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LLPS HAVE BEEN A THING FOR AWHILE 

1 Recently, a comprehensive collec-
tion of the vast array of theoretical
frameworks within which LLPs nat-
urally arise has been assembled as
part of the physics case document
for the proposed MATHUSLA exper-
iment [2]. Because the focus of the
current document is on the experimen-
tal signatures of LLPs and explicitly
not the theories that predict them,
the combination of the MATHUSLA
physics case document (and the large
number of references therein) and the
present document can be considered,
together, a comprehensive view of the
present status of theoretical motivation
and experimental possibilities for the
potential discovery of LLPs produced
at the interaction points of the Large
Hadron Collider.

1
Introduction

Document editors: James Beacham, Brian Shuve

Particles in the Standard Model (SM) have lifetimes spanning an
enormous range of magnitudes, from the Z boson (t ⇠ 2 ⇥ 10�25 s)
through to the proton (t & 1034 years) and electron (stable).
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Figure 1.1: Particle lifetime ct, expressed in meters, as a function
of particle mass, expressed in GeV, for a variety of particles in the
Standard Model [1].

Similarly, models beyond the SM (BSM) typically predict new
particles with a variety of lifetimes. In particular, new weak-scale
particles can easily have long lifetimes for several reasons, includ-
ing approximate symmetries that stabilize the long-lived particle
(LLP), small couplings between the LLP and lighter states, and sup-
pressed phase space available for decays. For particles moving close
to the speed of light, this can lead to macroscopic, detectable dis-
placements between the production and decay points of an unstable
particle for ct & 10 µm. 1

The experimental signatures of LLPs at the LHC are varied and,
by nature, are often very different from signals of SM processes. For
example, LLP signatures can include tracks with unusual ionization
and propagation properties; small, localized deposits of energy in-
side of the calorimeters without associated tracks; stopped particles
that decay out of time with collisions; displaced vertices in the inner
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Search for Short-Lived Axions in an Electron-Beam-Dump Experiment
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We report results of an electron-beam-dump search for neutral particles with masses in the range 1 to
15 MeV and lifetimes T: between 10 ' and 10 ' s. No evidence was found for such an object. We
rule out the existence of any 1.8-MeV pseudoscalar boson with r & 8.2X10 ' s and an absorption cross
section in matter less than 1 mb per nucleon, and exclude I & 1X10 ' s were its cross section to equal
50 mb per nucleon. In conjunction with measurements of the electron's anomalous magnetic moment,
this experiment shows that the narrow positron peaks observed in heavy-ion collisions at the Gessell-
schaft fur Schwerionenforschung are not due to an elementary pseudoscalar.

PACS nUmbers: 14.80.6t, 13.60.Hb

The recent observation of monoenergetic positron
peaks and apparent e+e coincidences in heavy-ion col-
lisions ' at the Gesellschaft fur Schwerionforschung
(GSI) has stimulated theoretical speculation that these
phenomena might be induced by an elementary 1.8-MeV
axion decaying into e+e pairs. Such an object could
not be the "standard" Peccei-Quinn-Weinberg-Wilczek
axion which has already been ruled out by J/tlt and Y
decays. However, axion variants coupling preferentially
to light fermions and a neutral, elementary pseudosca-
lar boson coupling only to electrons or photons are not
ruled out by these heavy-quarkonium decays; lifetimes
~ & 10 ' s are permitted by comparison of theory and
measurements of the electron's anomalous magnetic mo-
ment.
An electron-beam-dump experiment is one of the

cleanest ways to search for such neutral particles L . If
one assumes that they couple predominantly to electrons,
then the coupling constant a+ is uniquely determined by
the assumed mass m~ and lifetime r: tt~ =2.r '(mg.
—4m, ) 'I . Such a boson should be produced in a pro-
cess analogous to bremsstrahlung:

e+Z—e+Z+X'.

The production cross section for pseudoscalar bosons
would be very strongly peaked at forward angles and
high secondary energies. At sufficiently high electron
energies, or in experiments with short dumps, a detect-
able fraction of these particles should exit the dump be-
fore decaying to e+e
In this experiment, high-energy electrons were stopped

in several short beam dumps and a single-arm focusing
spectrometer was used to detect high-energy positrons
emerging at small angles. Electron beams with primary
energies Eo of 9.0, 10.7, 18.0, and 22.4 GeV struck
copper and tungsten dumps ranging in length from 10 to
100 cm, providing sensitivity to masses between 1 and 15
MeV, and lifetimes between 10 ' and 10 ' s. A total
of =5x10' electrons were used in the entire experi-
ment. The results reported here come from a subset of
the ED=9.0 GeV data in which =2x10' electrons were
stopped in 10- and 12-cm tungsten dumps, hereafter
called "dump 10" and "dump 12," respectively. These
two dumps gave the best sensitivity to particles with the
shortest lifetimes or large absorption cross sections in
matter, while providing sufficient rejection of e+ back-
grounds from electromagnetic cascades.
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dropped by a factor of 33 ~ 3, as shown in Fig. 1(b),
where we have included ratios measured in both
converter-out and converter-in configurations to improve
the statistical accuracy of this average. The measured
average ratio is therefore consistent with the value pre-
dicted by interpreting these yields as due solely to photon
punchthrough and pair conversion processes.
To remove this background, and improve our lifetime

limits slightly, we divided the dump-10 yield by 37 and
subtracted the result from the dump-12 yield, obtaining
the data presented in Fig. 1(c). This procedure subtract-
ed the punchthrough background plus a small fraction
(~ 15%) of any possible axion signal. The residual e+
yield was then compared with the predicted net yields
from A e +e decays as a function of m+ and z. In
obtaining this anticipated net signal, we also divided the
predicted dump-10 yield by 37 and subtracted the result
from the predicted dump-12 yield. Our results are there-
fore insensitive to any a priori assumptions made about
the background contribution.
The solid curve in Fig. 1(c) is the acceptance-

corrected e+ yield expected from the decay of a 1.8-
Me V axion with r =8.2 x 10 ' s and absorption cross
section a~~ 1 rnb per nucleon. Comparing this pre-
diction with experiment for x ~ 0.7, where the expected
signal/background ratio is largest, we get X =5.1 for
two degrees of freedom. Thus a 1.8-MeV axion decaying
into e+e with a lifetime of z. =8.2x10 ' s is excluded
with better than 90% confidence by these data, assuming
o~~ ~ 1 mb. If we instead assume a~~ =50 mb per nu-
cleon (and an 2 dependence of 2 ) for r =1.0&&10
s, we get the second curve in Fig. 1(c), which is excluded
with better than 90% confidence. Thus, the lifetime lim-
its reported here are relatively insensitive to the assumed
absorption cross sections.
Proceeding similarly for other assumed axion masses,

we have established the 90% confidence limits on
shown in Fig. 2 assuming both o~~ =1 and 50 mb per
nucleon. The dashed curve is close to the limits we ob-
tained earlier (assuming tT~~ =1 mb) using an analysis'
that did not require the subtraction of any backgrounds.
Both limits are substantially better than the lifetime
limits reported in two recent electron-beam-dump
searches. '' We also improve upon the limits established
by a recent proton-beam-dump experiment, ' which was
unable to exclude axions with a~~ & 1 mb.
The above analysis assumes that axion coupling to

e+e is much stronger than its coupling to yy for
m~ & 1 MeV, consistent with most reasonable axion
models; in this case bremsstrahlung production of A
dominates. One could conceivably formulate axion
models for which these couplings are about equal, but in
this case PrimakoA production of X would dominate,
leading to substantial increases in the e+ yield when the
photon converter was inserted before the spectrometer.
Such increased yields are not observed.
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FIG. 2. Regions of en~ and r, for a light pseudoscalar boson
decaying predominantly to e+e, that are excluded by this

experiment, assuming an absorption cross section of a~~ =1
and 50 mb per nucleon. Also shown are regions excluded by
electron g —2 measurements by use of two assumptions (see
Refs. 14 and 15) for the possible discrepancy between theory
and experiment.

' J. Schweppe et al. , Phys. Rev. Lett. 51, 2261 (1983);
M. Clemente et al. , Phys. Lett. B137, 41 (1984); T. Cowan er
al. , Phys. Rev. Lett. 54, 1761 (1985); T. Cowan et al. , Phys.
Rev. Lett. 56, 444 (1986).

Beam-dump experiments establish upper limits on i,
while lower limits can be obtained from the agreement
between theory and measurements of the anomalous
magnetic moment of the electron '; taken together, they
exclude entire ranges of axion mass m~. Shown in Fig. 2
are lower limits on T: using the most recent results of Ki-
noshita, ' which excluded z & 6 x 10 ' s at m~ = 1.8
MeV (solid curve). Using these limits in conjunction
with our own, we rule out any possible pseudoscalar bo-
son with m~ & 3.2 MeV (90% confidence); if we instead
use the recent analysis of Samuel ' (dash-dotted curve in
Fig. 2), we can rule out m~ & 2.2 MeV. With either
analysis, we conclude that the GSI phenomena are not
due to an elementary axion, or any other elementary
pseudoscalar decaying to e+e, even if it were strongly
absorbed in matter. These phenomena might still be due
to an extended object, which could be produced with a
reduced cross section or absorbed in the dump, and
therefore not be seen in this experiment.
We thank G. Davis, R. Eisele, C. Hudspeth, L. Keller,

and D. Walz for their aid in the setup and running of
this experiment. The support of B. Richter and the
SLAC staA were crucial to its success. We also ac-
knowledge valuable discussions with S. Brods ky,
M. Karliner, L. Krauss, B. Lu, and Y. S. Tsai. This
research was supported by Department of Energy Con-
tracts No. ER13065-453, No. DE-AC02-76ER02853,
and No. DE-AC03-76SF00515; and National Science
Foundation Contracts No. PH Y84-10549 and No.
PH Y85-05682.
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Chen, Drees, Gunion, PRL 76 (1996) 12 
Thomas, Wells, hep-ph/9804359 [PRL] 

Feng et al., hep-ph/9904250 [PRL] 
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EUROPEAN LABORATORY FOR PARTICLE PHYSICS

CERN-PPE/97-041
16 April 1997

Search for pair-production of long-lived
heavy charged particles in e+e! annihilation

The ALEPH Collaboration

Abstract

A search for pair-production of long-lived, heavy, singly-charged particles has been
performed with data collected by the ALEPH detector at a centre-of-mass energy of
172 GeV. Data at

!
s = 161, 136, and 130 GeV are also included to improve the sensitivity

to lower masses. No candidate is found in the data. A model-independent 95% confidence
level upper limit on the production cross section at 172 GeV of 0.2–0.4 pb is derived for
masses between 45 and 86 GeV/c2. This cross section limit implies, assuming the MSSM,
a lower limit of 67 (69) GeV/c2 on the mass of right- (left-) handed long-lived scalar taus
or scalar muons and of 86 GeV/c2 on the mass of long-lived charginos.

(submitted to Physics Letters B)

!See the following pages for the list of authors.

ALEPH, hep-ex/9706013 [PLB]

ar
X

iv
:h

ep
-e

x/
01

03
02

6v
1 

 1
6 

M
ar

 2
00

1
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN–EP-2000-015

20 January 2000

Search for supersymmetric particles

in scenarios with a gravitino LSP

and stau NLSP

DELPHI Collaboration

Abstract

Sleptons, neutralinos and charginos were searched for in the context of scenar-
ios where the lightest supersymmetric particle is the gravitino. It was assumed
that the stau is the next-to-lightest supersymmetric particle. Data collected
with the DELPHI detector at a centre-of-mass energy near 189 GeV were anal-
ysed combining the methods developed in previous searches at lower energies.
No evidence for the production of these supersymmetric particles was found.
Hence, limits were derived at 95% confidence level.

(Eur. Phys. J. C16(2000)211)

DELPHI, hep-ex/0103026 [EPJC]
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• Motivations and models for LLPs

• Model coverage and re-interpretation

• Dedicated LLP experiments

• Challenging signatures
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• Prompt, R-parity conserving weak-scale SUSY came under 
increasing constraints

(mini-)split SUSY:

Displaced decays in Mini-Split SUSY

• Major consequence: potentially collider-accessible 
fermions that cannot decay except via higher-order 
operators

O =
c

m2
q̃

g̃q̄�q

c⌧ ⇡ 100µm⇥
⇣ mq̃

1000TeV

⌘4
✓
TeV

mg̃

◆5

• lifetime depends on splitting to the 
fourth power:

Thursday, November 12, 15

gauge mediation:

Triggering on Long-Lived Particles  
04 / 18 / 17

8

(Mini - ) Split SUSY / GMSB 

• Off-shell decay 

• Small splitting (phase space) 

• Small coupling

Split SUSY (3 body)

c⌧ ⇡ 100µm⇥
⇣ mq̃

103 TeV

⌘4
⇥

✓
TeV

mg̃

◆5

MET

Gauge Mediation* (2 body)

c⌧ ⇡ 100µm⇥
 p

F

100TeV

!4

⇥
✓
100GeV

m⌧̃

◆5

⌧̃

G̃

⌧

1/F

* Common misconception: decay NOT gravity suppressed!(Gravitino) MET

R-parity violation:

!

N1

N1

t̃
<latexit sha1_base64="vwqOiOGFr5ibQxMvl0orVe56gSc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWw2m3bpZhN3J0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6wHHK/ZgOlIgEo2ilTg+FDDnBfrniVt05yCrxclKBHI1++asXJiyLuUImqTFdz03Rn1CNgkk+LfUyw1PKRnTAu5YqGnPjT+b3TsmZVUISJdqWQjJXf09MaGzMOA5sZ0xxaJa9mfif180wuvYnQqUZcsUWi6JMEkzI7HkSCs0ZyrEllGlhbyVsSDVlaCMq2RC85ZdXSatW9S6qtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAYSnuEV3pxH58V5dz4WrQUnnzmGP3A+fwDOb4/Q</latexit>

q
<latexit sha1_base64="b+n3e1YQEa9MneUTanzPe56IiCk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+ANzrjPk=</latexit>

q0
<latexit sha1_base64="pV9gde6RIXTszYq4tBbFmjmlcXA=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjF6IrtookeiF49o5JEAIbNDL0yYnV1nZk3Ihj/w4kFjvPpH3vwbB9iDgpV0UqnqTneXHwuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLV8qlGwSXWDTcCW7FCGvoCm/7oZuo3n1BpHskHM46xG9KB5AFn1Fjp/vG0Vyy5ZXcGsky8jJQgQ61X/Or0I5aEKA0TVOu258amm1JlOBM4KXQSjTFlIzrAtqWShqi76ezSCTmxSp8EkbIlDZmpvydSGmo9Dn3bGVIz1IveVPzPaycmuOqmXMaJQcnmi4JEEBOR6dukzxUyI8aWUKa4vZWwIVWUGRtOwYbgLb68TBqVsndertxdlKrXWRx5OIJjOAMPLqEKt1CDOjAI4Ble4c0ZOS/Ou/Mxb8052cwh/IHz+QM9a40q</latexit>
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figure from D. Morrissey et al., 0912.3259

Strassler, Zurek, hep-ph/0604261 [PLB] 
Strassler, Zurek, hep-ph/0605193 [PLB] 
Han et al., 0712.2041 [JHEP]
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Figure 1: An example of a Higgs decay to lepton jets, through the neutralino production portal of

Section 3.1. The hidden sector cascades can lead to many leptons per Higgs decay, in this case 18.

This example uses the particle content and vertices of the minimal U(1)d hidden sector described

in section 2.2. A larger hidden sector can lead to even larger multiplicities. If the neutralinos

are heavy enough to be produced close to rest, their decay products will be well-separated, and

the leptons will partition into 4 distinct lepton jets. Alternatively, if the neutralinos are light and

boosted, the event will consist of two groups of collimated leptons, neutralino jets.

not address the aforementioned anomalies and concentrate instead, on the collider signatures

of such hidden sectors.

As a simple example, we consider a hidden sector with U(1)d gauge symmetry broken at

the GeV scale. U(1)d couples to the visible sector through kinetic mixing with hypercharge,

implying that (i) the hidden photon can decay to the light SM fermions, and (ii) the LVSP

can decay to the hidden sector. Consequently, once the Higgs decays, it initiates a hidden

sector cascade, producing in addition to the true LSP, many hidden photons and scalars

which decay to highly boosted lepton jets. An example of such a Higgs decay is shown in

Fig. 1. To demonstrate that a light Higgs can be accommodated in the above scenario, we

simulate Higgs decays to lepton jets and determine the sensitivity of a wide range of LEP

and Tevatron searches. We consider the experimental observables that are relevant for Higgs

4

Falkowski et al., 1002.2952 [JHEP]
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HD
ƔD gD

ZDWD
νDψD

χD ξD

QCD axions

heavy neutral leptons 

dark matter models 

baryogenesis
axionlike particles 

dark photons 

dark Higgs 

SUSYhidden confinement 
(dark mesons, glueballs) 
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• Presented a reinterpretation of prompt searches to long-lived SUSY signals. 
• Prompt searches have some sensitivity to displaced signals. Clearly suboptimal 

but allows to set limits on uncovered models or parameter-space. 
• Difficult to provide material for externals to perform such reinterpretations, 

specially for cuts designed to remove noise, cosmics or instrumental background 
• Should keep in mind all these caveats when designing an analysis, can very 

easily lose acceptance to long-lived signals
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NOW: LOOPHOLES CLOSING
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ATLAS-CONF-2018-003

• Increasingly, constraints as strong or stronger for LLP searches. 
However, some lifetime gaps still exist!

19

FIG. 15: Similar to Fig. 6, except for the Z2V Model instead of the Minimal Model. For various M1, the contours
enclose the (M�,M2) space that is viable for DM and leptogenesis in the Z2V Model, with the F matrix set to the
Z2V benchmark form of Eq. (A13). At each point in the plane, Tr

⇥
F

†
F
⇤
and ✓ are chosen to maximize YB subject

to both the DM abundance constraint and the upper bound on r indicated; for the contours shown, that maximum
YB is equal to Y

obs
B

.

FIG. 16: LHC constraints from searches for promptly
decaying sleptons [33–36], displaced leptons [37], and
HSCPs [38], along with parameter space for the
Minimal Model (from Fig. 3(a)) and for the UVDM
Model, under two di↵erent DM coupling assumptions
(from Figs. 7(a) and (c)). As discussed in the text, the
green prompt and purple displaced excluded regions are
for Be = 100%; the corresponding limits for Bµ = 100%
are roughly similar. For the prompt case, the cyan
region is a tentative estimate of the limits for
Be = Bµ = 50% (see the text). The lifetime cuto↵s for
the prompt and HSCP exclusion regions are highly
approximate. We take the CMS HSCP exclusion
contour from Ref. [41] and extend it from M� = 270
GeV to M� = 360 GeV by assuming a similar behavior.

for selectrons and smuons. This complicates extracting
limits when the e or µ signals are suppressed by a sig-
nificant branching ratio for � ! ⌧ + invisible, even if
we simply neglect the potential contribution to the signal
from events with taus8. For example, consider the two
cases Be = B⌧ = 50% and Bµ = B⌧ = 50%. Ignoring
� events with ⌧s, the signal e�ciency is now ' 1/4 that
for slepton pair-production. Taking into account the re-
ported relative e�ciencies for muons and electrons, the
cross-section limits for combined ẽL,R and µ̃L,R produc-
tion given in Ref. [34] can be used to exclude narrow
regions within the range 155 GeV < M� < 185 GeV for
Bµ = B⌧ = 50%, while no region is excluded for Be =
B⌧ = 50%. However, this exercise presumably under-
estimates the true sensitivity, because it includes back-
ground with both flavors of dilepton pairs even though
the signal has a single flavor, electrons or muons. The
35.9 fb�1 CMS analysis [35] does give separate cross-
section upper limits for smuons and selectrons, but they
are not strong enough to constrain the Be = B⌧ = 50%
and Bµ = B⌧ = 50% scenarios, assuming we can neglect
� decays to ⌧s.
These various observations motivate dedicated LHC

analyses that target intermediate-mass “slepton-like”
particles (M ⇠ 100 � 300 GeV) with lower values of
� ⇥ B(l+l� + invisible) than those associated with the
multiple flavors of LH and RH sleptons of SUSY, includ-
ing the possibility of mixed flavor in the final-state dilep-
tons.

8
Light-flavor leptons produced from tau decays will di↵er kine-

matically from leptons directly produced by � decay, and such

decay modes have a total branching fraction of only 35%. We

leave an estimate of the potential impact of � ! ⌧ + invisible

decays on searches in the e, µ channels for future work.
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mated by variation of the factorization and renormaliza-
tion scales in Prospino and by including the parton den-
sity function (PDF) uncertainties using the eigenvector
sets provided by CTEQ6 [27]. Uncertainties are calcu-
lated separately for the individual production processes.
Within the relevant kinematic range, typical uncertain-
ties resulting from scale variations are 10–16%, whereas
PDF uncertainties vary from 5% for q̃q̃ production to
15–30% for g̃g̃ production.
The result of the combined fit to signal and control re-

gions, leaving the number of signal events free in the sig-
nal region while not allowing for a signal contamination
in the other regions, is shown in Table I. The observed
number of events in data is consistent with the standard
model expectation.
Limits are set on contributions of new physics to the

signal region. These limits are obtained from a second
combined fit to the four regions, this time allowing for a
signal in all four regions, and leaving all nuisance parame-
ters free. The limits are then derived from the profile like-

lihood ratio, !(s) = !2(lnL(n|s, ˆ̂b, ˆ̂!) ! lnL(n|ŝ, b̂, !̂)),
where ŝ, b̂ and !̂ maximize the likelihood function and ˆ̂

b

and ˆ̂
! maximize the likelihood for a given choice of s. In

the fit, s and ŝ are constrained to be non-negative. The
test statistic is !(s). The exclusion p-values are obtained
from this using pseudo-experiments and the limits set are
one-sided upper limits [28].
From the fit to a model with signal events only in the

signal region, a 95% CL upper limit on the number of
events from new physics in the signal region can be de-
rived. This number is 2.2 in the electron channel and 2.5
in the muon channel. This corresponds to a 95% CL up-
per limit on the e"ective cross section for new processes
in the signal region, including the e"ects of experimen-
tal acceptance and e#ciency, of 0.065 pb for the electron
channel and 0.073 pb for the muon channel.
Within the MSUGRA/CMSSM framework, the results

are interpreted as limits in the m0!m1/2 plane, as shown
in Figure 2. For the model considered and for equal
squark and gluino masses, gluino masses below 700 GeV
are excluded at 95% CL. The limits depend only moder-
ately on tan!.
In summary, the first ATLAS results on searches for

supersymmetry with an isolated electron or muon, jets,
and missing transverse momentum have been presented.
In a data sample corresponding to 35 pb!1, no sig-
nificant deviations from the standard model expecta-
tion are observed. Limits on the cross section for new
processes within the experimental acceptance and e#-
ciency are set. For a chosen set of parameters within
MSUGRA/CMSSM, and for equal squark and gluino
masses, gluino masses below 700 GeV are excluded at
95% CL. These ATLAS results exceed previous limits set
by other experiments [3–6].
We wish to thank CERN for the e#cient commission-
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FIG. 2: Observed and expected 95% CL exclusion limits, as
well as the ±1! variation on the expected limit, in the com-
bined electron and muon channels. Also shown are the pub-
lished limits from CMS [3], CDF [4], and D0 [5, 6], and the
results from the LEP experiments [29].
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VII. EXOTICA

Exotica simplified models are organized around the production of “exotic objects” that do
not manifest themselves as standard jets, leptons, or missing transverse energy (MET). Such
objects include, for example, charged massive particles (CHAMPS) (§VIIA) and “lepton-
jets” (§VIID), as well as objects that produce “weird” tracks (e.g. kinks or intermittent
tracks) (§VIIA) or high-multiplicity tracks (§VIIE). We also include simplified models with
displaced vertex signatures that arise from new resonance production (§VIIB) or appear
in association with jet production (§VIIC). Simplified models that produce signatures that
could be missed at the trigger level are also discussed (§VIIA). All of these exotic objects and
signatures are found in various scenarios for new physics, including Hidden Valley scenarios,
gauge-mediated supersymmetry breaking, supersymmetry with R-parity violation, quirks
etc. Links to the available supporting information at www.lhcnewphysics.org are given by
the post number (e.g., E.005).

A. Unusual Energy Deposition, Timing, and Tracks

A simplified model based on long lived charged particles is proposed, which results in
many possible signatures beyond those considered in standard CHAMP/HSCP searches.
The signatures include reduced or increased energy deposition (“dE/dx”) in the HCAL,
ECAL, or µ-chamber, anomalous timing as measured in various detector components, or
irregular tracks such as kinks and intermittent hits [242]. This diverse array of signatures
can be modeled using only two particles and a small number of parameters. This simplified
model captures a wide variety of new physics models, such as gauge-mediated supersymmetry
breaking (GMSB) [39], quirks [243], supersymmetry with R-parity violation (RPV) [242,
244], split-supersymmetry [245, 246], and monopoles [247]. Because these signatures are not
standard, they may be missed by triggers for standard searches.
[E.005: R. Essig, P. Meade, J. Shao, T. Volansky, I. Yavin]

B. Displaced Vertices from a Resonance

Displaced vertices arise in many well-motivated extensions of the Standard Model. While
their appearance can have important implications for fundamental physics, they also present
a particular challenge to experimental identification that has not been fully explored. This
simplified model contains a resonant connector particle that decays to a pair of long-lived
states (such as in Hidden Valley models [248, 249]). These long-lived modes eventually decay
back to the Standard Model, potentially producing one or two displaced vertices. The decay
products at these vertices are chosen from theoretically motivated scenarios, covering a wide
range of allowed two and three-body modes into the Standard Model.
[E.008: S. Chang, A. Haas, D. Morrissey]

C. Displaced Vertices with Associated Jets

Many well-motivated extensions of the Standard Model give rise to collider signals con-
sisting of displaced vertices together with hard QCD jets. Signals of this type can have

29

Alves et al., 1105.2838 [JPhysG]
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mated by variation of the factorization and renormaliza-
tion scales in Prospino and by including the parton den-
sity function (PDF) uncertainties using the eigenvector
sets provided by CTEQ6 [27]. Uncertainties are calcu-
lated separately for the individual production processes.
Within the relevant kinematic range, typical uncertain-
ties resulting from scale variations are 10–16%, whereas
PDF uncertainties vary from 5% for q̃q̃ production to
15–30% for g̃g̃ production.
The result of the combined fit to signal and control re-

gions, leaving the number of signal events free in the sig-
nal region while not allowing for a signal contamination
in the other regions, is shown in Table I. The observed
number of events in data is consistent with the standard
model expectation.
Limits are set on contributions of new physics to the

signal region. These limits are obtained from a second
combined fit to the four regions, this time allowing for a
signal in all four regions, and leaving all nuisance parame-
ters free. The limits are then derived from the profile like-

lihood ratio, !(s) = !2(lnL(n|s, ˆ̂b, ˆ̂!) ! lnL(n|ŝ, b̂, !̂)),
where ŝ, b̂ and !̂ maximize the likelihood function and ˆ̂

b

and ˆ̂
! maximize the likelihood for a given choice of s. In

the fit, s and ŝ are constrained to be non-negative. The
test statistic is !(s). The exclusion p-values are obtained
from this using pseudo-experiments and the limits set are
one-sided upper limits [28].
From the fit to a model with signal events only in the

signal region, a 95% CL upper limit on the number of
events from new physics in the signal region can be de-
rived. This number is 2.2 in the electron channel and 2.5
in the muon channel. This corresponds to a 95% CL up-
per limit on the e"ective cross section for new processes
in the signal region, including the e"ects of experimen-
tal acceptance and e#ciency, of 0.065 pb for the electron
channel and 0.073 pb for the muon channel.
Within the MSUGRA/CMSSM framework, the results

are interpreted as limits in the m0!m1/2 plane, as shown
in Figure 2. For the model considered and for equal
squark and gluino masses, gluino masses below 700 GeV
are excluded at 95% CL. The limits depend only moder-
ately on tan!.
In summary, the first ATLAS results on searches for

supersymmetry with an isolated electron or muon, jets,
and missing transverse momentum have been presented.
In a data sample corresponding to 35 pb!1, no sig-
nificant deviations from the standard model expecta-
tion are observed. Limits on the cross section for new
processes within the experimental acceptance and e#-
ciency are set. For a chosen set of parameters within
MSUGRA/CMSSM, and for equal squark and gluino
masses, gluino masses below 700 GeV are excluded at
95% CL. These ATLAS results exceed previous limits set
by other experiments [3–6].
We wish to thank CERN for the e#cient commission-
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FIG. 2: Observed and expected 95% CL exclusion limits, as
well as the ±1! variation on the expected limit, in the com-
bined electron and muon channels. Also shown are the pub-
lished limits from CMS [3], CDF [4], and D0 [5, 6], and the
results from the LEP experiments [29].
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VII. EXOTICA

Exotica simplified models are organized around the production of “exotic objects” that do
not manifest themselves as standard jets, leptons, or missing transverse energy (MET). Such
objects include, for example, charged massive particles (CHAMPS) (§VIIA) and “lepton-
jets” (§VIID), as well as objects that produce “weird” tracks (e.g. kinks or intermittent
tracks) (§VIIA) or high-multiplicity tracks (§VIIE). We also include simplified models with
displaced vertex signatures that arise from new resonance production (§VIIB) or appear
in association with jet production (§VIIC). Simplified models that produce signatures that
could be missed at the trigger level are also discussed (§VIIA). All of these exotic objects and
signatures are found in various scenarios for new physics, including Hidden Valley scenarios,
gauge-mediated supersymmetry breaking, supersymmetry with R-parity violation, quirks
etc. Links to the available supporting information at www.lhcnewphysics.org are given by
the post number (e.g., E.005).

A. Unusual Energy Deposition, Timing, and Tracks

A simplified model based on long lived charged particles is proposed, which results in
many possible signatures beyond those considered in standard CHAMP/HSCP searches.
The signatures include reduced or increased energy deposition (“dE/dx”) in the HCAL,
ECAL, or µ-chamber, anomalous timing as measured in various detector components, or
irregular tracks such as kinks and intermittent hits [242]. This diverse array of signatures
can be modeled using only two particles and a small number of parameters. This simplified
model captures a wide variety of new physics models, such as gauge-mediated supersymmetry
breaking (GMSB) [39], quirks [243], supersymmetry with R-parity violation (RPV) [242,
244], split-supersymmetry [245, 246], and monopoles [247]. Because these signatures are not
standard, they may be missed by triggers for standard searches.
[E.005: R. Essig, P. Meade, J. Shao, T. Volansky, I. Yavin]

B. Displaced Vertices from a Resonance

Displaced vertices arise in many well-motivated extensions of the Standard Model. While
their appearance can have important implications for fundamental physics, they also present
a particular challenge to experimental identification that has not been fully explored. This
simplified model contains a resonant connector particle that decays to a pair of long-lived
states (such as in Hidden Valley models [248, 249]). These long-lived modes eventually decay
back to the Standard Model, potentially producing one or two displaced vertices. The decay
products at these vertices are chosen from theoretically motivated scenarios, covering a wide
range of allowed two and three-body modes into the Standard Model.
[E.008: S. Chang, A. Haas, D. Morrissey]

C. Displaced Vertices with Associated Jets

Many well-motivated extensions of the Standard Model give rise to collider signals con-
sisting of displaced vertices together with hard QCD jets. Signals of this type can have

29

Alves et al., 1105.2838 [JPhysG]

• It was very unclear whether results of LLP searches could be 
applied to other models
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FIG. 10: Exclusion regions for di↵erent starting temperatures below 100 GeV. Baryogenesis models in which baryon number
is generated at a temperature T between 10 GeV and 100 GeV must assume squark mass and �

00 values outside of the region
shaded for that temperature.

not have a track leading to them, depending on whether the LSP is charged or neutral. The displacement may range
from ⇠ 60µm to several meters and beyond. Of course, depending on where in the LHC’s detectors the decay occurs,
the signals at the LHC are quite di↵erent. Thus it is important to design searches that can see all the di↵erent decay
lengths. Note that one may have a gravitino as the LSP, and our results apply to this case as well, so long as it is
weakly enough coupled to the rest of the superpartners that the dominant decay of the NLSP is via the RPV coupling
and not to the gravitino.

We are aware of only one relevant experimental search, done by the CMS collaboration [30]. This search sought
displaced dijets from the decays of long-lived neutral particles, and placed limits on the production cross section of
a process of the form H ! 2� ! 2q2q̄, where H is a non-Standard Model Higgs and the � is a netural boson with
a displaced decay. These results have some applicability to both scenarios that we consider (squark and neutralino
LSPs). Unfortunately, in both cases there are important factors that obfuscate the relative e�ciency of this search.
For this reason, we are unable to draw the experimental exclusions on our plots along with the theoretical exclusions.
In the case of a neturalino LSP, the change in decay topology from two jets to three is the primary obstacle. This
motivates searches specifically for three jet events. For a squark LSP, the main issue is the nature of the initial track.
In general, the squark will form an R-hadron which may be charged or neutral, and may change charges as it travels
through the detector. If the initial squark leaves a track, there will be little sensitivity to decay lengths over 50 cm,
and in any event little sensitivity to decay lengths less than 500 microns [31]. The e�ciency for decay lengths between
these two cuto↵s is unknown.

The CMS exclusions are strong enough that, if the e�ciency losses are not too large, light squark or neutralino LSPs
may be ruled out at decay lengths greater than a millimeter or so. There should be a window at small decay lengths
(60 to 500 microns) for two reasons. First, the lower limit on displaced vertices in [30] was 500 microns. Second, in
our scenarios the decaying particles will be relatively less boosted than in the model used by [30], meaning that at
short decay lengths, more decays will fall below the detection cuto↵, weakening limits. There may also be a window
for squark LSPs at decay lengths greater than 50 cm, and in general the e↵ect of the potentially charged nature of
a squark track is hard to judge. While it is not clear how strongly this particular search constrains our scenario, the
strong limits placed by this search do demonstrate that a search that is designed for�BRPVscenarios with displaced
vertices would cover a large amount of the theoretically best-motivated parameter space. The theoretical constraints
that we have considered push�BRPVscenarios into the long displaced vertex regime, which should be possible to cover
well with LHC searches.

The only way to avoid our conclusion that the RPV coupling UDD in combination with light squarks will lead to a
displaced vertex is to generate the baryon asymmetry of the universe at a very low scale, below the electroweak scale.
Electroweak baryogenesis or leptogenesis (that relies on sphalerons for example) will not work since enough of the
squarks will remain below the weak scale that they will wash-out the baryon asymmetry. In fact, it has previously

Barry, Graham, Rajendran, 1310.3853 [PRD]
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• It was a breakthrough to discover that theorists could, in fact, 
model LLP searches for signal; information could be hard to come 
by
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Figure 7: Cross section limits for our simulation of winos decaying to three displaced jets each at
⌅
s = 8

TeV, with mean transverse vertex position ⇥Lxy⇤. The solid red curve shows the NLO production cross section.
(The kinks in this and subsequent plots are due to the finite resolution of our parameter scan.)

state topologies beyond the intended displaced dijet analysis; in particular, long-lived particles
decaying to three or more quarks are constrained.

4.1.1 MSSM wino with RPV couplings

In the RPV wino scenario, the new particles form an electroweak triplet, and charginos (⇥̃±) and neutralinos
(⇥̃0) are produced through the SM electroweak interactions, and subsequently decay at a mean transverse
distance ⇥Lxy⇤. As discussed in Section 2.3, we assume that the charginos quickly decay into neutralinos, so
that DVs arise only from neutralino decays. We impose all of the cuts of the CMS analysis, including an
event-level HT > 300 GeV requirement, two pT > 60 GeV displaced jets at a vertex, and several other vertex
selection criteria: mtrack > 4 GeV, pT, vertex > 8 GeV, and the multivariate discriminant p > 0.9 (0.8) for
⇥Lxy⇤ < 30 cm (> 30 cm). We correct our particle-level Monte Carlo according to the prescription in Section
3.2 in order to take detector e�ects into account. Because the winos are pair-produced with low boost, we
correct our MC at ⇥Lxy⇤ = 3, 30, and 300 cm using �CMS/�particle averaged over the two lowest-boost mass
benchmark points (namely, mH = 1 TeV, mS = 350 GeV; and mH = 400, mS = 150 GeV)5.

This procedure allows us to approximately recast the CMS results for the hadronic RPV wino signal. We
assume that the winos each decay into three light-flavour jets. We show our results for the bounds on the
wino pair-production cross section as a function of mass in Fig. 7. For winos decaying in the most sensitive
part of the detector (⇥Lxy⇤ � 3 cm), winos are excluded up to about 950 GeV, while the bounds weaken to
625 GeV for very long lifetimes. Nevertheless, this excludes winos over much of the electroweak scale, and we
see that the sensitivity of the CMS cuts is as high for displaced vertices with 3 jets as it is for 2-jet vertices.
Therefore, the CMS analysis places strong bounds on WIMP baryogenesis through winos via hadronic RPV
operators below the TeV scale.

5Using all three mass benchmarks at 3 and 30 cm changes the cross section limit by � 30%.
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Cui & Shuve (1409.6729)

• Early efforts to reinterpret search for displaced dijets to other 
scenarios 

CMS dijet
ATLAS µ spect

LHC8 projection

charged stable

charge-strip
ped

ATLAS HCAL

g ! j j j  (RPV)~

prompt 3j resonance

RPV Gluino ➞ 3q (Light Flavors)
Cui, BS, 1409.6729 [JHEP]

Liu, Tweedie, 1503.05923 [JHEP]
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• Good use is made of HEPData
e.g. CMS, 1811.07991 [PRD] 
ATLAS 1710.04901 [PRD]

• LHC LLP white paper contains 
numerous suggestions, examples of 
real-world uses and limitations of 
reinterpretation materials provided

• Delphes-LLP package available within MadAnalysis5

• SModelS 2.0 can handle long-lived particles
Alguero et al., 2112.00769
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• In the 2000s, there was a renaissance of theorists proposing and 
collaborating with experimentalists on small-scale experiments

• In the last ~8 years, this trend has blossomed with a range of new 
proposals! Many originated with theory collaborators

• MoEDAL begun in 2010

SND@ LHC

FACET
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• First data from dedicated detectors that have already been funded 
(in test runs)

9

• Material interactions (described in Section IVC:
typically 1–5% depending on the charge and mass
of the �.

• Pulse timing (described in Section III): typically
1–40% depending on the charge of the �.

• hNPEi calibration (described in Section III): 1–50%
depending on the SR populated by the �.

• Limited simulated sample size: up to 30%.

FIG. 8. Exclusion at 95% confidence level compared to ex-
isting constraints from colliders, CMS, ArgoNeuT and SLAC
MilliQ [10–16, 22] as well as the indirect constraint from the
CMB relativistic degrees of freedom [21].

Under the signal plus background hypothesis, a mod-
ified frequentist approach is used to determine observed
upper limits at 95% confidence level on the cross section
(�) to produce a pair of �s, as a function of mass and
charge. The approach uses the LHC-style profile likeli-
hood ratio as the test statistic [64] and the CLs crite-
rion [65, 66]. The observed upper limits are evaluated
through the use of asymptotic formulae [67]. Figure 8
shows the exclusion at 95% confidence level in mass and
charge of the �. The exclusion is compared to existing
constraints, showing new sensitivity for � masses above
700 MeV.

VII. FUTURE PLANS

In Refs. [25, 32] we assumed the largest irreducible
background to the signal would come from dark-current
pulses in the PMTs. From experience gained by operat-
ing the demonstrator, we now know that an equally im-
portant background comes from correlated e↵ects caused
by activity in the scintillator (from e↵ects such as en-
vironmental radiation or cosmic muon showers). This
realization prompted us to revisit the milliQan design,

adding a fourth layer in order to mitigate the contribu-
tion from these correlated backgrounds.
We have studied the e↵ect of adding a fourth layer with

the demonstrator. The demonstrator has three rather
than four layers so backgrounds are determined for three-
fold coincidence and then extended to four-fold using an
additional pulse in a slab. The results of this study indi-
cate that the contribution from pure dark-current over-
lap drops to a negligible level for the case of four-fold
coincidence, even with the somewhat high-noise PMTs
that are used in the demonstrator. The calculations pre-
sented in Refs. [25, 32] remain a conservative estimate
of the milliQan discovery potential since the background
with four layers as measured with the demonstrator is
significantly smaller than the estimate used in those sim-
ulations.
Given the experience obtained from the demonstrator,

we are confident that the proposed full-scale detector will
perform as expected provided su�cient funding becomes
available.

VIII. CONCLUSIONS

We have deployed a prototype dedicated detector at
the LHC to conduct the first search for elementary parti-
cles with charges much smaller than the electron charge
at a hadron collider. We analyzed a data sample of
proton-proton collisions collected at

p
s = 13 TeV pro-

vided by the LHC, corresponding to an integrated lumi-
nosity of 37.5 fb�1. The existence of new particles with
masses between 20 and 4700 MeV is excluded at 95%
confidence level for charges varying between 0.006e and
0.3e, depending on mass. New sensitivity is achieved
for masses larger than 700 MeV. The successful opera-
tion of the milliQan demonstrator and search carried out
have shown the feasibility of a dedicated detector for mil-
licharged particles at the LHC and provided important
lessons for the design of the full detector.
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FIG. 4. Monte Carlo simulation distributions of the BDT input variables for the neutrino signal and neutral hadron background.
The observed neutral vertices in the data sample are shown in black. The Monte Carlo simulation distributions are normalized
to 12.2 fb�1.
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The observed charged vertices in the data sample are shown in black. The Monte Carlo simulation distributions are normalized
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FIG. 6. The BDT outputs of the observed neutral ver-
tices, and the expected signal and background distributions
(stacked) fitted to data. Higher BDT output values are asso-
ciated with neutrino-like vertex features.

ance of particles in the transverse plane. Using track an-
gles with respect to the collision axis (✓), the following
variables were defined: (1) the number of tracks with
tan ✓  0.1 with respect to the beam direction, (2) the
number of tracks with 0.1 < tan ✓  0.3 with respect
to the beam direction, (3) the absolute value of the vec-
tor sum of transverse angles calculated considering all the
tracks as unit vectors in the plane transverse to the beam
direction (asum), (4) for each track in the event, we calcu-
late the mean azimuthal angle between that track and all
others, in the plane transverse to the beam direction, and
then take the maximum value in the event (�mean), (5)
for each track in the event, we calculate the ratio of the
number of tracks with azimuthal opening angle  90�

and > 90� in the plane transverse to the beam direc-
tion, and then take the maximum value in the event (r).

The expected distributions of the input variables for the
neutrino signal and for the neutral hadron background,
compared with the data, are shown in Fig. 4.
The charged vertices mentioned above can be used to

validate the modeling of the BDT input variables in sim-
ulated data. Fig. 5 shows that the BDT inputs for sim-
ulated charged hadron and muon interactions agree well
with the charged vertex data.
The BDT estimator values for data and simulated neu-

tral vertices are compared in Fig. 6. Here, the nor-
malisation of the signal and background distributions is
freely fitted to data, resulting in the best fit values of
6.1 and 11.9 events, respectively. The vertices shown in
Fig. 3 correspond to the first and second largest BDT
values. An excess of events over the background expec-
tation is observed at high BDT estimator, which is in
agreement with the background plus signal hypothesis.
A hypothesis test using the RooStats tool implemented
in the CERN ROOT framework [40] is carried out on the
binned BDT estimator distribution. The background-
only hypothesis is disfavored with a statistical signifi-
cance of 2.7�. The expected significance is estimated
with pseudo experiments with the signal expectation of
3.3 events to be 1.7�.
A systematic uncertainty related to the shape of the

BDT distribution for neutrino events was estimated by
varying the generator used for neutrino production and
redoing the analysis. This resulted in a small (<0.2
events) change in the fitted neutrino yield.
Systematic uncertainties on the shape of the back-

ground BDT distribution were also evaluated by varying
the shape of the muon energy distribution, by varying
the modeling of the photonuclear interactions in the rock

FASER, 2105.06197 [PRD]

SUCCESS IN DEDICATED DETECTORS!
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• Low-mass hadronic decays (especially at shorter lifetime) 

• Singly produced LLPs, depending on search (lepton jets, ATLAS 
searches for decays in HCAL and MS) 

• Low-mass (semi-)leptonic decays (especially < 20 GeV, in 
resonance regions) 

• Slightly displaced leptons; displaced leptons not originating from 
vertex (depending on flavor structure) 

• Displaced taus 

• Non-pointing/delayed photons, especially low mass, singly 
produced, or without MET 

• LLPs produced in high multiplicities, confining hidden sectors 

• Quirky signatures
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• Low-mass hadronic decays (especially at shorter lifetime) 

• Singly produced LLPs, depending on search (lepton jets, ATLAS 
searches for decays in HCAL and MS) 

• Low-mass (semi-)leptonic decays (especially < 20 GeV, in 
resonance regions) 

• Slightly displaced leptons; displaced leptons not originating from 
vertex (depending on flavor structure) 

• Displaced taus 

• Non-pointing/delayed photons, especially low mass, singly 
produced, or without MET 

• LLPs produced in high multiplicities, confining hidden sectors 

• Quirky signatures

Gaps identified at 2015 KITP workshop very 
similar to gaps in 2019 LHC LLP white paper!
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Hadronic decays
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Figure 5: DV multiplicity among preselected events for signal (dashed lines), background prediction (solid line), and
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background estimate. The third bin is the SR and contains all events with =DV � 2. The shaded bands represent
the combined statistical and systematic uncertainty of the prediction. Signal distributions are normalized assuming
B(� ! 00 ! 11̄11̄) = 10%.
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Figure 6: Observed 95% CL exclusion limits on B(� ! 00 ! 11̄11̄) as a function of 2g0.

Upper limits at the 95% CL are set on the branching ratio of the Higgs boson to pairs of long-lived
pseudoscalars B(� ! 00 ! 11̄11̄) for each signal mass hypotheses, following the CLs prescription [97]
with a profile likelihood-ratio test statistic. A Poisson probability term describing the total number of
observed events is used, with the systematic uncertainties of the signal and background yields treated
as nuisance parameters and assigned Gaussian constraints with the appropriate widths, as described in
Section 7. Pseudo-experiments which sample the distribution of the profile likelihood ratio are generated
to compute the ?-value and derive the exclusion limits. The observed limits for all signal mass points as a
function of 2g0 are shown in Figure 6.

15

ATLAS, 2107.06092 [JHEP]

• Rely on associated object 
trigger

• At very short lifetimes, use 
LHCb detector

Table 4: Observed 95% CL signal strength (µ) upper limits for di�erent fiv models.

fiv lifetime (ps)
fiv mass 2 5 10 20 50 100 200 500
25 GeV/c2 1.64 0.83 1.12 1.22 2.84 4.37 9.28 22.82
35 GeV/c2 0.63 0.35 0.32 0.41 0.76 1.37 2.56 5.86
43 GeV/c2 0.52 0.21 0.16 0.21 0.35 0.63 1.12 2.77
50 GeV/c2 0.50 0.17 0.14 0.15 0.25 0.41 0.76 1.72
35 GeV/c2, fiv æ cc̄ 0.33 0.17 0.16 0.20 0.39 0.64 1.19 2.90
35 GeV/c2, fiv æ ss̄ 0.40 0.20 0.19 0.24 0.42 0.77 1.41 3.51
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Figure 4: Observed upper limit versus lifetime for di�erent fiv masses and decay modes. The
decay fiv æ bb is assumed, unless specified otherwise.
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LHCb, 1705.07332 [EPJC]
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Figure 5: The 95% CL constraints on the long-lived slepton ct0 and mass. The et and co-NLSP
limits are shown for the three channels combined, while the ee and eµ NLSP limits are shown
for the ee and µµ channels, respectively. These limits assume that the superpartners of the left-
and right-handed leptons are degenerate in mass and B(è ! ` eG) is 100%. The area to the left
of the solid curves represents the observed exclusion region, and the dashed lines indicate the
expected limits.

Figure 6: The 95% CL upper limits on the H ! SS, S ! `+`� branching fraction as a function
of ct0, for a Higgs boson with a mass of 125 GeV and a long-lived scalar with a mass of 30 GeV
or 50 GeV, for the three channels combined. These limits assume that B(H ! SS) = 100% and
each S has a 50% probability of decaying to two electrons or two muons. The area above the
solid (dashed) curve represents the observed (expected) exclusion region.

21

SNAPSHOT OF PROGRESS

21

Leptonic decays

(see also ATLAS, 2011.07812 [PRL])

• Searches sensitive to displaced 
leptons not forming common vertex!

CMS, 2112.13769 [JHEP]

• Lower masses achieved using 
scouting triggers

7.2 Constraints on models of BSM physics 15

Figure 9: Observed limits at 95% CL on the branching fraction product B(hb ! fX)B(f ! µµ)

as contours in the parameter space containing the signal mass (mf) and the signal lifetime ct
f
0 .

The vertical gray bands indicate mass ranges containing known SM resonances, which are
masked for the purpose of this search. The limits are obtained using the combination of all
dimuon event categories.

Figure 10: Observed limits at 95% CL on the branching fraction B(H ! ZDZD) as contours
in the parameter space containing the signal mass (mZD

) and the signal lifetime ct
ZD
0 for the

H ! ZDZD signal model assuming values of B(ZD ! µµ) from the model of Ref. [6]. The
vertical gray bands indicate mass ranges containing known SM resonances, which are masked
for the purpose of this search. The limits are obtained using the combination of all dimuon and
four-muon event categories.

CMS, 2110.04809 [EPJC]
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Photonic decays

ATLAS, 2204.11988

• Sensitive to HNL masses as 
low as 3 GeV!

Heavy neutral leptons
• Search for Z+H, Higgs decays to 

LLPs going to photon + MET 

The results of Figure 8 demonstrate that the limits are most stringent for NLSP lifetimes of order a few
ns, as expected given the size of the ID. The limits become weaker for both shorter and longer lifetimes.
The sensitivity degrades for longer lifetimes due to the fact that more NLSP decays occur outside the ID
volume and therefore the decay photons are not reconstructed in the EM calorimeter, with a resultant loss
in signal acceptance. For very short lifetimes, the signal pointing and timing distributions become more
di�cult to separate from the prompt background, reducing the sensitivity of the analysis. These trends can
be more clearly illustrated by examining the evolution of the limits as a function of NLSP lifetime for fixed
NLSP and LSP masses, as shown in Figure 9.
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Figure 9: 95% CL limits on BR(� ! NLSP NLSP), using the high-�< selection, as a function of NLSP lifetime for
fixed values of the NLSP and LSP masses. Within each plot, the NLSP mass is held fixed, with values of 60 GeV (top
left), 50 GeV (top right), 40 GeV (bottom left), and 30 GeV (bottom right). Each plot includes multiple curves, each
with the LSP mass fixed, as shown in the legend. The 95% CL observed limits are shown as solid lines, while the
95% CL expected limits and their ±1f uncertainties are shown as the dotted lines and shaded bands, respectively.

In addition to the results reported above for LLPs produced in Higgs boson decays, a more model-
independent test is performed to provide a limit on the production of displaced photons with large values of
both pointing and timing. The test is performed separately for the 1W and � 2W channels, as well as their
combination. The model-independent test region is defined for each channel by the lower bound for the
single bin with the highest pointing and timing values. The pointing requirement is thus |�IW | > 300 mm
for both channels, while the timing requirement is CW > 1.5 (1) ns for the 1W (� 2W) channel. The same
likelihood fit procedure described in Section 8 is applied, but eliminating the model-independent test
regions from the fit. The background prediction and uncertainty in the model-independent test regions are
then determined by extrapolating the results of this background-only fit to the model-independent region
with higher pointing and timing values.
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Figure 2: (a) The observed and expected 95% CL limits on |*U |2 vs. <N in the Majorana-limit case, with green and
yellow bands showing the one and two standard deviation (f) spreads for the expected limits. (b,c) The observed
limits in the 2QDH scenario with inverted (IH) and normal (NH) mass hierarchy, and in 1SFH scenarios where the
HNL mixes with only a` or a4.

8

(see also LHCb, 2011.05263 [EPJC]  
CMS, 1802.02965 [PRL])
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Dark showers

15

Figure 9: Event display of an event passing both selection set 1 and selection set 5. The event
contains four jets (jets 1 and 4 pass the emerging jet criteria), consistent with the decay of two
massive mediator particles, each decaying to an SM quark and a dark QCD quark. In such a
scenario, the dark mesons produced in the fragmentation of the dark quark would decay back
to SM particles via the mediator, resulting in displaced vertices with decay distances on the mm
scale. (Left) 3D display: the green lines represent reconstructed tracks, the red (blue) truncated
pyramids represent energy in the ECAL (HCAL) detectors, respectively. (Right) Reconstructed
tracks in r–f view. The filled blue circles represent reconstructed secondary vertices, while the
filled red circle is the PV. The solid grey lines represent the innermost layer of the silicon pixel
detector.
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Figure 10: Upper limits at 95% CL on the signal cross section and signal exclusion contours
derived from theoretical cross sections for models with dark pion mass mpDK of 5 GeV in the
mXDK � ctpDK plane. The solid red contour is the expected upper limit, with its one standard-
deviation region enclosed in red dashed lines. The solid black contour is the observed upper
limit. The region to the left of the observed contour is excluded.

• Search for emerging jets

CMS, 1810.10069 [JHEP]
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Singhu, Sukanya Sinhax, Torbjörn Sjöstrandt, Aris G.B. Spourdalakish, Daniel
Stolarskin, Matthew J. Strasslero, Andrii Usachovp, Carlos Vázquez Sierraj,

Christopher B. Verhaarenq and Long Wangcc

aUniv. Grenoble Alpes, CNRS, Grenoble INP, LPSC-IN2P3, 38000 Grenoble, France
bPhysics Division, National Center for Theoretical Sciences, Taipei 10617, Taiwan

cFermi National Accelerator Laboratory, Batavia, IL 60510 USA
dQueen Mary University of London

eETH Zurich - Institute for Particle Physics and
Astrophysics (IPA), Zurich, Switzerland

fInstitute for Fundamental Science, University of Oregon,
Eugene, Oregon 97403, USA

gDepartment of Physics and Astronomy, University of Rochester,
Rochester, NY 14627

hDepartment of Physics, University of Toronto, Toronto, Ontario M5S 1A7, Canada
iIstituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Frascati,

C.P. 13, 00044 Frascati, Italy
jEuropean Organization for Nuclear Research (CERN), Geneva, Switzerland

kTheoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA
94720, USA and Berkeley Center for Theoretical Physics, Department of Physics,

University of California, Berkeley, CA 94720, USA
lInstitute of Physics, NAWI Graz, University of Graz,Universitätsplatz 5,
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Albouy et al., 2203.09503

• Significant work in LHC LLP white 
paper, Snowmass white paper, 
and in theory community for 
benchmarks & phenomenological 
methods for dark showers
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NOW: MAJOR GAPS
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• Low-mass hadronic decays (especially at shorter lifetime) 

• Singly produced LLPs, depending on search (lepton jets, ATLAS 
searches for decays in HCAL and MS) 

• Low-mass (semi-)leptonic decays (especially < 20 GeV, in 
resonance regions) 

• Slightly displaced leptons; displaced leptons not originating from 
vertex (depending on flavor structure) 

• Displaced taus 

• Non-pointing/delayed photons, especially low mass, singly 
produced, or without MET 

• LLPs produced in high multiplicities, confining hidden sectors 

• Quirky signatures
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• Slightly displaced leptons; displaced leptons not originating from 
vertex (depending on flavor structure) 

• Displaced taus 

• Non-pointing/delayed photons, especially low mass, singly 
produced, or without MET 

• LLPs produced in high multiplicities, confining hidden sectors 

• Quirky signatures

Triggers remain a challenge. But many ideas! See 
e.g., Alimena et al., 1903.04997, 2110.14765
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Figure 15: The observed mass distribution in the Inclusive signal-region bins. The band on the expected background
indicates the total uncertainty of the estimation. Several representative signal models are overlaid. Events outside the
shown range are accumulated in the rightmost bin indicated as ‘Overflow’. Downward triangle markers at the bottom
of the panels indicate that no events are observed in the corresponding mass bin, while the upward triangle markers
at the top of the lower panel in (b) indicate that the observed data is beyond the range.
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NOW: EXPECT THE UNEXPECTED
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ATLAS, 2205.06013



As a community, we have 
accomplished a lot, grown & changed 
over the past 6-10 years

Some things have never changed: LLP 
searches are challenging, exciting, 
require creative & bold new ideas, and 
have inspired the development of a 
collaborative and impactful community!


