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The CMS dataset
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Long-Lived Particle Searches
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Different LLP varieties:
• Charges
• Final states
• Decay locations
• Lifetimes
Some challenges:
• Dedicated triggers
• Unique object reconstruction
• Atypical backgrounds
• Unusual discriminating 

variables

LLP searches @ CMS
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 Many BSM scenarios predict LLP: 
- dark photons, SUSY, HNL  

 	Provides a dark matter candidate 

 Analyses challenges: 

- Dedicated triggers, new object reconstruction,  

   and atypical analysis techniques  

 Large variety of signature: 
   - Charges 
   - Final states 
   - Lifetime 



LLP searches @ CMS - Disappearing Tracks

Disappearing tracks: CMS
• Signature

• custom trigger at HLT: MET + isolated, high pT track
• 1 jet, pT > 110 GeV
• Track with pT > 55 GeV which disappears

• no hits in at least 3 outer tracker layers
• calo energy deposit < 10 GeV associated to track

• Sensitivity
• charged particle w/ lifetime of 0.1 to 10 ns which decays to invisible
• particularly tuned to pure wino LSP, chargino naturally degenerated with neutralino

• Results
• Charginos w/ lifetimes of 3 ns  

excluded up to mass of 715 GeV

 22

CMS-EXO-16-044

Run period
Estimated number of background events

Observed events
Leptons Spurious tracks Total

2015 0.1 ± 0.1 0
+0.1

�0
0.1 ± 0.1 1

2016A 2.0 ± 0.4 ± 0.1 0.4 ± 0.2 ± 0.4 2.4 ± 0.5 ± 0.4 2

2016B 3.1 ± 0.6 ± 0.2 0.9 ± 0.4 ± 0.9 4.0 ± 0.7 ± 0.9 4

Total 5.2 ± 0.8 ± 0.3 1.3 ± 0.4 ± 1.0 6.5 ± 0.9 ± 1.0 7

~160 MeV = 
“invisible”

LLP

triggerSignature: 
- Isolated track with hits only in the inner tracker layers  
   and pT>55 GeV 
- no muon hits, no calorimeter energy deposit

 Anomaly mediated supersymmetry breaking 
model: 
- small mass difference between      and  
- decay mode: 
-  lifetime O(1ns) 
- π not reconstructed
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1 Introduction
This paper presents a search for long-lived, charged particles that decay within the volume
of the silicon tracker of the CMS detector at the CERN LHC and produce the signature of
a “disappearing track.” A disappearing track occurs when the decay products of a charged
particle are undetected because they either have too little momentum to be reconstructed or
interact only weakly, such that they do not produce hits in the tracker and do not deposit
significant energy in the calorimeters.

Anomaly-mediated supersymmetry breaking (AMSB) [1, 2] is one of the many beyond-the-
standard-model (BSM) scenarios in which such a disappearing track would be produced, and
one that has been widely used to interpret the results of searches for disappearing tracks. In
AMSB, a particle mass spectrum is predicted with a small mass difference between the lightest
chargino (ec±

1 ) and neutralino (ec0
1), where the latter is the lightest supersymmetric particle [3–6].

The chargino decays to a neutralino and a pion: ec±
1 ! ec0

1p±. Because of the small chargino-
neutralino mass difference, the phase space for this decay is limited, and as a consequence the
chargino has a lifetime on the order of 1 ns. The pion from this decay has low momentum
(⇡100 MeV), generally too low for it to be observable as a reconstructed track. If the chargino
decays inside the tracker volume, it thus will often leave a disappearing track. We present the
search in terms of the chargino mass and lifetime in AMSB, although other BSM scenarios that
produce a disappearing track signature have also been proposed [3, 7–11].

Previous analyses performed by the CMS and ATLAS Collaborations have searched for disap-
pearing tracks in proton-proton (pp) collision data at

p
s = 8 TeV [12, 13], and a recent analysis

by the ATLAS Collaboration searched for short disappearing tracks in 13 TeV data [14]. The
previous CMS search excluded at 95% confidence level (CL) direct electroweak production of
charginos with a mass less than 505 GeV for a mean proper lifetime of 7 ns, while the ATLAS
search at 13 TeV extended the exclusion limits on chargino mass to 460 GeV for a lifetime of
0.2 ns. These searches are complementary to searches for heavy stable charged particles, which
are able to exclude charginos with much longer lifetimes [15, 16]. Two significant improve-
ments with respect to the 8 TeV search for disappearing tracks have been implemented for this
search at 13 TeV: a new dedicated trigger developed specifically for this search, and an estima-
tion of the background from standard model (SM) leptons entirely based on control samples in
data.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),
each composed of a barrel and two endcap sections. Forward calorimeters extend the pseu-
dorapidity coverage provided by the barrel and endcap detectors. Muons are measured in
gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules and is located in the 3.8 T
field of the solenoid. For particles that are not explicitly required to be isolated from other event
activity, and that have transverse momentum 1 < pT < 10 GeV and |h| < 1.4, the track reso-
lutions are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact
parameter. These particles represent the bulk of those produced in collisions. For comparison,
isolated particles of pT = 100 GeV emitted at |h| < 1.4 have track resolutions of 2.8% in pT and
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signal events that would otherwise be selected.

Two additional requirements define the criteria for a track to “disappear.” First, we require the
selected tracks to have at least three missing outer hits, which are missing hits in the tracker
layers outside of the last layer containing a hit on the track. Second, the associated calorimeter
energy within DR < 0.5 of the track, Ecalo, is required to be less than 10 GeV, where DR is
calculated using the track coordinates at the point of closest approach to the center of CMS. This
requirement removes a negligible amount of signal, while Ecalo is much larger, typically over
100 GeV, for background events passing the other selection criteria, according to the simulation.
The number of missing outer hits is shown in Fig. 2 for simulated signal and background events
that pass the full selection, except for the requirement on that variable. The tracks selected
in the simulated background events are predominantly from electrons and th, since events
with muons have a smaller p

miss
T on average. As can be seen, the number of missing outer

hits is very effective at isolating the signal because tracks from background events typically
have no missing outer hits. The efficiency of the full selection for simulated signal events is
limited mostly by the requirements targeting events with ISR and the relatively narrow range of
chargino decay lengths that yield a disappearing track that passes the criterion on the number
of missing outer hits. This efficiency varies with the chargino mass and lifetime, peaking at
⇡2% for a 700 GeV chargino with a lifetime of 3 ns.
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Figure 2: Distributions of the number of missing outer hits for tracks in simulation that pass
the full selection, except for the requirement on that variable. Each signal distribution and the
sum of the SM background distributions are scaled to have unit area. The gray shaded area
indicates the statistical uncertainty in the SM background.

5 Background estimation
5.1 Charged leptons

The dominant source of high-pT, isolated tracks from SM processes arises from charged leptons
(electrons and muons, produced promptly or via the decay of tau leptons, or th) from the decay
of W or Z bosons or virtual photons. In order for events with such tracks to appear in the search
region, three things must happen: (1) the lepton must fail to be explicitly identified as a lepton,
while still leaving a track in the silicon tracker but less than 10 GeV of energy in the calorimeters;
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1 Introduction
This paper presents a search for long-lived, charged particles that decay within the volume
of the silicon tracker of the CMS detector at the CERN LHC and produce the signature of
a “disappearing track.” A disappearing track occurs when the decay products of a charged
particle are undetected because they either have too little momentum to be reconstructed or
interact only weakly, such that they do not produce hits in the tracker and do not deposit
significant energy in the calorimeters.

Anomaly-mediated supersymmetry breaking (AMSB) [1, 2] is one of the many beyond-the-
standard-model (BSM) scenarios in which such a disappearing track would be produced, and
one that has been widely used to interpret the results of searches for disappearing tracks. In
AMSB, a particle mass spectrum is predicted with a small mass difference between the lightest
chargino (ec±

1 ) and neutralino (ec0
1), where the latter is the lightest supersymmetric particle [3–6].

The chargino decays to a neutralino and a pion: ec±
1 ! ec0

1p±. Because of the small chargino-
neutralino mass difference, the phase space for this decay is limited, and as a consequence the
chargino has a lifetime on the order of 1 ns. The pion from this decay has low momentum
(⇡100 MeV), generally too low for it to be observable as a reconstructed track. If the chargino
decays inside the tracker volume, it thus will often leave a disappearing track. We present the
search in terms of the chargino mass and lifetime in AMSB, although other BSM scenarios that
produce a disappearing track signature have also been proposed [3, 7–11].

Previous analyses performed by the CMS and ATLAS Collaborations have searched for disap-
pearing tracks in proton-proton (pp) collision data at

p
s = 8 TeV [12, 13], and a recent analysis

by the ATLAS Collaboration searched for short disappearing tracks in 13 TeV data [14]. The
previous CMS search excluded at 95% confidence level (CL) direct electroweak production of
charginos with a mass less than 505 GeV for a mean proper lifetime of 7 ns, while the ATLAS
search at 13 TeV extended the exclusion limits on chargino mass to 460 GeV for a lifetime of
0.2 ns. These searches are complementary to searches for heavy stable charged particles, which
are able to exclude charginos with much longer lifetimes [15, 16]. Two significant improve-
ments with respect to the 8 TeV search for disappearing tracks have been implemented for this
search at 13 TeV: a new dedicated trigger developed specifically for this search, and an estima-
tion of the background from standard model (SM) leptons entirely based on control samples in
data.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),
each composed of a barrel and two endcap sections. Forward calorimeters extend the pseu-
dorapidity coverage provided by the barrel and endcap detectors. Muons are measured in
gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules and is located in the 3.8 T
field of the solenoid. For particles that are not explicitly required to be isolated from other event
activity, and that have transverse momentum 1 < pT < 10 GeV and |h| < 1.4, the track reso-
lutions are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact
parameter. These particles represent the bulk of those produced in collisions. For comparison,
isolated particles of pT = 100 GeV emitted at |h| < 1.4 have track resolutions of 2.8% in pT and

1

1 Introduction
This paper presents a search for long-lived, charged particles that decay within the volume
of the silicon tracker of the CMS detector at the CERN LHC and produce the signature of
a “disappearing track.” A disappearing track occurs when the decay products of a charged
particle are undetected because they either have too little momentum to be reconstructed or
interact only weakly, such that they do not produce hits in the tracker and do not deposit
significant energy in the calorimeters.

Anomaly-mediated supersymmetry breaking (AMSB) [1, 2] is one of the many beyond-the-
standard-model (BSM) scenarios in which such a disappearing track would be produced, and
one that has been widely used to interpret the results of searches for disappearing tracks. In
AMSB, a particle mass spectrum is predicted with a small mass difference between the lightest
chargino (ec±

1 ) and neutralino (ec0
1), where the latter is the lightest supersymmetric particle [3–6].

The chargino decays to a neutralino and a pion: ec±
1 ! ec0

1p±. Because of the small chargino-
neutralino mass difference, the phase space for this decay is limited, and as a consequence the
chargino has a lifetime on the order of 1 ns. The pion from this decay has low momentum
(⇡100 MeV), generally too low for it to be observable as a reconstructed track. If the chargino
decays inside the tracker volume, it thus will often leave a disappearing track. We present the
search in terms of the chargino mass and lifetime in AMSB, although other BSM scenarios that
produce a disappearing track signature have also been proposed [3, 7–11].

Previous analyses performed by the CMS and ATLAS Collaborations have searched for disap-
pearing tracks in proton-proton (pp) collision data at

p
s = 8 TeV [12, 13], and a recent analysis

by the ATLAS Collaboration searched for short disappearing tracks in 13 TeV data [14]. The
previous CMS search excluded at 95% confidence level (CL) direct electroweak production of
charginos with a mass less than 505 GeV for a mean proper lifetime of 7 ns, while the ATLAS
search at 13 TeV extended the exclusion limits on chargino mass to 460 GeV for a lifetime of
0.2 ns. These searches are complementary to searches for heavy stable charged particles, which
are able to exclude charginos with much longer lifetimes [15, 16]. Two significant improve-
ments with respect to the 8 TeV search for disappearing tracks have been implemented for this
search at 13 TeV: a new dedicated trigger developed specifically for this search, and an estima-
tion of the background from standard model (SM) leptons entirely based on control samples in
data.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),
each composed of a barrel and two endcap sections. Forward calorimeters extend the pseu-
dorapidity coverage provided by the barrel and endcap detectors. Muons are measured in
gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules and is located in the 3.8 T
field of the solenoid. For particles that are not explicitly required to be isolated from other event
activity, and that have transverse momentum 1 < pT < 10 GeV and |h| < 1.4, the track reso-
lutions are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact
parameter. These particles represent the bulk of those produced in collisions. For comparison,
isolated particles of pT = 100 GeV emitted at |h| < 1.4 have track resolutions of 2.8% in pT and

6



LLP searches @ CMS - Disappearing Tracks
14

 [GeV]
1
±χ∼

m
200 400 600 800

 [n
s]

1± χ∼τ

1−10

1

10

210

95% CL limit
95% expected
68% expected
Median expected
Observed

95% CL limit
95% expected
68% expected
Median expected
Observed

 (13 TeV)-138.4 fb

CMS
 > 0µ = 5, βtan 

) = 100%±π 
1
0
χ∼ → 

1
±χ∼ (Β
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Table 3: Summary of the systematic uncertainties in the signal yields. The ranges represent
either the variation with chargino mass and lifetime or with the data-taking period used to
calculate the uncertainty, depending on the source of each uncertainty as described in the text.

Source of uncertainty Range [%]
Theory 3–9
Integrated luminosity 2.3–2.5
Pileup 2–3
ISR 8–9
Jet energy scale/resolution 2–6
p

miss
T modeling 0.4

Missing inner hits 1–3
Missing middle hits 0.3–3
Missing outer hits 0–3
Ecalo selection 0.6–1
Trigger efficiency 4–6
Track reconstruction efficiency 1.5–4.5

Total 10–18

Table 4: Summary of numbers of events for the estimated backgrounds and the observed data.
The uncertainties include those from statistical and systematic sources. In categories where the
systematic uncertainty is negligible, it is not shown.

Run period Estimated number of background events Observed eventsLeptons Spurious tracks Total
2015 0.1 ± 0.1 0+0.1

�0 0.1 ± 0.1 1
2016A 2.0 ± 0.4 ± 0.1 0.4 ± 0.2 ± 0.4 2.4 ± 0.5 ± 0.4 2
2016B 3.1 ± 0.6 ± 0.2 0.9 ± 0.4 ± 0.9 4.0 ± 0.7 ± 0.9 4

Total 5.2 ± 0.8 ± 0.3 1.3 ± 0.4 ± 1.0 6.5 ± 0.9 ± 1.0 7

 Consistent with background only hypothesis  

 Exclusion at 95% CL of: 
-       with M< 715(695) GeV with τ ~3 (7) ns 
-       with τ [0.5, 60]ns and M = 505 GeV
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1 Introduction
This paper presents a search for long-lived, charged particles that decay within the volume
of the silicon tracker of the CMS detector at the CERN LHC and produce the signature of
a “disappearing track.” A disappearing track occurs when the decay products of a charged
particle are undetected because they either have too little momentum to be reconstructed or
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pearing tracks in proton-proton (pp) collision data at

p
s = 8 TeV [12, 13], and a recent analysis

by the ATLAS Collaboration searched for short disappearing tracks in 13 TeV data [14]. The
previous CMS search excluded at 95% confidence level (CL) direct electroweak production of
charginos with a mass less than 505 GeV for a mean proper lifetime of 7 ns, while the ATLAS
search at 13 TeV extended the exclusion limits on chargino mass to 460 GeV for a lifetime of
0.2 ns. These searches are complementary to searches for heavy stable charged particles, which
are able to exclude charginos with much longer lifetimes [15, 16]. Two significant improve-
ments with respect to the 8 TeV search for disappearing tracks have been implemented for this
search at 13 TeV: a new dedicated trigger developed specifically for this search, and an estima-
tion of the background from standard model (SM) leptons entirely based on control samples in
data.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),
each composed of a barrel and two endcap sections. Forward calorimeters extend the pseu-
dorapidity coverage provided by the barrel and endcap detectors. Muons are measured in
gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules and is located in the 3.8 T
field of the solenoid. For particles that are not explicitly required to be isolated from other event
activity, and that have transverse momentum 1 < pT < 10 GeV and |h| < 1.4, the track reso-
lutions are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact
parameter. These particles represent the bulk of those produced in collisions. For comparison,
isolated particles of pT = 100 GeV emitted at |h| < 1.4 have track resolutions of 2.8% in pT and
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1. Introduction 1

1 Introduction
Although many astrophysical observations indicate the existence of dark matter (DM) [1], it
has yet to be observed in the laboratory. While it is possible that DM only has gravitational
interactions, many compelling models of new physics contain a dark matter candidate that has
interactions with quarks. In one class of models, new fermions (dark quarks) are charged under
a new force in the dark sector that has confining properties similar to quantum chromodynam-
ics (QCD) but are not charged under the forces of the standard model (SM) [2, 3]. Such models
can explain the observed similar mass densities of baryonic matter and dark matter [4].

We consider, in particular, the dark QCD model of Bai, Schwaller, Stolarski and Weiler (BSSW) [5,
6], that predicts emerging jets. Emerging jets contain associated charged particles that are
consistent with having been created in the decays of new long-lived neutral particles (dark
hadrons), produced in a parton-shower process by dark QCD. In this model, the dark force
has an SU(NCd

) symmetry, where NCd
is the number of dark colors. The particle content of the

model consists of the dark fermions, the dark gluons associated with the force, and a mediator
particle that is charged both under the new dark force and under QCD, thus allowing interac-
tions with quarks. The dark fermions are bound by the new force into dark hadrons. The dark
hadrons decay via the mediator to SM hadrons.

The mediator Xd is a complex scalar. Under QCD, it is an SU(3) color triplet, and thus can be
pair produced via gluon fusion or quark-antiquark annihilation. The mediator has an electric
charge of either �1/3 or 2/3, and it can decay to a right-handed quark with the same charge
and a dark quark via Yukawa couplings. Figure 1 shows the corresponding Feynman diagrams.
There are restrictions on the values of the Yukawa couplings from searches for flavor-changing
neutral currents, neutral meson mixing, and rare decays [7–9]. We abide by these restrictions
by assuming that all the Yukawa couplings are negligible except for the coupling to the down
quark.

X†
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Xd
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g

Q
�
d

q�

q̄

Qd

X†
d

Xd
g

q

q

Q
�
d

q�

q̄

Qd

Figure 1: Feynman diagrams for pair production of mediator particles, with mediator decay to
a quark and a dark quark in the BSSW model via (left) gluon fusion and (right) quark-antiquark
annihilation.

The decay length of the lightest dark meson (dark pion) is given by Eq. 1 [6]:

ct ⇡ 80 mm
✓

1
k4

◆✓
2 GeV

fpd

◆2 ✓100 MeV
mdown

◆2 ✓2 GeV
mpd

◆⇣
mXd

1 TeV

⌘4
, (1)

where k is the NCd
⇥ 3 matrix of Yukawa couplings between the mediator particle, the quarks,

and the dark quarks, fpd is the dark pion decay constant, mdown is the mass of the down quark,
mpd is the mass of the dark pion, and mXd is the mass of the mediator particle.
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containg dark hadrons, ex: long-lived dark-pions, ⇡d .

! ⇡d can decay back to SM particles.

Emerging jets are produced in the hadronization of dark-fermions, Qd, and contain

multiple displaced vertices from the decay of dark-pions:

Analysis optimized for each of the 336 signal hypothesis

Signals in CMS-PAS-EXO-18-001 used an adapted version of Hidden Valley model in PYTHIA:

Signal: 2 Prompt Jets

+2 Emerging Jets

Dark BSSW QCD model: 
 - mediator Xd, charged under QCD and dark QCD 
 - dark-fermion, Qd, hadronizing in dark jets, decaying in 
   dark-pions 

 Signature: 
- 4 jets with pT>100GeV (2 prompt + 2 emerging) 
- Emerging jets, produced in dark fermions hadronization 
- multiple displaced vertices from decay of dark-pions
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LLP searches @ CMS - Emerging Jets

7. Results 11
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Figure 6: Signal exclusion curves derived from theory-predicted cross sections and upper limits
at 95% CL on the signal cross section for models with dark pion mass mpd = 1, 2, 5, and 10 GeV.

10

those from data. The change in signal acceptance is taken as the uncertainty.

The effect of trigger efficiency modeling is estimated by weighting the signal events with the
ratio the HLT efficiency, as a function of HT, in data and QCD multijet MC events. The uncer-
tainty is taken as the difference in signal acceptance between the weighted and un-weighted
signal events.

The uncertainty from integrated luminosity is 2.5% (see Ref. [25].) The effect of JES uncertainty
is evaluated by shifting the pT of jets by the JES uncertainty, and measuring its effect on signal
acceptance. The uncertainty due to pileup reweighting is measured by varying the minimum
bias cross section by 4.6% and reweighting the simulation accordingly. The shift in signal ac-
ceptance is taken as the uncertainty. We account for variations of the acceptance due to the PDF
uncertainties following the NNPDF2.3 prescription [26]. The resulting range of systematic un-
certainties is given in Table 5.

Table 5: Range of systematic uncertainties on signal acceptances by source for the models in
Table 1 for which a 95% CL exclusion is expected.

Uncertainty Magnitude (%)
Track modeling <1 – 3
Statistical 2 – 17
Luminosity 2.5
Pileup reweighting <1 – 5
Trigger 6 – 12
Jet energy scale <1 – 9
PDF <1 – 4

7 Results
The number of events passing each selection set, along with the background expectation, is
given in Table 6.

Table 6: Expected (mean ± syst1 ± syst2) and observed event yields for each selection set. Un-
certainties due to the limited number of events in the control region and statistical uncertainties
in the misidentification rates are denoted “syst1”, while “syst2” combines those discussed in
Table 4.

Set number Expected Observed
1 168 ± 15 (syst1) ± 5 (syst2) 131
2 31.8 ± 5.0 (syst1) ± 1.4 (syst2) 47
3 19.4 ± 7.0 (syst1) ± 5.5 (syst2) 20
4 22.5 ± 2.5 (syst1) ± 1.5 (syst2) 16
5 13.9 ± 1.9 (syst1) ± 0.6 (syst2) 14
6 9.4 ± 2.0 (syst1) ± 0.3 (syst2) 11
7 4.40 ± 0.84 (syst1) ± 0.28 (syst2) 2

Because no significant excess with respect to the SM prediction is observed, a 95% confidence
level (CL) cross section upper bound is calculated from the asymptotic CLs prescription [27–
29], where the systematic uncertainties are taken as nuisance parameters. The 95% confidence
level limits on the signal cross section and the expected exclusion curves on signal parameters
are shown in Fig. 6.

Different cut sets optimised for different 
  models (lifetime, masses) 

 Consistent with background only hypothesis 

Mediators mass between 400 and 1250 GeV 
and decay lengths between 5 and 225 mm 
excluded 

9 CMS-PAS-EXO-18-001, Submitted to JHEP 



HNL searches @ CMS

HNL signatures

l HNL are sterile ! only produced via ⌫-N mixing

l Consider processes involving neutrinos, e.g. W decays

l 3-` or 2-` + 2-jets final state

l N Dirac or Majorana

l N lifetime depends on mass mN

and N-⌫` e↵ective coupling VN`:

⌧N / |VN`|�2m�5
N

16-10-2017 LL-HNL-3L Team — HNL searches with displaced signatures 3/25

 HNL production happens via Drell-Yan currents, 
Wγ fusion and gluon fusion 

 Final state under study: N → W l± 
- 3 leptons or 2 leptons + hadrons final state 
- large lifetime range allowed (from prompt to very 
displaced)

⌧N / |VNL|�2 M�5
N

RH neutrinos not included in the SM 

Foreseen in νMSM theory, based on the seesaw 
mechanism: 
- massive 
- sterile, couple to EW bosons only via ν-N mixing 

 Could explain several open issues: dark matter, 
baryon asymmetry, neutrino masses

10



HNL searches - current and foreseen limits
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 Search of prompt HNL decays in the fully 
leptonic channel is public 
(doi:10.1103/PhysRevLett.120.221801)

HNL searches @ CMSImportance of the charge: OSSF wrt no OSSF
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 Prompt 2l2q analysis probe mHNL ≈ 20−1200GeV  
(arXiv:1806.10905 , submitted to JHEP)

Previous 2l2q analysis with 2016 data

An analysis with 2016 data on 2l2q channel already exists:
EXO-17-028, which is close to being published.

It probes a mass range of mN ⇡ 40 � 1200 GeV
In low mass range (< 80 GeV), it uses SS leptons + 1 or � 2
AK4 jets
In high mass range (> 80 GeV), it uses SS leptons + � 2 AK4
jets or � 1 AK8 jet

4 / 17

Upper limits at 95% confidence level are set on the
mixing parameters jVeNj2 and jVμN j2, ranging between
1.2 × 10−5 and 1.8 for N masses in the range 1 GeV <
mN < 1.2 TeV. These results surpass those obtained in
previous searches carried out by the ATLAS [28] and CMS
[27,29] Collaborations, and are the first direct limits for
mN > 500 GeV. This search also provides the first probes
for low masses (mN < 40 GeV) at the LHC, improving on
the limits set previously by the L3 [34] and DELPHI [38]
Collaborations. For N masses below 3 GeV, the most
stringent limits to date are obtained from the beam-dump
experiments: CHARM [31,36], BEBC [30], FMMF [37],
and NuTeV [39].
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HNL signatures

l HNL are sterile ! only produced via ⌫-N mixing

l Consider processes involving neutrinos, e.g. W decays

l 3-` or 2-` + 2-jets final state

l N Dirac or Majorana

l N lifetime depends on mass mN

and N-⌫` e↵ective coupling VN`:

⌧N / |VN`|�2m�5
N
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  Search for displaced signatures: 
   - 3 l + 1 ν and  2 l + 2q  (l = e, μ)

  SS and OS di-leptons (l1 and l2 ) considered separately 

HNL searches @ CMS

Lepton spectrum
depends on the N mass: low mass case
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Lepton spectrum
depends on the N mass: intermediate mass case
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Lepton spectrum
depends on the N mass: high mass case
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 Analysis challenges: 
- lower masses: lower pt spectra (i.e lower trigger efficiency)
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HNL signatures

l HNL are sterile ! only produced via ⌫-N mixing

l Consider processes involving neutrinos, e.g. W decays

l 3-` or 2-` + 2-jets final state

l N Dirac or Majorana

l N lifetime depends on mass mN

and N-⌫` e↵ective coupling VN`:

⌧N / |VN`|�2m�5
N
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  Search for displaced signatures: 
   - 3 l + 1 ν and  2 l + 2q  (l = e, μ)

  SS and OS di-leptons (l1 and l2 ) considered separately 

HNL searches @ CMS

 Analysis challenges: 
- displaced object: lower reconstruction efficiency 
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B parking 

Dark Ma

15

L1+HLT Trigger performance
Trigger status in 2018 

● Smooth running since May, only minor updates to the trigger have been implemented
● Total L1 trigger rate around  95 kHz at 2.0e34

○ Some trigger thresholds have been lowered (mainly single EG, MET, di-tau), 
improving turn ons at HLT

○ Single electron with 28 GeV pT has been added at HLT (L1 pT > 26 GeV)
● HLT physics streams peak rate around 1.8 kHz at 2.0e34

○ Still around 1.1 kHz averaged over a 12h fill
● Updated L1 and HLT strategy to park an unbiased sample of b-quark enriched sample 

with increased rate and purity (max rate ~5 kHz)

• Smooth running - only minor updates to trigger have been implemented.
• L1 trigger rate reaching 95 kHz at 2×1034 cm-2 s-1

• We been able to lower L1 thresholds for single Egamma, MET, di-tau to 
improve HLT turn-on curves.

• HLT rate reaching 1.8 kHz at 2×1034 cm-2 s-1 - averaging 1.1 kHz over 12h fill
• We are "parking" an unbiased sample of B mesons for future analysis

• rates reach 5 kHz, so far we have recorded over 9B events.

L1 HLT data
parking

Parking of an unbiased sample of B mesons: 
- motivated by study of B anomalies 
-  rates up to 5 kHz

-  ~1010 events recorded

Dark Ma
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L1+HLT Trigger performance
Trigger status in 2018 

● Smooth running since May, only minor updates to the trigger have been implemented
● Total L1 trigger rate around  95 kHz at 2.0e34

○ Some trigger thresholds have been lowered (mainly single EG, MET, di-tau), 
improving turn ons at HLT

○ Single electron with 28 GeV pT has been added at HLT (L1 pT > 26 GeV)
● HLT physics streams peak rate around 1.8 kHz at 2.0e34

○ Still around 1.1 kHz averaged over a 12h fill
● Updated L1 and HLT strategy to park an unbiased sample of b-quark enriched sample 

with increased rate and purity (max rate ~5 kHz)

• Smooth running - only minor updates to trigger have been implemented.
• L1 trigger rate reaching 95 kHz at 2×1034 cm-2 s-1

• We been able to lower L1 thresholds for single Egamma, MET, di-tau to 
improve HLT turn-on curves.

• HLT rate reaching 1.8 kHz at 2×1034 cm-2 s-1 - averaging 1.1 kHz over 12h fill
• We are "parking" an unbiased sample of B mesons for future analysis

• rates reach 5 kHz, so far we have recorded over 9B events.

L1 HLT data
parking

Strategy:  
- trigger on muon from one B (tag)

- collect unbiased B on the other side (probe)
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HNL from B decays

Searches 
Dark photons, Majorana, light scalars

Light scalars
– Aàµµ

Majorana neutrino’s
– B+à π-µ+µ+

Dark photons
– D*0àD0γ, Aàµµ

Dark photon searches.
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A0/m2

Z) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤
! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�pp!XA0!Xµ+µ�

d�pp!X�⇤!Xµ+µ�
= ✏4

m4

µµ

(m2
µµ �m2

A0)2 + �2

A0m2

A0
, (8)

where mµµ is the di-muon invariant mass, for the case
�A0 ⌧ |mµµ�mA0 | ⌧ mA0 . The ✏4 factor arises because
both the A0 production and decay rates scale like ✏2.

To obtain a signal event count, we integrate over an
invariant-mass range of |mµµ � mA0 | < 2�mµµ , where
�mµµ is the detector resolution on mµµ. The ratio of
signal events to prompt EM background events is

S

BEM

⇡ ✏4
⇡

8

m2

A0

�A0�mµµ

⇡
3⇡

8

mA0

�mµµ

✏2

↵EM(N` +Rµ)
, (9)

neglecting phase space factors for N` leptons lighter
than mA0/2. This expression already accounts for the

A0
! µ+µ� branching-fraction suppression when Rµ is

large. Despite the factor of ✏4 in (8), the ratio in (9) is
proportional to ✏2 because of the ✏2 scaling of �A0 .
We emphasize that (9) holds for any final state X (and

any kinematic selection) in the mA0 ⌧ mZ limit for tree-
level single-photon processes. In particular, it already in-
cludes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
mA0 comes from meson decays M ! µ+µ�Y , especially
⌘ ! µ+µ��, and is denoted as BM (which includes feed-
down contributions from heavier meson decays). There
are also two other important components: final state
radiation (FSR) and Drell-Yan (DY) production. Non-
prompt �⇤ production is small and only considered as a
background.
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡
misID

: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-

P. Ilten et al from Phys. Rev. Lett. 116, 251803 (2016) propose 
an inclusive bump hunt in the dimuon spectrum in LHCb.

Important feature is 
ability to trigger on 

soft dimuons.

Expect limits to get better by factor 5 with 300fb-1 for 
LHCb and a factor 3 for ATLAS/CMS with 3ab-1.

Mis-ID a key 
background.

Majorana neutrinos
• Majorana neutrinos can be produced in rare B 

decays, such as 
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B+ ! ⇡�µ+µ+

4

letter a search for lepton number violating decays of the
type B+! h�µ+µ+, where h� represents a K� or a ⇡�,
is presented. The inclusion of charge conjugated modes
is implied throughout. A search for any lepton number
violating process that mediates the B+ ! h�µ+µ+ de-
cay is made. A specific search for B+! h�µ+µ+ decays
mediated by an on-shell Majorana neutrino (Fig. 1) is
also performed. Such decays would give rise to a nar-
row peak in the invariant mass spectrum of the hadron
and one of the muons [3], m⌫ = mhµ, if the mass of the
neutrino is betweenmK(⇡)+mµ andmB�mµ. The previ-
ous best experimental limit on the B+! K�(⇡�)µ+µ+

branching fraction is 1.8(1.2) ⇥ 10�6 at 90% confidence
level (CL) [4].

The search for B+! h�µ+µ+ is carried out with data
from the LHCb experiment at the Large Hadron Collider
at CERN. The data corresponds to 36 pb�1 of integrated
luminosity of proton-proton collisions at

p
s = 7TeV

collected in 2010. The LHCb detector is a single-arm
spectrometer designed to study b-hadron decays with an
acceptance for charged tracks with pseudorapidity be-
tween 2 and 5. Primary proton-proton vertices (PVs),
and secondary B vertices are identified in a silicon strip
vertex detector. Tracks from charged particles are re-
constructed by the vertex detector and a set of tracking
stations. The curvature of the tracks in a dipole magnetic
field allows momenta to be determined with a precision
of �p/p = 0.35–0.5%. Two Ring Imaging CHerenkov
(RICH) detectors allow kaons to be separated from pi-
ons/muons over a momentum range 2 < p < 100GeV/c.
Muons with momentum above 3GeV/c are identified on
the basis of the number of hits left in detectors inter-
leaved with an iron muon filter. Further details about
the LHCb detector can be found in Ref. [5].

The search for B+ ! h�µ+µ+ decays is based on
the selection of B+ ! h±µ+µ⌥ candidates. The B+ !
J/ K+ decay with J/ ! µ+µ� is included in the same
selection. It is subsequently used as a normalisation
mode when setting a limit on the branching fraction of
the B+! h�µ+µ+ decays. The selection is designed to
minimise and control the di↵erence between decays with
same- and opposite-sign muons and thus cancel most of

u

b̄
µ+

µ+

s (d)

ū
⌫MW+

W�

B+

K� (⇡�)

⇥
⇥

FIG. 1. s-channel diagram for B+ ! K�µ+µ+

(B+! ⇡�µ+µ+) where the decay is mediated by an on-shell
Majorana neutrino.

the systematic uncertainty from the normalisation. The
only di↵erences in e�ciency between the signal and nor-
malisation channels are due to the decay kinematics and
the presence of a same-sign muon pair, rather than an
opposite-sign pair, in the final state.
In the trigger, the B+ ! h±µ+µ⌥ candidates are re-

quired to pass the initial hardware trigger based on the
pT of one of the muons. In the subsequent software trig-
ger, one of the muons is required to have a large impact
parameter (IP) with respect to all the PVs in the event
and to pass requirements on the quality of the track fit
and the compatibility of the candidate with the muon
hypothesis. Finally, the muon candidate combined with
another track is required to form a vertex displaced from
the PVs.
Further event selection is applied o✏ine on fully recon-

structed B decay candidates. The selection is designed
to reduce combinatorial backgrounds, where not all the
selected tracks come from the same decay vertex; and
peaking backgrounds, where a single decay is selected
but with some of the particle types misidentified. The
combinatorial background is smoothly distributed in the
reconstructed B-candidate mass and the level of back-
ground is assessed from the sidebands around the signal
window. Peaking backgrounds fromB decays to hadronic
final states, final states with a J/ and semileptonic final
states are also considered.
Proxies are used in the optimisation of the selection for

both the signal and the background to avoid a selection
bias. The B+! J/ K+ decay is used as a proxy for the
signal. The background proxy comprises opposite-sign
B+! h+µ+µ� candidates with an invariant mass in the
upper mass sideband and with muon pairs incompatible
with a J/ or a  (2S) hypothesis. The bias introduced
by using B+ ! J/ K+ for both optimisation and as
a normalisation mode is insignificant due to the large
number of candidates.
The combinatorial background is reduced by requiring

that the decay products of the B have pT > 800MeV/c.
Tracks are selected which are incompatible with origi-
nating from a PV based on the �2 of the tracks’ impact
parameters (�2

IP > 45). The direction of the candidate
B+ momentum is required to be within 8mrad of the
reconstructed B+ line of flight. The B+ vertex is also
required to be of good quality (�2 < 12 for three degrees
of freedom) and significantly displaced from the PV (�2

of vertex separation larger than 144).
The selection uses a range of particle identifica-

tion (PID) criteria, based on information from the RICH
and muon detectors, to ensure the hadron and the muons
are correctly identified. For example, DLLK⇡ is the dif-
ference in log-likelihoods between the K and ⇡ hypothe-
ses. For theB+! K�µ+µ+ final state, DLLK⇡ > 1 is re-
quired to select kaon candidates. For the B+! ⇡�µ+µ+

final state the selection criterion is mirrored to select
pions with DLLK⇡ < �1. The B+ ! K�µ+µ+ and

Federico Redi - Imperial College London

• A number of new results on searches for 
low mass in heavy flavour hadron decay. 

• Majorana neutrino and dark bosons are 
most recent results, LHCb plays a key 
role in the game. 

• World’s best limits on several branching 
fractions, possibility to set world’s best 
limits on fourth generation coupling in 
phase space above charm threshold. 

• B factories continue to exploit their 
dataset and will come back with 
BELLEII, until then it is up to the LHC. 

• New results from LHCb are to be 
expected both with new and old data.

LHCb

BELLE

JHEP 0905 (2009) 030 including LHCb and BELLE

Conclusions

15

LHCb result (see Phys. Rev. Lett. 
112, 131802) based on 3fb-1. 

Limit dependent on model assumptions (see arXiv:1607.04258). 

Could drastically improve limit with 300fb-1, and a more inclusive approach 
similar to what is proposed for the dark photon.
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Existing ϒ data provides best bound on 2HDM-II for mA ∈ [8.6, 11] GeV.  

With more data should be possible to improve & extend limits notably

Constraints on light pseudoscalars
[UH & Kamenik, 1601.05110]

[for other new-physics searches in dimuon sample see Patrick’s talk & backup slides]

CMS
LHCb

perturbativity

BaBar dimuon

BaBar ditau

6 8 10 12 14
0.1

0.5
1

5
10

50

mA [GeV]

ta
n
β

A

µ+

µ�

A�

�

f

f

Existing ϒ data provides best bound on 2HDM-II for mA ∈ [8.6, 11] GeV.  

With more data should be possible to improve & extend limits notably

Constraints on light pseudoscalars
[UH & Kamenik, 1601.05110]

[for other new-physics searches in dimuon sample see Patrick’s talk & backup slides]
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Dark Photons

✏2
⌘

↵
0 ↵

mA0 [GeV]

If dark forces exist, the dark photons should kinetically mix with our photon. 
Dedicated worldwide effort to devise ways to search for dark photons.
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Existing ϒ data provides best bound on 2HDM-II for mA ∈ [8.6, 11] GeV.  

With more data should be possible to improve & extend limits notably

Constraints on light pseudoscalars
[UH & Kamenik, 1601.05110]

[for other new-physics searches in dimuon sample see Patrick’s talk & backup slides]
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Possibility to exploit the large data sample collected for HNL searches


 

Candidates also (mainly!) from the tag side of B parking samples  

 - assurance to have a muon from the B meson

b̄

u

B+

X

, l

16



HNL from B decays HNL from W decays vs

Statistics 

1010 B->μX (only 2018!)


 Even better if B parking in Run 3…. 

 ~109 W->μν in Run2 
triggered and reconstructed 

17

https://it.wikipedia.org/wiki/Ni_(lettera)


HNL from B decays HNL from W decays vs

Efficiency   

18

 Where is higher? 

- Only HNL displacement in W-> HNL decays: higher acceptance for 

given mass and coupling


 What about boost? 

- naively HNL from B more boosted (to be verified) 

- in such case, higher reconstruction efficiency for B->HNL decays 



HNL from B decays HNL from W decays vs

Mass spectrum and final states

 Mass below 5 GeV (B mass) 

 Possibility to select final state fully 
reconstructible: 
- B mass constrain can be applied  

 Wider mass spectrum to probe 

 Both OS and SS analyses feasible 

 Both fully leptonic and semileptonic 
analyses feasible

19



HNL from B decays HNL from W decays vs

Background

 Main backgrounds: 
 - charm 
 - QCD 
 -  partially reconstructed / mis- 
    reconstructed B decays

W+ jet main background 

 Very low background expected at 
large displacement

20



HNL from B decays - HI

HNL from HI HNL from ppvs

 Single muon triggers available: 
 - no pT requirement, low energy in HF (2% of total rate) 
 - pT > 12 GeV (0.7% of total rate)  

No pileup

 Higher cross section 

 Less tracks per vertex


 More luminosity


 Higher collision energy 



Summary

 Large variety of searches for LLP in CMS  

 - many different models and signatures 

 - several challenges: triggers, reconstruction..


 HNL searches are a trending topic in HEP: 

 - prompt analyses in CMS published 

 - now moving towards displaced searches


 B parking provide a large sample of B->μX decays: 

 -  new place where to look for HNL?  


