced from B� and D�mesons de-
cays via an o↵-shell WR at ANUBIS, we may re-interpret
the corresponding results in the context of the mini-
mal left-right symmetric model, by making the simple

substitution |V↵N |
2

!

⇣
mWL/mWR

⌘4
, since we assume

V R

↵N
⇠ O(1) and gL/gR = 1, as discussed in Sec. II. We

perform the same substitution on the HNL sensitivities

2001.04750

• SHiP covers most of the space

• MATHUSLA, ANUBIS, AL3X better at masses > 1 GeV

• Complementarity between forward and transverse detectors!
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where i ¼ 1, 2, 3 and j ¼ 1; ::; n, and lα, α ¼ e, μ, are the
charged leptons of the SM. For kinematic reasons, we
restrict ourselves to the first two generations. VαNj

denotes
the mixing between ordinary neutrinos and the HNLs of
mass mNj

. The mixing jVαNj
j controls both production and

decay of the HNLs.
HNLs/sterile neutrinos are mostly motivated by their

connection with the generation of masses for the light,
active neutrinos. In the standard minimal seesaw picture
one simply adds three fermionic singlets to the SM,
together with their Majorana mass terms. Within this
simplest model, one expects that these steriles mix
with the active neutrinos roughly at the order of
VαNj

∝
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, i.e., jVαNj
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However, other model variants, such as the inverse seesaw
[26], lead to much larger mixing, despite the smallness of
the observed neutrino masses. Below, we take jVαNj

j2 as a
free parameter in our calculations.5

We now turn to the discussion of the results. Figure 2
shows sensitivity estimates for AL3X and various other
recent experimental proposals to HNLs. For AL3X we
show two curves, one for 100=fb and one for 250=fb,
corresponding to the two options discussed in Ref. [10].
The grey area in the background shows the parameter space
currently excluded according to Ref. [28] by the searches
from PS191 [29], JINR [30], CHARM [31], and DELPHI
[32]. Sensitivities for HNLs for CODEX-b (300/fb) [8],
FASER (3=ab) [9] and MATHUSLA (3=ab) [33] have been
calculated in Ref. [15]. While we use Ref. [15] in this plot,
we note that these estimates agree quite well with other
calculations for the same experiments in Ref. [7] (for
MATHUSLA) and Ref. [34] (FASER). The line for LBNE
is taken from Ref. [35], SHiP (2 × 1020 protons on target)
from Ref. [36], while the final sensitivity of NA62 was
recently estimated in Ref. [37].

Figure 2 shows that AL3X is quite competitive for the
search of HNLs, with a sensitivity better than FASER,
CODEX-b or NA62, even for only 100=fb of statistics. In
the mass range abovemN ∼ 2 GeV, AL3X has a sensitivity
that is better than the estimate for SHiP [36], and only
slightly worse than MATHUSLA. Below mN ∼ 2 GeV,
SHiP gives the best sensitivity, with AL3X@250=fb only
roughly a factor (2–3) less sensitive than MATHUSLA in
that mass range. Note, however, that the estimate for
MATHUSLA is based on 3=ab of statistics.

IV. LIGHT NEUTRALINOS DECAYING
VIA R-PARITY VIOLATION

We continue with a discussion of the expected sensitivity
of AL3X to a light long-lived neutralino in RPV SUSY
[38,39]. Supersymmetric theories are an interesting exten-
sion to the SM [40,41]. In supersymmetry, the fermionic
partners of the neutral gauge bosons and the neutral CP-
even scalar Higgs fields mix to form four mass eigenstates
called neutralinos, and denoted χ̃0i . The lightest of these,
χ̃01, is typically the lightest particle of the supersymmetric
spectrum (LSP).
Rules of constructing gauge-, Lorentz- and SUSY-

invariant Lagrangians reproduce the known interactions
of the SM, and however additionally predict the following
operators in the superpotential [42]

TABLE I. Summary of fiducial efficiencies of AL3X and MATHUSLA for different models with the benchmark LLP mass at 1 GeV.

Detector ϵHNL-Dfid · cτ=m ϵHNL-Bfid · cτ=m ϵ
χ̃0
1
−Dþ

s

fid · cτ=m ϵ
χ̃0
1
−B0

fid · cτ=m ϵ
χ̃0
1
−Z

fid · cτ=m

AL3X 4.8 × 10−1 4.6 × 10−1 3.9 × 10−1 2.3 × 10−1 1.6 × 10−2

MATHUSLA 9.7 × 10−2 1.3 × 10−1 1.1 × 10−1 1.2 × 10−1 8.0 × 10−4

FIG. 2. Estimates for the sensitivity of different experiments to
HNLs in the plane mixing angle squared, jVαN j2, versus mass of
the HNL, mN [GeV]. The references for the individual curves are
given in the text.

5See also Ref. [27] for a detailed computation of the seesaw
model.
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recently estimated in Ref. [37].

Figure 2 shows that AL3X is quite competitive for the
search of HNLs, with a sensitivity better than FASER,
CODEX-b or NA62, even for only 100=fb of statistics. In
the mass range abovemN ∼ 2 GeV, AL3X has a sensitivity
that is better than the estimate for SHiP [36], and only
slightly worse than MATHUSLA. Below mN ∼ 2 GeV,
SHiP gives the best sensitivity, with AL3X@250=fb only
roughly a factor (2–3) less sensitive than MATHUSLA in
that mass range. Note, however, that the estimate for
MATHUSLA is based on 3=ab of statistics.

IV. LIGHT NEUTRALINOS DECAYING
VIA R-PARITY VIOLATION

We continue with a discussion of the expected sensitivity
of AL3X to a light long-lived neutralino in RPV SUSY
[38,39]. Supersymmetric theories are an interesting exten-
sion to the SM [40,41]. In supersymmetry, the fermionic
partners of the neutral gauge bosons and the neutral CP-
even scalar Higgs fields mix to form four mass eigenstates
called neutralinos, and denoted χ̃0i . The lightest of these,
χ̃01, is typically the lightest particle of the supersymmetric
spectrum (LSP).
Rules of constructing gauge-, Lorentz- and SUSY-

invariant Lagrangians reproduce the known interactions
of the SM, and however additionally predict the following
operators in the superpotential [42]

TABLE I. Summary of fiducial efficiencies of AL3X and MATHUSLA for different models with the benchmark LLP mass at 1 GeV.

Detector ϵHNL-Dfid · cτ=m ϵHNL-Bfid · cτ=m ϵ
χ̃0
1
−Dþ

s

fid · cτ=m ϵ
χ̃0
1
−B0

fid · cτ=m ϵ
χ̃0
1
−Z

fid · cτ=m

AL3X 4.8 × 10−1 4.6 × 10−1 3.9 × 10−1 2.3 × 10−1 1.6 × 10−2

MATHUSLA 9.7 × 10−2 1.3 × 10−1 1.1 × 10−1 1.2 × 10−1 8.0 × 10−4

FIG. 2. Estimates for the sensitivity of different experiments to
HNLs in the plane mixing angle squared, jVαN j2, versus mass of
the HNL, mN [GeV]. The references for the individual curves are
given in the text.

5See also Ref. [27] for a detailed computation of the seesaw
model.

DERCKS, DREINER, HIRSCH, and WANG PHYS. REV. D 99, 055020 (2019)

055020-4

CODEX-b 300/fb

MATHUSLA 3/ab

ANUBIS shaft only 3/ab

FASER 3/ab

SHiP 2 × 1020  protons on target 

https://arxiv.org/abs/2001.04750
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• LLPs might be the key for finding BSM physics

• LLPs are gaining interest!

Bingxuan Liu6

LLP Heat!
• Number of papers with “long-lived” in the abstract in hep-ph category  
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• LLPs might be the key for finding BSM physics

• LLPs are gaining interest!

• Great effort at the LHC experiments to search for LLPs…

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

S
U

S
Y

H
ig

g
s

B
R

=
1

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
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0.01
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1

1

10
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100
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√
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.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/fig_02.pdf
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/barplot_RPV_RPC_OLL_v5.pdf
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• LLPs are gaining interest!

• Great effort at the LHC experiments to search for LLPs… BUT! 


still not even close to the effort in prompt searches
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/fig_01.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-013/fig_26.png
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/CurrentBarChartVersion_v11.pdf
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• LLPs might be the key for finding BSM physics

• LLPs are gaining interest!

• Great effort at the LHC experiments to search for LLPs… BUT! still not close to the effort in prompt searches

• Run 3 and HL-LHC offer a great opportunity to innovate and plan for new unconventional searches yet to be 

explored


• Development of new tools and strategies to improve identification of LLPs, pushing the detector beyond its 

original design capabilities
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• LLPs might be the key for finding BSM physics

• LLPs are gaining interest!

• Great effort at the LHC experiments to search for LLPs… BUT! still not close to the effort in prompt searches

• Run 3 and HL-LHC offer a great opportunity to 

innovate and plan for new unconventional 

searches yet to be explored


• Development of new tools and strategies to 

improve identification of LLPs, pushing the 

detector beyond its original design capabilities


• The LLP community is growing
AL3X+MAPP

Most are young collaborations, 
happy to welcome new people
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LHC LLP WG

https://lpcc.web.cern.ch/lhc-llp-wg
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Backup



• Identification of displaced objects is very challenging

• The use of machine learning techniques for the identification of LLPs is getting extended:

• CMS: deep neural network to identify displaced jets


• for charged and neutral LLPs decaying hadronically

• with and w/o DV


• using information from all jet constituents
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Using the LLP jet tagger, limits are 
improved in a very noticeable way!

Improving object identification: Machine learning

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-011/index.html


LLP decays in the ID - unconventional tracking
Low-mass dimuon resonances

6

Inclusive Prompt Displaced pointing

Prompt + b-jet Displaced non-pointing

+ non-zero width 
considered

+ no isolation 
requirement

+ non-zero width 
considered

❑Non-minimal searches, example signatures:

[JHEP10 (2020) 156]

Low-mass dimuon resonances

6

Inclusive Prompt Displaced pointing

Prompt + b-jet Displaced non-pointing

+ non-zero width 
considered

+ no isolation 
requirement

+ non-zero width 
considered

❑Non-minimal searches, example signatures:

[JHEP10 (2020) 156]
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• Search for a low-mass dimuon resonance 

• The X bosons can either decay promptly or displaced: lifetime O(1) ps

• The searches for displaced X→μ+μ− decays consider masses up to 3 GeV.

• dataset: run 2: 5.1 fb-1


Prompt search limits on cross-section

Displaced search limits on cross-section

JHEP 10 (2020) 156

• Exclusion both in the 
prompt and displaced 
cases for masses 
below 3 GeV!

https://link.springer.com/article/10.1007/JHEP10(2020)156


LLP decays in the ID - unconventional tracking
Disappearing tracks  

Supersymmetry: long-lived particles ATLAS-CONF-2021-015

S. Xella - Search highlights at ATLAS - MoriondQCD 2021 15

Disappearing track=track lacks hits in the outermost 
silicon trackers and has no calorimeter activity. Targets electroweak production of long-lived charginos and neutralinos, 

and the strong production of gluinos decaying promptly to long-lived chargino

• Unconventional tracking can be used to search for multiple types of displaced objects

• Example: SUSY scenario with very small mass gap between neutrino and chargino:

• Chargino becomes long-lived

• Pion is too soft to be reconstructed


• MET trigger

• High threshold, not optimal!


• Disappearing track: lacks hits in the outermost silicon layers and no calorimeter activity

• Significant improvement over previous results due to additional track quality criteria and 
increase in integrated luminosity

ATLAS-CONF-2021-015

LLP

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-015
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STOPPED LONG-LIVED PARTICLES
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1

Gluino R-hadrons serve  
as benchmark with mini-split 
SUSY-inspired decays   
‣ very high squarks masses  

induce a large gluino lifetime 
‣ target lifetimes from μs to years

CERN-EP-2021-041

2

STOPPED LONG-LIVED PARTICLES

LLP produced 
in pp collision

LLP hadronises 
in SM or dark 
sector if color 

charged

loses 
momentum 

through 
interactions

may stop 
inside the 
detector

aim to 
detect the 

late decays 
into jets  

Search for BSM long-lived particle carrying SM charge 

PairedEmpty Empty

LLP produced in a paired BC

interacts with detector and stops

2

STOPPED LONG-LIVED PARTICLES

LLP produced 
in pp collision

LLP hadronises 
in SM or dark 
sector if color 

charged

loses 
momentum 

through 
interactions

may stop 
inside the 
detector

aim to 
detect the 

late decays 
into jets  

Search for BSM long-lived particle carrying SM charge 

PairedEmptyPaired

LLP eventually decays 
during an empty BC: free 
from collision background

• Search for late decays to hadronic jets from LLPs

• Benchmark: gluino R-hadrons with very high squark masses inducing large gluino lifetime

• Dedicated jet+MET trigger, recorded in empty bunch crossings (BC) to reduce background

• All backgrounds are non-collision in out-of-time BCs: cosmic-ray muons, beam-induced, cavern background 

• Require special reconstruction configuration

Fig. inspired by C. Sebastiani

Stopped particles
LLP decays in the calorimeters

LLP
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-15/


Sensitivity — neutral LLPs @ LHC  
Scalar mediators

September 15th 2018 /10Xabier Cid Vidal - Codex-b statusNovember 16th 2020 /24

✦ Sensitivity to production in Higgs decays 
➡ complementarity between different experiments

Dark photons

13
Anubis Cavern + shaft, 3/ab, 50 events

Anubis Cavern + shaft, 3/ab,  4 events

Codex-b 10m x 10m x 10m, 300/fb

Codex-b 20m x 10m x 10m, 1/ab


H —> inv
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p f

f̄

f̄

f

CODEX-b EoI: 1911.00481

Sent by Oleg Brandt

Updated from 1909.13022

Background as 
in ATLAS MS 
vertex search

Similar reach 

as Codex 1/at• Mathusla: Good sensitivity for mass > 5 GeV 
and lifetime >> 100 m, even at low masses


• Codex-b 300/fb, complementary to MATHUSLA 
at shorter lifetimes

https://arxiv.org/abs/1911.00481
https://arxiv.org/abs/1909.13022
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• Instrumenting ATLAS access shaft (56m) for HL-LHC

• 3 possible configurations using the shaft and/or part 
of the cavern

Proposal: 1909.13022

• Plan: installing a demonstrator for Run 3

• 4 RPC layers for tracking 

• Use timing to reject cosmic rays

• Can be combined with ATLAS information as veto 
and background estimator

An Underground Belayed In-Shaft

63

https://arxiv.org/abs/1909.13022
https://arxiv.org/abs/1909.13022


Al3X

• Use ALICE’s cavern and magnet for LLP 
searches


• Implies that ALICE is removed!

• Requires upgrading IP2 to run at the nominal 
LHC luminosity


• The IP has to be moved so that the LLP has 
enough space to decay (would require adjusting 
magnets)


• Use existing magnets for momentum 
measurements

• Add absorber, aiming at zero background

• Quite unlikely to be built, but a good example on 
how to use existing caverns for LLP detectors


�7A Laboratory for Long-Lived eXotics
2

5.5 m

14 m

4.25 m

IP
Beamline

L3 Solenoid

IP

D4

D3
D1D2

Detector

Approx. 
to scale

FIG. 1. Schematic representation of the proposed detector layout. Cavern layout information is from Ref. [1, 27]; cavern
diagram is reproduced from Ref. [27]. The current L3 magnet is shown in dashed red for reference. The four surfaces bounding
the detector volume are labelled D1...4 (see Sec. III for details).

point, with a considerable geometric acceptance, permits
sensitivity not only to LLPs generated by high center of
mass energy portals such as the Higgs invisible width,
but also from low scale vector, scalar or fermion mix-
ing portals, thereby covering all possible renormalizable
couplings of the SM to exotic sectors in one detector
concept. In this proof-of-concept study, we examine the
AL3X reach for an LLP produced in an exotic Higgs or
B decay as well as for the production of a kinetically
mixed dark photon. For an integrated luminosity of or-
der 100 fb�1, we find that the AL3X reach meets, exceeds
or complements the combined reach of other LLP pro-
posals. Much of our discussion will be informed by those
applicable to the MATHUSLA [18] and CODEX-b [22]
proposals, though the challenges from backgrounds will
be significantly di↵erent from the former, and somewhat
di↵erent from the latter.

II. UPGRADING IP2

Before further motivating and elaborating on the de-
tector concept, we discuss up front some of the potential
challenges as they relate to delivering O(100) fb�1 lumi-
nosity to IP2 in the AL3X configuration. There are at
least four main concerns: (i) moving the IP, (ii) beam
quality, (iii) luminosity sharing, and (iv) cost.

For LHC collisions at 40MHz, an IP can only be moved
by multiples of 12.5 ns ⇥ c ' 3.75 m. For this reason
we envision moving the IP by 11.25 m from its current
location at the center of the magnet, which should pro-
vide su�cient room for shielding the detector from the
IP. However, moving this distance with a reasonably low
�⇤ would require changing the layout of the quadrupole
magnets in addition to general modifications to the op-
tics. The fact that the injection of one of the proton
beams is located near IP2 is a possible additional com-
plication. The current luminosity delivered to IP2 is also

so low that it has little impact on the beam quality and
lifetime. Increasing the instantaneous luminosity to be
a non-negligible fraction of the ATLAS and CMS colli-
sion rate would make beam preservation more challeng-
ing. Another consequence of the higher luminosity is
that the magnets (triplets and probably also the beam
separator magnets) would need additional shielding from
forward going radiation. In addition to adding absorbers
in front of the magnets, one may need to cool the ab-
sorbers. The final concern is the cost. It is too early to
give a reliable price tag of configuring IP2 for AL3X, but
given the known feasibility for a similar upgrade at IP8
for LHCb, the cost may not be prohibitive at this time,
especially in the context of other ambitious proposals for
LLP detectors at CERN.

At this stage, none of these issues appear to preclude
an e�cient, robust and cost e↵ective implementation of
AL3X, but further engineering studies are required to es-
tablish a realistic configuration of the ALICE cavern and
the surrounding LHC tunnel and beamline. We further
emphasize that the 100 fb�1 target is somewhat arbi-
trary, and is chosen to roughly balance the physics reach
against the challenges mentioned above and anticipated
limitations from backgrounds. To give the reader a sense
of how the various projections scale with the luminosity,
we will therefore also show 250 fb�1 projections. With
the above caveats in mind, we now proceed to present
the nominal detector concept.

III. DETECTOR CONCEPT

For LLPs with relatively long lifetimes, the reach of any
particular detector scales with the angular coverage and
the size of the detector. This is the main reason for the
rather large size of the two proposed experiments with
the highest sensitivity: SHiP and MATHUSLA. Since
SHiP would operate in beam dump mode o↵ the Su-

(called “AL3X” and pronounced “Alex”)

Move IP, add absorber, increase lumi.   
See what comes out the back!Will come back 

to these soon
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Proposal: PRD.99.015023
A Laboratory for Long-Lived eXotics

https://journals.aps.org/prd/references/10.1103/PhysRevD.99.015023


• Target Millicharged particles in dark QED with mass O(GeV)

• 70m underground (shielded from cosmics) and 33m from CMS IP (17m of rock, shielded 
from LHC)


• Scintillator bars + PMTs allow small ionisation signal from mCPs to be detected


• Prototype took data in 2018 (~1% of full detector), confirmed background expectations

The prototype location is at 43° from the horizontal 
in the azimuthal plane and at * =0.1 from the IP.

4

milliQan – A Scintillation Based Detector

• Scintillator bars + PMTs allow small ionisation signal from mCPs to 
be detected:
- Ionisation ∝ )" → long bars boost sensitivity to charges as low as 0.001+

• We built a small (32 channels) demonstrator of full milliQan detector:
→ understand main sources of background
→ study detector response and performance

• 70m underground and 33m from CMS IP (17m of rock) → shield 
from beam particles

• Multiple layers to reject background by requiring:
- timing coincidence between all hits (~15ns)
- paths pointing towards the IP

F. Setti fsetti@ucsb.edu

5

milliQan Operation

• milliQan collected ~01fb-1 of data in 2018 (2100h)

• Operation experience in: triggering and data acquisition 

• Feasibility studies for the full detector: alignment, 
channel calibrations, background measurements 

• The measured muon rate of 0.20/pb-1 is in good 
agreement with the predicted value 0.25 ± 0.08/pb-1.

• Full GEANT 4 simulation, validated with data

nPE distribution 
of shower 
particles from 
beam muons in 
the detector.

Simulated muon +"
and muon rate. 

F. Setti fsetti@ucsb.edu

2104.07151v1
1607.04669

2

the range 10 MeV to 80 GeV with Q ⇠ 0.0018 to 0.3e.

II. DETECTOR DESIGN

As detailed in Ref. [17], the milliQan experimental cav-
ern is located in an underground tunnel at a distance of
33 m from the CMS IP, with 17 m of rock between the IP
and the detector that provides shielding from most parti-
cles produced in LHC collisions. In order to be sensitive
to particles with charges as low as 0.001e a large active
area of scintillator is required. For Run 3, two detector
designs are planned for deployment: a bar detector and
a slab detector. In the CMS coordinate system [22], the
bar detector will be positioned at an azimuthal angle (�)
of 43� and pseudorapidity (⌘) of 0.1. The slab detector
will be placed around 5 m behind the bar detector at
� = 38�, a distance of 37 m from the IP.

The Run 3 bar detector is comprised of a 0.2 m ⇥
0.2 m ⇥ 3 m plastic scintillator array. The array will
be oriented such that the long axis points at the nom-
inal CMS IP. The array will contain four longitudinal
“layers”, each containing sixteen 5 cm ⇥ 5 cm ⇥ 60 cm
scintillator “bars” optically coupled to high-gain photo-
multiplier tubes (PMTs) in a 4 ⇥ 4 array. Surrounding
the array is an active muon veto shield composed of six 5
cm thick scintillator panels that cover the top and sides
of the array. Each panel will have two PMTs at op-
posing ends to increase light collection e�ciency and to
provide some positional information (using relative pulse
sizes and ⇠ns timing resolution). An additional small
scintillator panel at each end of the bars will complete
the hermeticity of the shield. These end panels will also
be used to discriminate higher charge signals from the
deposits of muons originating at the CMS IP using the
pulse size, as in Ref. [17]. A diagram of the bar detector
may be seen in Fig. 1.

The bar detector design closely follows the design of the
milliQan demonstrator, with several important upgrades.
These are an increase in surface area from 150 cm2 to
400 cm2, the addition of a fourth layer for improved back-
ground rejection, an increase in the scintillator veto panel
thickness from 0.5 cm to 5 cm, the inclusion of an ampli-
fier attached to the readout of each PMT to allow single
photoelectron pulses to be reconstructed with near 100%
e�ciency, and an LED flasher system for calibration and
monitoring. The LEDs will be used to measure the aver-
age area of single photoelectron waveforms for each chan-
nel, following the method outlined in Ref. [23]. The re-
sponse for millicharged particles will be calibrated using
the measured area of known energy depositions from a
range of radioactive sources as well as cosmic muons.

As will be shown in Section V, the sensitivity for a
� with mass above ⇠ 1.4 GeV is limited by the angu-
lar acceptance of the detector and not the e�ciency of
the scintillator bars. This motivates an additional de-
tector that makes use of a large active area of thinner
scintillator, the “slab detector”. While the thinner scin-

tillator results in a reduction in sensitivity at the smallest
charges, its expanded geometric coverage allows the slab
detector to improve the reach for higher � masses.
The slab detector will be comprised of 40 cm⇥60 cm⇥

5 cm scintillator “slabs”. These will be arranged in four
layers of 3 ⇥ 4 slabs. There are therefore a total of 48
slabs in the array. The segmentation of the layers in the
slab detector is driven by a compromise between practi-
cal considerations, including mechanical constraints and
limiting the number of channels, as well as the desire to
sharply define pointing paths to the IP to reduce acciden-
tal backgrounds. Each layer of the slabs will be held by a
simple shelving unit. A drawing of the slab detector may
be seen in Fig. 2. Similarly to the Run 3 bar detector,
an LED flasher system will be installed, and radioactive
sources and muons used to calibrate the response.

�
Scintillator 
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top/side panel

Scintillator bar

PMT

FIG. 1. A diagram of the milliQan Run 3 bar detector com-
ponents. The scintillator bars are shown in blue connected
to PMTs in black. The side and top panels are shown sur-
rounding the bars in transparent green while the end panels
are shown in transparent yellow. The PMTs are not shown
for the side and top panels. All components are installed on
an aluminum tube. The path of a millicharged particle from
the IP is shown in gray.

For the HL-LHC, should additional funding become
available, we consider an upgraded bar detector design.
This detector would be composed of a 1 m⇥ 1 m⇥ 3 m
plastic scintillator array. The arrays are subdivided into
nine steps, stacked on top of each other, held in place by
a mechanical cage supported by a rotatable mechanical
structure. Each step contains six modules in four longi-
tudinal layers, each containing four 5 cm⇥ 5 cm⇥ 60 cm
scintillator bars, in a 2⇥ 2 array. There are thus a total
of 864 (9 ⇥ 6 ⇥ 4 ⇥ 4) bars in the array. The detector
is hermetically surrounded by 5 cm thick veto panels on
each side and each end.

III. EVENT GENERATION AND SIMULATION

The basic principles of the Monte Carlo generation
and simulation of signals and backgrounds are detailed in
Ref. [17]. Briefly, pairs of millicharged particles of spin

3

�

Scintillator 
slab

PMT

FIG. 2. A diagram of the milliQan slab detector components.
The scintillator slabs are shown in red connected to PMTs in
black. The support structure is not shown. The path of a
millicharged particle from the IP is shown in gray.

1
2 are generated at

p
s = 13 TeV from modified Stan-

dard Model processes such as Drell-Yan, decays of vector
mesons, and Dalitz-decays of light mesons. These par-
ticles are transported through the CMS magnetic field
and the rock in the cavern to the drainage tunnel where
the milliQan detector is installed. The response of the
detector and the readout electronics is modeled with a
combination of Geant4 [24], test data from cosmic rays,
and bench tests with an LED flasher.

The understanding of backgrounds arising from cos-
mic muons that shower in the rock and detector material
(“shower” background) is crucial for the detector design
and to estimate the expected sensitivity of the proposed
detectors. The shower background is estimated from sim-
ulation. The simulation is validated with data taken with
the three-layer demonstrator reconfigured in a horizontal
position in order to be able to place two additional bars
at its end to form a (partial) four-layer detector.

A sample of 7.7 ⇥ 105 cosmic triggers were collected
with the four-layer demonstrator in a beam-o↵ period of
1800 hours. The Geant4 based simulated cosmic data
set is normalized to the number of data triggers, yield-
ing a cosmic flux consistent with the measurements in
Ref. [25]. The probability of multiple cosmic ray muon
events is taken into account in the simulation [26].

A further normalization is needed to calibrate the
probability of the cosmic muon to produce a shower. To
this end, we select events in data and Monte Carlo with a
PMT hit in each layer, passing basic quality criteria. We
find that the simulation needs to be scaled up by a factor
of three in order to reproduce the rate of these events in
data. After this re-scaling, we find good agreement in the
number of scintillator bars with a detected pulse in data
and simulation (Fig. 3), indicating that the spatial dis-

tribution and multiplicity of showers is well modelled. In
addition, in Figures 4, 5 and 6 we compare the modelling
of the number of photoelectrons (npe), the ratio of the
maximum to the minimum npe, and the �tmax, which is
defined as the maximum |�t| between layers with a sign
then determined as positive (negative) if the layer further
from (closer to) the IP has the later pulse. The tails in
the �tmax occur from a range of sources, including ran-
dom coincidence of PMT dark pulses, particles that are
produced from electrons, photons and neutrons far from
the detector or reflecting from the walls of the cavern, and
PMT afterpulses. As will be discussed in Section IV, the
npe ratio and the �tmax are quantities used to define sig-
nal regions for the millicharged search. Any disagreement
in the modelling of the variables shown in Figures 4, 5
and 6 is used to define a systematic uncertainty in the
relevant selection e�ciency.
A signal-like selection in the bar-detector requires only

a single hit in each layer. As a result, a systematic uncer-
tainty on the correction to the shower rate is determined
by comparing the probability to pass this selection in
data and simulation. The ratio of these probabilities is
found to be 0.90 ± 0.17. The uncertainty is derived by
taking the quadratic sum of the di↵erence from unity
with its statistical uncertainty. The scaling of the shower
background is therefore taken as 3.0 ± 0.6. With the
scaling applied to simulation, after requiring all signal
selections detailed in Sec. IV, the four-layer demonstra-
tor yield in data is found to agree within uncertainty with
the prediction from simulation.
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FIG. 3. The number of scintillator bars with a detected pulse
in cosmic muon events for data (blue) and simulation (red).

IV. BACKGROUND REJECTION AND

ESTIMATION

The basic requirements to select signal-like events and
reject backgrounds will be based on those used in the
analysis of the demonstrator data of Ref. [17]. After
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