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Gazing beyond the Standard Model
❖ Standard Model (SM): our current theory of matter and interaction


❖ Unfortunately, it cannot provide a complete 
description of the Universe: 
 → Higgs Mass is unprotected against quantum 
      corrections in the SM: 
 → Baryogenesis: 
 
 
 → Neutrino physics 
 → Dark Matter 
 → …


❖ No hints of physics beyond the Standard Model: 
 → Still room for BSM decay of Higgs boson or additional Higgs (2HDM, 2HDM+S models) 
 → But… are we looking in the right place? 
      → Null results may point us towards the true nature of the Universe 
           (E.g.: hidden sectors with tiny interactions with the SM, unconventional signatures!)
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Where hidden sectors could hide?
2

ture immediately leads us to two simple but important
conclusions. There can exist new hidden particles which
are uncharged under SM forces, and there can exist new
hidden forces under which SM matter is uncharged. As
a result, new physics could exist at a mass scale mhidden

below the energy of current colliders, hidden from us only
by the absence of su�ciently large couplings to the SM.

Like the push for higher energy, the discovery of hidden
sectors with tiny couplings to visible particles has impor-
tant historical precedent. Neutrinos provide the first ex-
ample. They are almost massless, and nowadays under-
stood to be related to charged leptons (electrons, muons
and taus) via their common weak interaction. However,
because the weak gauge bosons are so heavy, the e↵ective
coupling of neutrinos to charged leptons is very small at
low energies. Wolfgang Pauli postulated their existence
in 1930 to restore conservation of momentum in beta de-
cay, but their direct detection via scattering o↵ nuclei
wasn’t achieved until 1956, when large neutrino fluxes
from nuclear reactors became available. The discovery
of this ghost-like neutrino sector was only the beginning,
and these elusive particles still aren’t done confusing us.
For example, we know that neutrinos have masses and
oscillate from one flavor to another, which the SM does
not account for.

Dark matter is the second known example in nature of
a hidden sector, and it also requires physics beyond the
SM. Where there are two, there could be many more. . .

It’s certainly possible for a hidden sector to contain
just one species of particle with no non-gravitational in-
teractions, but even very simple theories can give rise to
dynamics of surprising complexity. Take Quantum Chro-
modynamics (QCD), the theory of the Strong force in the
SM: a single confining gauge interaction and a few light
quark species produce a bewildering array of interact-
ing hadron bound states. It’s easy to imagine a hidden
cousin of QCD, with its own confining gauge interaction
and its own versions of quarks, and voila: a whole hid-
den world of particles, interactions, decays, and stable or
meta-stable states. This is the classic example of a Hid-

den Valley
1 theory, and it exemplifies the rich structure

hidden sectors might have.
Hidden sectors can be connected to the SM via small

but nonzero e↵ective couplings called portals. This is es-
pecially motivated if the hidden sectors play a part in
solving some of the big mysteries. The most important
portal types are illustrated in Box I. These couplings are
small for a variety of di↵erent reasons. Symmetries can
give rise to quantum mechanical selection rules, forcing
interactions between two sectors to proceed via an inter-
mediate heavy mediator state. The mediator is not part
of the SM but interacts with both sectors. Symmetries
can also be approximate, giving rise to small couplings
which violate them.

It’s also possible for some SM states to play the role of
the mediator, most importantly the photon or the Higgs
boson. While the structure of the theory makes these
Higgs Portal or Photon Portal couplings smaller than or-
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Hidden Sector Production

Hidden Sector Slow Decay
Schematic representation of the states of a possible

Hidden Sector in relation to the SM. Colored arrows
indicate possible transitions between states, in partic-
ular from the Hidden Sector to the SM or vice versa.
Quantum mechanical selection rules restrict the form
of interaction between the two sectors, resulting in
slow decays of Hidden Sector states to SM states.
These decays could require excitation of a heavy me-
diator state [1] by “borrowing energy”, courtesy of
the Heisenberg Uncertainty Principle (green arrows).
It’s also possible that a symmetry stabilizing some of
the Hidden Sector states is slightly broken. In that
case, a small coupling allows for decay into the SM
[2] (blue dashed arrow). Finally, certain SM states
like the photon or the Higgs can play the role of the
mediator [3] (orange arrows). Production of Hidden
Sector states in collisions of SM particles can pro-
ceed by exciting heavy mediators, which decay into
the Hidden Sector, or via the small couplings directly.

Box I: Portals to Hidden Sectors

dinary SM couplings, they are readily much larger than
other types of portals. Furthermore, we already make
lots of Higgs bosons and photons! Akin to neutrino oscil-
lations, the photon could oscillate into a hidden photon2

and interact with hidden states, while a Higgs Boson,
with a mass of 125 GeV/c2, is heavy enough to decay
directly into the Hidden Sector some of the time. Such
exotic Higgs decays are one of the most promising av-
enues for producing hidden sector particles.3

Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
signature of hidden sectors.

❖ Possible for a hidden sector to contain just  
1 species of particles with no non-gravitational 
interactions but… 
 → BSM is motivated if the hidden sectors play 
      a part in solving SM shortcoming 
 → Hidden sectors can be connected to the SM 
      via small effective couplings (portals)


❖ Quest for new physics is not one-dimensional!  
 → New physics not necessarily at higher energies 
 → New physics could lie at mhidden < TeV 
      (hidden by small coupling to SM)


❖ Rich phenomenology depending on Mediator nature 
(Heavy mediator, photon-dark photon oscillation, etc…)


❖ Portal is a tiny keyhole: decay can take a long time (Long-Lived Particles, LLP)

Flashes of Hidden Worlds at Colliders, D. Curtin and R. Sundrum,  Submitted to Physics Today, arXiv:1702.02524

https://arxiv.org/abs/1702.02524
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Taking pictures of particle collisions

4
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Long Lived Particle at Colliders

5

❖ LHC allows to probe Hidden Sectors with mmediator or mhidden at/above the EWK scale

❖ High-Luminosity (HL) LHC upgrade will increase number of collisions by factor 10

❖ LLP production: low rates, but 
so spectacular that SM are 
orders of magnitude lower


❖ From Big Bang Nucleosynthesis 
constrain we know LLP 
parameter space is finite*! 

❖ Not pictured: Stopped Heavy 
Stable Charged Particle 

*Karsten Jedamzik. Big bang nucleosynthesis constraints on hadronically and electromagnetically decaying relic neutral particles. Phys. Rev., D74:103509, 2006. 
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What about CMS?
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CMS long-lived particle searches, lifetime exclusions at 95% CL

Decays to dark sector particles at CMS: long-lived signatures Ted Kolberg (Florida State University) Dark Interactions 2016, BNL
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.052012

Displaced di-leptons

❖ Long-lived particles decaying into muons or electrons pairs 
 → Based on CMS tracker system (Lxy ~ 50 cm) 
 → Selection based on transverse impact parameter significance: |d0|/σd0  
 → Muon pairs with pT > 26 GeV (oppositely charged) 
 → Electrons pairs with pT > 25-40 GeV


❖ Benchmark scenario: non-SM Higgs, SUSY squark production 
 → Limits presented in a model independent way

24 4 Analysis Selections and Efficiencies

The light boson (dark photon) satisfying (1) is labelled a0 and the other is labelled a1. In the508

case that both dimuons in an event satisfy (1), containing a 17 GeV muon in |h| < 0.9, the labels509

of a0 and a1 are assigned randomly.510

The numerator in equation 9, NGENµµ�2⇥RECOµ Match, is the number of new light bosons (dark511

photons) in which the generator level (GEN) dimuon has two reconstruction level (RECO)512

muon matches meeting a DR < 0.1 criteria in events which fired the HLT. The reconstructed513

muons considered are required to have a pT > 8 GeV and |h| < 2.4. The resulting dimuon514

reconstruction efficiency as a function of the vertex Lxy and Lz for both a0 and a1 is shown in515

Fig. 17. Note, that the efficiency is high and stable for Lxy . 9.8 cm (corresponding to the inner516

radius of the third layer in the pixel barrel detector), and then it begins to gradually decrease up517

to Lxy ⇡ 22 cm (corresponding to the radius of the first layer of the silicon tracker), after which518

the efficiency proceeds to decreases much more steeply as the new light bosons decay further519

and further inside the silicon tracker up to Lxy ⇡ 60 cm (corresponding to the radius of the last520

layer of the silicon tracker inner barrel), before falling to zero for higher Lxy. Furthermore, a521

reduction of the dimuon reconstruction efficiency is seen from the muon system overlap region522

(|h| = 0.9) until the start of CSC ring ME1/1 (|h| = 1.5). This loss of efficiency is then recovered523

in the CSC endcap (1.5 < |h| < 2.4).524

Figure 16: Sketch to illustrate definition of the transverse decay length Lxy between the beam
line and the displaced decay vertex of the dark photon.

It is also interesting to study the dimuon efficiency from equation 9 when constrained by only525

considering new light bosons decaying within the third pixel barrel layer (Lxy < 9.8cm) and the526

second pixel endcap (Lz < 48.5cm). This 1-dimensional efficiency as a function of Lxy and Lz,527

which is a projection of the 2-dimensional efficiency shown in Fig. 17, is shown in Figure 18. It528

is clear that within this region dimuons are accurately reconstructed with a very high efficiency.529

The reconstruction efficiency per muon, again as a function of Lxy and Lz, is studied. For this530

calculation the efficiency per muon is defined as531

NGEN�RECO Match
NGENµ

. (10)

Here, the denominator, NGENµ , is the number of generator level muons (from the decay of532

the new light boson) satisfying the analysis requirements on pT and h in events which fired the533

HLT. The numerator, NGEN�RECO Match, is the number of RECO level muons which match to the534

GEN level muons with DR < 0.1 in events which fired the HLT. The resulting reconstruction535

LZ
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Figure 5: The 95% CL upper limits on s(H ! XX)B(X ! µ+µ�), as a function of the mean
proper decay length of the X boson, for Higgs boson masses of 125 GeV/c

2 (top left), 200 GeV/c
2

(top right), 400 GeV/c
2 (bottom left), and 1000 GeV/c

2 (bottom right). In each plot, results are
shown for several X boson mass hypotheses. The shaded band shows the ±1s range of vari-
ation of the expected 95% CL limits for the case of a 20 GeV/c

2 X boson mass. Corresponding
bands for the other X boson masses, omitted for clarity of presentation, show similar agreement
with the respective observed limits.
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Figure 6: The 95% CL upper limits on s(eqeq⇤ + eqeq)B(eq ! qec0, ec0 ! `+`�n) for the elec-
tron (left), and muon (right) channels, as a function of the mean proper decay length of the
neutralino. The shaded band shows the ±1s range of variation of the expected 95% CL limits
for the case of a 120 GeV/c

2 squark and a 48 GeV/c
2 neutralino mass. Corresponding bands

for the other squark and neutralino masses, omitted for clarity of presentation, show similar
agreement with the respective observed limits.

with a corresponding improvement in the limits on sB. The change is smaller for larger H
boson masses.

8 Summary
A search has been performed, using proton-proton collision data collected at

p
s = 8 TeV, for

long-lived particles that decay to a final state that includes a pair of electrons or a pair of muons.
No such events have been seen. Quantitative limits have been placed on the product of the
cross section and branching fraction of such a signal in the context of two specific models.
In the first model, a Higgs boson, in the mass range 125–1000 GeV/c

2, decays into a pair of
hypothetical, long-lived neutral bosons in the mass range 20–350 GeV/c

2, each of which can
decay to dileptons. The upper limits obtained are typically in the range 0.2–10 fb for long-lived
particles with mean proper decay lengths in the range 0.01–100 cm, and weaken to 2–50 fb
for the lowest considered Higgs mass of 125 GeV/c

2. In the second model, based on R-parity
violating supersymmetry, a pair of squarks each decays to a quark and a long-lived neutralino
ec0; the neutralino can subsequently decay to e+e�n or µ+µ�n. In this case, the upper limits are
typically in the range 0.2–5 fb for ec0 mean proper decay lengths in the range 0.1–100 cm and
squark masses above 350 GeV/c

2. For a lower squark mass of 120 GeV/c
2, the limits are typically

a factor of ten weaker. These limits are sensitive to branching fractions as low as 10�4 and
10�6 in the Higgs boson and supersymmetric models, respectively. To allow the results to be
reinterpreted in the context of other models, limits that are restricted to the detector acceptance
are also presented, reducing the model dependence. Over much of the investigated parameter
space, these limits are the most stringent to date.
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Figure 1: The |d0|/sd distribution for the electron (left) and muon (right) channels, shown in
the top row for events in the control region (|DF| > p/2) and in the bottom row for events
in the signal region (|DF| < p/2). Of the two leptons forming a candidate, the distribution
of the one with the smallest |d0|/sd is plotted. The solid points indicate the data, the shaded
histograms are the simulated background, and the hashed histograms show the simulated sig-
nal. The histogram corresponding to the H ! XX model is shown for mH = 1000 GeV/c

2

and mX = 350 GeV/c
2. The histogram corresponding to the ec0 ! `+`�n model is shown for

meq = 350 GeV/c
2 and mec0 = 140 GeV/c

2. The background histograms are stacked, and each
simulated signal sample is independently stacked on top of the total simulated background.
The d0 corrections for residual tracker misalignment, discussed in the text, have been applied.
The vertical dashed line shows the selection requirement |d0|/sd > 12. Any entries beyond the
right-hand side of a histogram are shown in the last visible bin of the histogram.
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Displaced di-muons

❖ Long-lived particles decaying into muons pairs using ONLY the CMS muon system  
 → Muons rejected if can be matched to a track in the silicon tracker with pT>10 GeV 
 → Muon pT > 26 GeV and |η| < 2 
 → Non-negligible cosmic muon contamination: at least 17 hits (DT, CSC, RPC) 
 → Transverse impact parameter significance > 4 
 → Tracker veto allow to drop Iso. requirement: sensitivity to displaced b-quarks 

❖ Additional extension in cτ wrt the tracker only analysis (complementary)


https://cds.cern.ch/record/2005761?ln=en (CMS-PAS-EXO-14-012)

13
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Figure 5: 95% CL upper limits on s(H0 ! XX)B(X ! µ+µ�) for MH0 = 125 GeV/c
2, 200 GeV/c

2,
400 GeV/c

2 and 1000 GeV/c
2 with various X mass points. Shaded bands show the ±1s range of

variation of the expected 95% CL limits for the case of a 20 GeV/c
2 X boson mass. Correspond-

ing bands for the other X boson masses show a similar level of agreement and are omitted for
clarity of presentation.
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Figure 6: The 95% CL upper limits on s(eqeq + eqeq)B(eq ! qec0, ec0 ! µ+µ�n) as a function of
the neutralino lifetime. Shaded bands show the ±1s range of variation of the expected 95%
CL limits for the case of a 120 GeV/c

2 squark and a 48 GeV/c
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bands for the other squark and neutralino masses show a similar level of agreement and are
omitted for clarity of presentation.

and are given for lifetimes in the range 1 < ct < 10000 cm. The second model produces squark
pairs which each decay to long-lived neutralinos. The neutralino can decay to a pair of muons
and a neutrino. No events are observed in the signal region after the full selection. The limits
are combined with those from a previous search [6] for the same signal models using leptons
reconstructed in the silicon tracker. In the muon channel, for particles with very long lifetimes,
the combined limits improve on the limits obtained from the tracker-based search, and provide
the most stringent limits obtained so far.
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Figure 2: (Left) The efficiency to find muons from long-lived particles decays as a function
of the generated Lxy. (Right) The efficiency computed only for particles decaying within the
detector acceptance. Although the RSA muon reconstruction efficiency is non-null up to ⇡ 5
meters in the transverse plane, the effective range of the analysis is up to 2.5 meters in the
transverse plane due to the trigger efficiency. The signal sample shown on the diagram has the
following mass points: MH0 = 1000 GeV/c

2 and MX = 350 GeV/c
2 with ct = 350 cm.

5 Estimated background and associated systematic uncertainties
The signal and the background have different distributions in |DF|. The signal is expected to
have small |DF| values, assuming that the dilepton system produced when the LL particle de-
cays is usually boosted with respect to its flight direction. In contrast, for background events,
the vector from the primary to secondary vertices does not correspond to the flight direction
of any long-lived particle, so its angular distribution with respect to the dilepton momentum
vector should not show any forward-backward asymmetry. The background distribution is
therefore expected to be symmetric in |DF| around p/2 due to the absence of a genuine dis-
placed secondary vertex, i.e. equal numbers of background events are expected in the signal
and control regions.

No data events are observed after the full selection is applied in the control region, and this
determines the expected background in the signal region to be zero events. The systematic
uncertainty on this estimate is computed in Section 5.1.

The background symmetry is confirmed for data by comparing the Lxy/sLxy
tail-cumulative

distribution in the signal region with that in the control region at modest Lxy/sLxy
and |d0|/sd

values, where the data is background-dominated. The study is also repeated using simulated
background events. For both studies, the full selection except the Lxy/sLxy

requirement is im-
plemented, although to reject any signal events, the requirement on the muon |d0|/sd is re-
versed, requiring that at least one muon should have |d0|/sd < 4. The Lxy/sLxy

tail-cumulative
plot for data excludes the region Lxy/sLxy

> 6, where potential signal events might appear.

Figure 3 shows the tail-cumulative distributions of Lxy/sLxy
in the signal and control regions

for events in data. The difference between the signal and control regions is seen to be negligible,
as expected under the symmetric background hypothesis.

The full selection is also implemented on a cosmic-enriched sample to test how effectively the

https://cds.cern.ch/record/2005761?ln=en
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Displaced electron-muons
❖ Events with an electron and muon, both with transv. impact parameter d0: 200 μm-10 cm 

 → Sensitivity to any model with displaced leptons, regardless the presence of  jets, 
      E̸miss

T, etc… 

❖ Preselection: two well identified and isolated leptons (e and μ) of opposite charge 
 → Prompt control region: also require |d0| < 100 μm 
 → Displaced control region: also require 100 μm  < |d0| < 200 μm 
 → Several Signal regions depending on |d0| 

m]µ| [
0

 electron |d
0 200 400 600 800 1000

m
 >

µ
< 

En
tri

es
 / 

3−10

2−10

1−10

1

10

210

310

410 Data
stat. errors
HF
tt

νl→W -l+l→Z
Single top
diboson

CMS
Preliminary

 (13 TeV)-12.6 fb

m]µ| [
0

 muon |d
0 200 400 600 800 1000

m
 >

 (B
kg

d.
 S

ca
le

d 
to

 D
at

a)
µ

< 
En

tri
es

 / 

6−10

4−10

2−10

1

210

410

510
Data
stat. errors
HF
tt

νl→W
Single top

-l+l→Z
diboson

CMS
Preliminary

 (13 TeV)-128.7 pb

top squark mass [GeV]
200 300 400 500 600 700 800 900

 [c
m

]
τ

to
p 

sq
ua

rk
 c

-210

-110

1

10

210

 2 std. deviation±

 1 std. deviation±

Expected

Observed

 (13 TeV)-12.6 fb

CMS
Preliminary



Luca Pernié Searches for long-lived particles and other non-conventional signatures 11.Dec.2017 10
https://cds.cern.ch/record/2232052?ln=en (CMS-PAS-HIG-16-035)

Light bosons to di-muons

0 2 4 6 810-10

10-8

10-6

10-4

10-2

mγD[GeV]

Ki
ne
tic
m
ix
in
g
pa
ra
m
et
er

ϵ

U70

E137

CHARM

Phenix

BaBar

CMS Preliminary

Br=1%

Br=5%
Br=10%

Br=40%
ATLAS

Br=40%
Br=10%

Br=5%

2.8fb-1 (13 TeV)

pp→h→2n1→2γD+2nD→4μ+X

KLOE

SN

LSND

APEX/MAMI
Test Runs

Ev
en

ts
 / 

(0
.0

25
 G

eV
 x

 0
.0

25
 G

eV
)

6−10

5−10

4−10

3−10

2−10

Ev
en

ts
 / 

(0
.0

25
 G

eV
 x

 0
.0

25
 G

eV
)

6−10

5−10

4−10

3−10

2−10

 [GeV]µµ1 m
1 2 3 4 5 6 7 8 9

 [G
eV

]
µ
µ

2 
m

1

2

3

4

5

6

7

8

9

Ev
en

ts
 / 

(0
.0

25
 G

eV
 x

 0
.0

25
 G

eV
)

6−10

5−10

4−10

3−10

2−10

1 2 3 4 5 6 7 8 9

1

2

3

4

5

6

7

8

9

CMS Preliminary

 (13 TeV)-1 = 2.8 fbintL

❖ Exploration of Beyond the Standard Model scenarios using final state with 4μ 
 → Easy reinterpretation for new physics models that predict similar final state  
 → Ad-hoc trigger for displaced muon signatures 
 → Data-drive estimation for bb̅ and prompt double J/Ψ back.


❖ Model independent limits translated in term of NMSSM and Dark SUSY
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Displaced jets
❖ Long-lived massive neutral particles decaying to quark-antiquark pairs: 

 → Up to two displaced dijet vertices. Decay length studied: 0.4-200 cm 
 → Jets considered if pT > 60 GeV and |η| < 2 + tracker information 
 → Jet has no more than two associated tracks with impact parameters < 300 μm 

❖ Displaced jets: 
 → Trigger based on HT (scalar pT sum of all jets), no more than 2 prompt track 
 → Displaced jets multiplicity used to search for lifetime between 1 mm and 1000 mm

entire range of the tracker acceptance. Therefore, we
estimate the tracking efficiency systematic uncertainty to
be 5%.We study the track finding systematic uncertainty by
removing 5% of tracks before dijet reconstruction and
selection. For all signal models, the signal reconstruction
efficiency is lowered by at most 4%.

B. Jet momentum bias

For jets originating at a location that is significantly
displaced from the event primary vertex, the reduced track
reconstruction efficiency and an inclined approach angle at
the calorimeter face result in a systematic underestimation
of the jet momentum by up to 10%, as determined from
simulation. We assume that the detector geometry is well

reproduced in the MC simulation, and study only the jet
momentum dependence on the reconstruction efficiency of
displaced tracks. A 5% variation in the jet energy fraction
carried by tracks, corresponding to the systematic uncer-
tainty in the track finding efficiency (Sec. VII A), leads to a
change in the signal efficiency of 1%–5%, over the range of
signal models considered.

C. Effect of higher-order QCD corrections

The signal reconstruction efficiency is sensitive to the jet
energy scale variations, for the H signal model with H
masses of 200 and 400 GeV. Therefore, it is also sensitive
to the modeling of the H pT spectrum, which may be
influenced by higher-order QCD corrections. To study this
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Displaced Photons

6 5 Efficiency

  

ECAL

L3 L2: Photon

L1: Neutralino

Gravitino

Z

Figure 4: The schematic drawing of long-lived neutralino decay. The normal photon recon-
struction uses L3 as its trajectory. L1 is the decay length of neutralino and L2 is the photon
trajectory.

(a) (b)

Figure 5: Dt1 and Dt2 distribution of GMSB sample (L 180 TeV and t 20 ns ) with ECAL time
> 3ns (left) and timing distribution of GMSB MC and data (right).

5 Efficiency
Because the barrel ECAL is 1.5 meters in radius, the efficiency to detect photons from neutralino
decays is highly dependent on the transverse decay length (perpendicular to the proton beam
direction) of the neutralino in the CMS lab frame. Since the main feature of the signal event is
the delayed timing, we study the efficiency to detect a late photon. The efficiency is defined as
the fraction of photons with decay length within a bin that arrive later than 3 ns or more and
the photons pass the photon selection criteria.

Figure 6 shows the resulting efficiency as a function of the neutralino transverse decay length.
The efficiency is higher for longer lifetime. This is because in these cases, lower pT neutralinos
are more likely to decay inside ECAL and they are more likely to produce late photons as their
speeds are markedly slower than the speed of light. The efficiency peaks around 1 m and levels
off above 1.4 m or even starts increasing again. This happens because when the decays happens
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Figure 16: Exclusion region for the mass and lifetime of neutralinos in the SPS8 model (left)
and cross-section limits for the mass and lifetime range of neutralinos using 8 TeV data with
integrated luminosity 19.1 fb�1 (right). Our results as well as those marked g + ET/ rely on only
one single photon and the cross section limits simply scale inversely with the photon branching
ratio. Those marked gg + ET/ will have more complex dependence on branching ratio. The
result are presented in a limited range in the mass and lifetime because we generated signal
MC in the region where our method is sensitive to the SPS8 model, which is needed to calculate
detector efficiency.

experiment, the ECAL timing method provides a larger acceptance region for long-lived neu-
tralinos. Since we rely on individual photon rather than two photons in each event, our results
can easily be scaled for different photon branching ratio that other theoretical models predict as
long as the pT spectrum of the neutralino is not significantly different from the SPS8 scenario,
which will change the detection efficiencies.

1

1 Introduction
The observation of the 125 GeV neutral boson at the LHC provides strong evidence for the
Higgs mechanism of the standard model (SM). Despite the many successes of the standard
model, the theory suffers from fine-tuning problems stemming from the Higgs sector [1] and
has no explicit prediction for the unification of the gauge couplings and the role of gravity. With
solutions for these questions, supersymmetry (SUSY) is one of the most compelling theories
beyond the standard model. In addition, the Lightest Supersymmetric Particle (LSP) can be
a stable particle making it a good candidate for dark matter. This scenario further motivates
searches for the evidence of SUSY.

In the model of Gauge Mediated Supersymmetry Breaking (GMSB) [2], the gravitino (G̃) is the
LSP. Under the assumption of R-parity conservation [3], the gravitino is stable and couples
weakly to the other SUSY particles. Strongly interacting supersymmetric particles with higher
masses, such as the squarks and gluinos produced in proton-proton collisions at the LHC,
provide large cross sections for SUSY production while at the same time through their prompt
decays allow for lighter SUSY particles to be produced. The Next-to-Lightest Supersymmetric
Particle (NLSP) is considered, in this analysis, to be the lightest of the promptly produced SUSY
particles initiated by squark or gluino decays.

The NLSP for a range of GMSB model parameters will decay in a non-prompt manner, into the
gravitino and SM particle(s). Depending on the choice of mass parameters, the NLSP can be a
neutralino (c̃0), stau or sneutrino. The mass, decay modes and lifetime of the NLSP depends
on the SUSY breaking scale (L). If the NLSP is the neutralino, it has three different two-body
decay channels with the gravitino produced with a photon, Z boson or a Higgs boson. The
branching ratio (BR) for each channel depends on the choice of SUSY parameters. In this study,
we choose the ’Snowmass Points and Slopes 8’ (SPS8) [4] scenario as our benchmark model. In
this scheme, the neutralino decay to a photon and a gravitino has the largest branching ratio
[5](Table 1). Its lifetime is proportional to

t µ
M2

Pm2
G̃

m5
c̃0

(1)

L ( TeV) BR
100 0.9444
120 0.9042
140 0.8711
160 0.8464
180 0.8282
220 0.8043

Table 1: The branching ratio of c̃0 ! g + G̃

where MP is the Planck mass. The neutralino mass (mc̃0 ) and the gravitino mass (mG̃) are
related to the SUSY breaking scale L. For example, the gravitino mass is given by

mG̃ =
cgravLMp

3Mp
(2)

where M is the mass of the messenger particle responsible for mediating SUSY breaking from
the so-called hidden sector to a much lower energy scale where SUSY breaking is felt and cgrav is

❖ LLP decaying to γ and invisible particles: 
 → ≥ 2 γ (at least one has converted to ee),  ≥ 2 jets, E̸missT 
 → Transverse impact parameter reconstructed using converted γ 
 → CR to estimate γ+jet (based on ISO and E̸missT) 

❖ Search for long LLP in delayed γ and E̸missT 
→ Exploit ECAL barrel precise timing (cτ from 1.6 to 34 ns) 
→ Analyzed the γ cluster shape to reject background

https://cds.cern.ch/record/2019862?ln=en
https://cds.cern.ch/record/2063495?ln=en
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Disappearing tracks

❖ Long-lived charged particles that decay within the CMS detector: disappearing track 
 → Little associated calorimeter energy and with missing hits in outer tracker layers 
 → Disappearing track recorded if it radiate a jet or more (E̸missT ~ BSM signal) 
      → E̸missT > 100 GeV, pT(jet) > 110 GeV, pT(track) > 50 GeV 
 → Missing outer hits in the tracker Nouter used to discard SM background 
(SM particles mimic signal as the result of interactions with the tracker material)  

❖ Benchmark scenario: Anomaly-mediated supersymmetry breaking
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Figure 1. The number of missing outer hits (left) and the associated calorimeter energy (right) of
tracks in the search sample, before applying the requirement on the plotted quantity. The signal
and the background sum distributions have both been normalized to unit area, and overflow entries
are included in the last bin.

Chargino mass [GeV] 300 300 300 500 500 500

Chargino cτ [cm] 10 100 1000 10 100 1000

Trigger 10% 10% 7.4% 13% 13% 10%

Basic selection 7.0% 6.7% 4.2% 8.9% 9.0% 6.3%

High-pT isolated track 0.24% 3.6% 3.1% 0.14% 4.4% 4.9%

Candidate track 0.15% 2.3% 1.3% 0.10% 2.9% 2.2%

Disappearing track 0.13% 1.0% 0.27% 0.095% 1.4% 0.47%

Table 2. Cumulative efficiencies for signal events to pass various stages of the selection.

7.1 Standard model backgrounds

We estimate the SM background contributions to the search sample as N i = N i
ctrlP

i, where

N i
ctrl is the number of events in data control samples enriched in the given background

source and P i is the simulated identification inefficiency, for i = e, µ, τ . The electron-

enriched control sample is selected by requiring all the search sample criteria except for the

electron veto and the Ecalo requirement. The muon-enriched control sample is selected by

requiring all the search sample criteria except for the muon veto. The τh-enriched control

sample is selected by requiring all the search sample criteria except for the τh veto and the

Ecalo requirement. The Ecalo requirement is removed for the electron and τh control samples

because it is strongly correlated with both the electron and τh vetoes. The hadron back-

ground is estimated as the contribution from τh decays, which is its dominant component.

The identification inefficiencies P i correspond to the probability to survive the cor-

responding veto criteria, i.e., the electron veto and Ecalo requirement for electrons, the
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Figure 3. Distributions of the disappearing tracks in the search sample. The estimated back-
grounds are normalized to have the relative contributions of table 6 and a total equal to the mean
of the background-only pseudo-data (1.4 events). Histograms for the electron and tau backgrounds
are not visible because the central value of their estimated contribution is zero.
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between the chargino and neutralino, ∆mχ̃1 , in the AMSB model. The prediction for ∆mχ̃1 from
ref. [41] is also indicated.
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Stopped Long Lived Particles (hadr.)

❖ LLP (gluinos, stops..) could be pair produced and 
hadronize into R-hadrons that interact with 
detector material (nuclear interactions & ioniz.) 
 → Below a critical velocity, kinetic energy go to 
      zero and (some later time) decays


❖ If LLP decays to at least one SM particle: 
 → High-energy jet not coincident with collisions 
 → Only rare background processes  

❖ Dedicated trigger used to select out-of-time events 
 → At least two BXs away from bunches 
     passing the detector 
 → Trigger requires at least one jet with E > 50 GeV 
 → Calorimeter-based jet with E > 70 GeV


❖ Main background: halo muons, cosmics  
 → Can emit photons striking calorimeters 
 → Rejecting events with hits in CSC, 
      segments in opposite DT regions 
      or far from the jet direction

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-004/index.html
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Stopped particle: muons
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❖ Long-lived particles come to rest in CMS and decay to muons 
 → Decays could be observed during the intervals between LHC beam crossings 
      → Custom trigger designed to record events that are out-of-time with collisions 
      → Trigger used also when no pp collision where present (cosmic data) 
 → Offline criteria to reject cosmic μ 
      → Muon TOF information from DTs and RPCs 
      → DSA tracks: only hits in the muon chambers, 
           no constraints on beam spot

5

-50 ns. On the other hand, muons from the signal will both be outgoing, so they are usually
both reconstructed with tDT of about 0 ns. See Fig. 2 for a schematic diagram of tDT for cosmic
muons and muons from the signal.

Figure 2: A diagram showing the typical direction and the corresponding tDT values of muons
coming from cosmic muon background (left) and signal (right). This is a simple schematic and
does not necessarily reflect how close the muons would come to the beamspot. Furthermore,
the muons from the signal are not necessarily back-to-back.

Figure 3 shows the distribution of tDT for the upper and lower hemisphere DSA muon tracks.
In the cosmic muon dominated data tDT distributions, the major peaks are when the upper
hemisphere DSA muon track is found at a time of about 0 ns, and when the lower hemisphere
DSA muon track is found at about 50 ns. As explained above, this corresponds to the situation
when the upper hemisphere muon is triggered, and thus given a time of about 0 ns, and the
lower hemisphere muon arrives about 50 ns later.

The two early shoulders in the data tDT distributions, at about -50 ns for the upper hemisphere
DSA muon track and at about 0 ns for the lower hemisphere DSA muon track, can be explained
by a lower hemisphere DSA muon track being triggered when the upper hemisphere muon
was missed by the trigger. Thus, the time of the lower hemisphere DSA muon track is about
0 ns. Since this variable shows the offline reconstruction, we can see that offline, the missing
upper hemisphere muon was recovered, and it was found about 50 ns earlier than the lower
hemisphere muon, that is, at about -50 ns. This scenario is not modeled in the cosmic muon
simulation.

Another DT timing variable that is used is b�1, which is defined as the speed of light divided
by the velocity (c/v) and is therefore directly proportional to the TOF. We determine b�1 from
the slope of a straight line fit to the times and the distances from the IP of the DT hits, without
a constraint to the beam spot.

b�1 gives us the direction of the muon, that is, whether it is incoming toward the beam spot
or outgoing from the beam spot. Outgoing muons should have a positive b�1 and incoming
muons should have a negative b�1. As a result, this b�1 measurement can distinguish the cos-
mic muon background from the muons from the signal in the upper hemisphere. See Fig. 4 for
a schematic diagram of b�1 for cosmic muons and muons from the signal. Cosmic muons will
predominantly be incoming in the upper hemisphere and outgoing in the lower hemisphere,
as they come in from the top of the detector and continue to move downwards. The signal, on
the other hand, will be outgoing in both hemispheres.

b�1 is plotted in Fig. 5. Cosmic muons are peaked at b�1 = �1 when the incoming muon is
in the upper hemisphere and at b�1 = +1 when the outgoing muon in the lower hemisphere.
The b�1 distribution for cosmic muons is simpler than tDT distribution because the details
about which muon is triggered are no longer relevant: only the direction of the muons matters.
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Charged Long Lived Particles

❖ HSCP might have high momentum, speed smaller than c, and/or Q not equal to the 
elementary charge ±e


❖ Possible to distinguish |Q|≥1e particles with β < 0.9 from light SM particles using E loss

❖ Two ways to reconstruct HSCP: 

 → Requiring tracks only in the silicon detectors (tracker-only) 
 → Requiring tracks in both the silicon detectors and muon system (tracker+TOF)


❖ Muon trigger more efficient than Etmiss trigger

❖ Very well reconstructed track (muon) on the tracker-only (tracker-TOF) analysis

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-15-010/index.html
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Conclusions

❖ CMS has a broad physics program for Long Lived particles 
 → Signatures motivated by broad range of phenomenology 
 → Tendencies to move to more model independent analysis when possible 
 → Strong interest to present results via simplified models 


❖ Exotic long-lived particles searches will benefit from the upgraded detectors 
 → New pixel detector in 2017 (heavy stable charged particles)  
 → High-Luminosity LHC will be a time of exciting physics potential and many 
      experimental challenges, i.e. precise timing! 
      →  High Granularity Calorimeter (which also offer 50 ps time resolution) 
      →  Timing detector for MIP


❖ Long Lived Particles searches start from trigger design

    → Trends from Run1 to Run2 have mostly been to either raise thresholds in order to

         cope with pileup or design a more signal-specific trigger

    → Planned to include tracker information into trigger decision

    → Planned to trigger on muons produced outside tracker acceptance

STAY TUNED!
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Backup
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Run II Performance

19

❖ Thanks to LHC: approaching 100 fb-1  
→ Average pileup ~27  
 
Advantageous ratios of LHC parton 
luminosities (between 13 and 8 TeV)!!

❖ Exotic searches include a vast amount 
models (everything is non Higgs-non 
and susy related)
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The Large Hadron Collider

❖ Run 2 is officially started! 
→ About 3 fb-1 collected in 2015 
→ 37.8 fb-1 by the end of 2016 

• 160% larger collision energy → √s=13 TeV

• 200% larger number of bunches → 2800 bunches

• 200% larger pileup → 40 interactions/crossing

• 33%   smaller β* → 40 cm

• 170-220% larger peak Lumi. → (13-17)x1033 cm–2s-1

❖ Comparison with 8 TeV:
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The Compact Muon Solenoid
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2017: new pixel detector
New for the 2017 Run

❖ 4 layers and 3 disks 
 → Smaller radius of the inner layer: 3cm 

❖ New readout chip 
 → Better efficiency at high rate, and high pileup


❖ Less material
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Supersymmetry ~ 1Hz.

Inelastic “background” 
events produced at a rate 
of 1 GHz.

❖  Cross sections and background 
estimates (measured, calculated/
predicted) tell us what minimum energy 
and luminosity we need from the 
colliding beams and therefore what rates 
the detector must be able to handle


❖ Production dynamics determine the 
range of energies and angles we need to 
measureJETS

Detectable Higgs 
production ~ 1 milliHz.

Cross section
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Displaced di-leptons

❖ Both lepton candidates are required to be isolated, to reject background from jets


❖ The two tracks are fitted to a common vertex, which is required to have χ2/dof < 10(5) in 
the electron (muon) channel.  

❖ The number of hits, between the centre of CMS and the vertex position, that are 
assigned to the tracks is no more than 1  

❖ To eliminate background from J/ψ and Υ decays, and from γ conversions, LL particle 
candidates are required to have a dilepton invariant mass larger than 15 GeV/c 

❖ To reject cosmics the 3D opening angle between 2 muons must be ≤ 2.48 radians  

❖ Owing to the difficulty of modeling the low trigger efficiency for closely spaced muon 
pairs, the two muons are required to be separated by ∆R > 0.2 

❖ ∆Φ between pll and the vector from the primary vertex to the dilepton vertex (vll) is 
required to satisfy |∆Φ| < π/2. Dilepton candidates satisfying all other selection 
requirements, but with |∆Φ| > π/2, are used to define a control region
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Displaced di-muons

❖ All muons paired together combinatorially  
(poor charge measurement for displaced muons) 

❖ To eliminate background from J/ψ and Υ decays, and from γ conversions, LL particle 
candidates are required to have a dilepton invariant mass larger than 15 GeV/c 

❖ Owing to the difficulty of modeling the low 
trigger efficiency for closely spaced muon pairs, 
the two muons are required to be separated 
by ∆R > 0.2 

❖ Background distribution expected to be 
symmetric in |∆Φ| around π/2 due to the 
absence of a displaced secondary vertex  

❖ No data observed after the full selection is 
applied in control region. This determines 
the expected background in signal region 
to be zero

https://cds.cern.ch/record/2005761?ln=en (CMS-PAS-EXO-14-012)
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Displaced Jets

❖ In the first model, a long-lived, scalar, neutral exotic particle, X, decays to qq. It is pair-
produced in the decay of a non-SM Higgs boson (i.e. H → 2X, X → qq) 

❖ In the second model, the long-lived particle is a neutralino ˜χ01, which decays into two 
quarks and a muon through an R-parity violating coupling. The neutralinos are produced 
in events containing a pair of squarks, where an squark can decay via the process ˜q→q 
˜χ01→qq’q ̄’’μ: up to two displaced dijet vertices 

❖ For each reconstructed track, an impact parameter is computed by measuring the 
shortest distance between the extrapolated trajectory and the primary vertex. 
Accept an event at the trigger level: at least two of the selected jets pass: 
 → The jet has no more than two associated tracks with three-dimensional impact 
parameters smaller than 300 μm 
 → No more than 15% of the jets total energy is carried by associated tracks with 
transverse impact parameters smaller than 500 μm  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Displaced Jets

❖ Tracks are classified as prompt if their transverse impact parameter relative to the beam 
line, IP2D, is less than 1mm 

❖ Jet-Jet model predicts pair-produced long-lived scalar neutral particles X0, each 
decaying to a light quark-antiquark pair, where light refers to u, d, s, c, and b. 
The two scalars are produced through a 2→2 scattering process, mediated by a Z∗ 

propagator. The mX0 and cτ0 are varied between 50 and 1500 GeV and between 1 and 
2000 mm 

❖ B-Lepton model contains pair-produced long-lived top squarks. Each top squark 
decays to one b quark and a lepton. The m t and e cτ0 are varied between 300 and 1000 
GeV and between 1 and 1000 mm, respectively 
 → B-Mu, B-Ele, and B-Tau models are derived from the B-Lepton model with 100% 
     branching fraction to muons, electrons, and taus, respectively  

❖ Misidentification rate is measured in a control sample defined as events with Ntags ≤ 1, 
while the signal region requires Ntags ≥ 2. Signal categories: Ntags = 2 and Ntags ≥ 3
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Displaced Photons
❖ ECAL time resolution ~372 ps (measured in with single photon events) 

 → Delay due to Neutralino (slower), and extra path to be done


❖ Left: efficiency as a function of the neutralino transverse decay length. The efficiency is 
higher for longer lifetime. In these cases, lower pT neutralinos are more likely to decay 
inside ECAL and they are more likely to produce late photons as their speeds are 
markedly slower than the speed of light. The efficiency peaks around 1 m and levels off 
above 1.4 m or even starts increasing again. This happens because when the decays 
happens half way through the tracking volume, the mechanism to delay the photon via 
∆t2 works best, while the decays near ECAL is favorable to produce delays via ∆t1 

4 4 ECAL Timing and Delayed Photon

Zero and one jet events are dominated by background and are particularly useful to study
various sources of them.

4 ECAL Timing and Delayed Photon
The photon arrival time in ECAL is the main observable that we use to distinguish signal from
background in this study. The arrival time is estimated from 10 pulse-height measurements
recorded every 25 ns over a 250 ns period from before and until after photons deposit energy
in ECAL. The rising part of the shaped pulse depends on the relaxation time of the PbWO4
crystal scintillation process, while the falling part of the pulse is determined by the front-end
electronics time constants. The pulse timing relative to the clock pulse uniquely determines
the ratio of pulse heights from two consecutive measurements. We invert this relationship and
use the pulse height ratio to estimate the pulse timing relative to the LHC beam clock which
is distributed to each crystal. Typically, samples 1 through 3 are pedestals, so the useful ratios
are sample 4/sample 5, through sample 7/sample 8. The remaining ratios arising from the tail
of the pulse are insensitive to the pulse timing. We calculate weighted average of typically 3
measurements of pulse timing obtained this way as the pulse timing for each crystal. Even
though the uncertainty in the ratio measurements is anti-correlated, its effect on the crystal
timing estimate turns out to be less than 10% of the uncertainty estimate. Since the clock pulse
delivery system has its own delays relative to the actual collision time and they vary from
crystal to crystal, we calibrate the timing using actual prompt relativistic particles so that their
arrival time is defined to be zero. The linearity of the time measurement have been studied with
test beam electrons and cosmic rays and verified up to 14 ns [15]. The resolution is verified by
using an independent single photon sample with only one isolated photon, one or two jets
and Emiss

T less than 30 GeV in the events. The result shows that the resolution is 372 ps by
performing a Gaussian fit to the ECAL time distribution (Fig 2).

Figure 2: The Gaussian fits to the ECAL time distribution from an isolated single photon sam-
ple. The fit shows that the resolution is ⇡ 372 ps.

Since each photon deposits energy in a cluster of crystals, we have considered both using the
timing measurement from the crystal with the highest energy deposit (seed crystal), and also a
weighted average of multiple timing measurements in the cluster. Even though the latter could
have a narrower rms width of the core timing distribution at zero, the gain in the core resolu-
tion is negligible because a significant part of the resolution is due to systematic uncertainties
arising from common sources among neighbor crystals, which are not reduced by averaging.
In addition, they are more susceptible to spurious measurements since if one measurement is

7

half way through the tracking volume, the mechanism to delay the photon via Dt2 works best,
while the decays near ECAL is favorable to produce delays via Dt1.

Figure 6: The photon time acceptance (t > 3 ns) as a function of the transverse decay length in
different lifetime models

6 Background Estimation
Three major background sources are beam halo, cosmic-rays and ECAL spikes. Methods to
identify photons arising from these sources are developed using the off-time photon sample
(t > 2 ns and t < -3 ns). The residual of non-collision background and collision backgrounds
are estimated using the so-called the ABCD method. An alternative estimation of collision
background using Z events shows that these contribution is small.

6.1 Halo Photon

Beam halo muons are created when a beam proton collides with beam gas or scratches col-
limators upstream of the CMS detector. The muons travel in the proton beam optics where
because their momenta are lower than the beam protons, they get overbent by the dipole mag-
nets and tend to be deflected in the horizontal plane once the effects for quadrupole and other
magnets are taken into account. Many of these muons approach ECAL more or less parallel
to the proton beams, and radiate photons near or in ECAL. Since the photons are created by
halo muons, a muon track segment is often found in the Cathode Strip Chambers (CSC) of the
endcap muon system which covers the same radial region as the barrel ECAL. Figure 7 shows
a clear matching between a track segment found in CSC and an ECAL cluster for a large frac-
tion of the off-time events. Using the off-time control sample, we find that most halo-induced
photons are associated with a CSC track segment. Therefore, a photon would be vetoed if a
CSC segment with |h| > 1.6 is found within 0.05 rad of the azimuthal angle with the photon
cluster. Note that because of the flight paths that muon halos take, halo photons arrive earlier
than the direct photons.

However, due to the 400 MHz RF frequency of the LHC, it provides 9 additional LHC RF
buckets for protons to fill beside each of the nominal LHC RF buckets. These so-called satellite
bunches are thus formed when a part of proton beam is captured in one of these unintended
RF buckets at each stage of beam transfers from an earlier accelerator to the later one. The
existence of satellite bunch halo can be observed from the endcap ECAL system and identified
by selecting the photon clusters each of which is matched to a CSC segment. A clear pattern

https://cds.cern.ch/record/2019862?ln=en
https://cds.cern.ch/record/2063495?ln=en
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Disappearing tracks

❖ Anomaly-mediated supersymmetry breaking (AMSB) which predicts a particle mass 
spectrum that has a small mass splitting between the lightest chargino and the lightest 
neutralino. The chargino can then decay to a neutralino and a pion. 
The phase space for this decay is limited by the small chargino-neutralino mass 
splitting. As a consequence, the chargino has a signifi- cant lifetime, and the daughter 
pion has momentum of ≈100 MeV, typically too low for its track to be reconstructed. 
 → Benchmark in terms of its sensitivity to the chargino mass and chargino-neutralino 
mass splitting



Luca Pernié Searches for long-lived particles and other non-conventional signatures 11.Dec.2017

Stopped particle: muons

30
https://cds.cern.ch/record/2273460

❖ If LLP is colored, it will hadronize prior to traversing the detector, creating a R-hadron, 
which will eventually stop in the detector. These stopped particles or R-hadrons could 
then decay seconds, days, or weeks after the proton-proton collision.


❖ Split SUSY is a model in which SUSY is broken near the unification scale. This results in 
the supersymmetric squarks and sleptons being very heavy (> 1 TeV), while the 
gauginos remain relatively light and account for the unification of the gauge couplings. 
The gluino is the only colored particle at this low mass scale, so it can only decay 
through t-channel exchanges of a virtual squark. Since the squarks are very massive, 
this decay will be suppressed and thus, the gluino can have a long lifetime, possibly up 
to 100 s. Gluinos are pair produced, and they would form R-hadrons in the detector, 
interacting via the strong force and hadronizing with quarks. The gluino could have a 
three-body decay. The gluino decays to a quark-antiquark pair and a NLSP neutralino (g ̃ 
→ qq ̄χ ̃0

2). Then the NLSP neutralino decays to a pair of oppositely-signed muons, and 
the LSP neutralino (χ ̃0

2 → μ+μ−χ ̃0
LSP). The mass of the LSP neutralino was chosen to be 1/4 

of the gluino mass, and the mass of the NLSP neutralino was chosen to be 2.5 times the 
LSP neutralino mass 


