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The talk will focus on the recent LLP 
searches at the LHC, with an 
emphasis on the ones that are not 
a l r e a d y w e l l k n o w n b y t h e 
reinterpretation community (ie not 
focusing on the disappearing 
t r a c k s o r d i s p l a c e d I n n e r 
Detector vertex analyses).  
Besides discussing the analyses and 
signatures covered, the talk will cover 
which auxiliary material is available for 
reinterpretation if any, comparing the 
different approaches used by the 
collaborations for this material when 
relevant.
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Figure 2: Observed 95% confidence-level upper limits on the cross section for Drell–Yan spin-0 (top) and spin-1/2
(bottom) monopole (left) and HECO (right) production as a function of mass (dashed lines with markers). The
limits for spin-0 HIPs are more stringent than for spin-1⁄2 due to the higher selection e�ciencies of the former. The
theoretical leading-order cross sections are overlaid (solid lines).
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Search for magnetic monopoles 
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• Search for stable monopoles: 5000x more ionization loss than proton

• Signature: high ionization in TRT but narrow signature in EM calorimeter

• Background estimated using ABCD with TRT hits and EM energy deposition


• Expected: , observed: 0


• Exclude monopole up to 1.85 TeV 
0.20 ± 0.11 (stat) ± 0.40 (syst)
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ATLAS: Search for magnetic 
monopoles

4

• Search for stable monopoles: 5000x more ionisation loss 
than proton 


• Signature: high ionisation in TransitionRadiationTracker 
but narrow signature in EM calorimeter 


• Background estimated using ABCD with TRT hits and 
EM energy deposition 

• Expected: 0.20 ± 0.11 (stat) ± 0.40 (syst), observed: 0 


• Exclude monopole up to 1.85 TeV 
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ATLAS: Multi-charged LLPs
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• MCPs are highly ionising, and thus generate 
an abnormally large ionisation signal, dE/dx 


• Use control sample of Z→μμ

• Charges are ze 

• Upper limits and theoretical cross-sections 

as functions of the lepton-like MCP’s mass 
for several values of z between 2 and 7

of their dependencies on geometrical quantities (pseudorapidity, distance between a particle track and an
anode wire for the TRT and MDT) and of those related to detector e�ects: dependence on the number of
hits, radiation damage leading to run-by-run response di�erence for the pixel detector, detector occupancy
for the pixel detector and TRT, di�erence between the response in the di�erent detector sections for the
MDT, etc.

The significance of the dE/dx variable in each subdetector is defined by comparing the observed signal,
dE/dx, with the average value for a highly relativistic muon:

S(dE/dx) =
dE/dx � hdE/dxiµ
�(dE/dx)µ

.

Here hdE/dxiµ and �(dE/dx)µ represent, respectively, the mean and the root-mean-square width of the
dE/dx distribution for such muons in data. To calculate these two parameters, a control sample of muons
was obtained from Z ! µµ events. The muon selection is the same as in the analysis selection discussed in
Section 4.2. Also, muons are required to belong to an oppositely charged pair with dimuon mass between
81 GeV and 101 GeV. These requirements e�ectively suppress muons from other processes.

In addition to the dE/dx estimates, the number of IBL clusters with at least one hit in overflow (called in
the rest of the paper, for simplicity, the number of overflowing IBL clusters) and the fraction of HT TRT
hits ( f

HT) are estimators of the energy loss and are used in the tight selection.

As seen in Figure 1, S(pixel dE/dx) is a powerful discriminator for particles with z = 2. The signal region

S(pixel dE/dx)
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Figure 1: Normalized distributions of the dE/dx significance in the pixel system, S(pixel dE/dx) for muons from
Z ! µµ events (data and simulation) and for simulated MCPs passing the preselection requirements. Signal
distributions are shown for z = 2 and masses of 200, 800, and 1400 GeV. The red dotted line indicates the threshold
of the selection criterion for the z = 2 search case.

of the tight selection is defined by requiring S(pixel dE/dx) greater than 10. For higher values of z, the
pixel readout saturates and the corresponding hits are not recorded. Therefore, to search for particles with
z > 2, the number of overflowing IBL clusters and f

HT (see Figure 2) are used as discriminating variables
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Figure 8: Observed 95% CL cross-section upper limits and theoretical cross-sections as functions of the lepton-like
MCP’s mass for several values of z between 2 and 7.

For this model, the cross-section limits can be transformed into mass exclusion regions from 50 GeV up to
the values in Table 6. Figure 9 demonstrates the dependence of the lower mass exclusion limits on MCP
charge values. The mass limits are obtained from the intersection of the observed limits and the theoretical
cross-section values.

Table 6: Observed 95% CL lower mass limits of lepton-like MCPs for the Drell–Yan production model.

z

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
Lower mass limit [TeV] 0.98 1.06 1.13 1.17 1.20 1.22 1.22 1.21 1.19 1.16 1.12
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ATLAS: LLPs to light hadrons 
or collimated leptons
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Figure 1: The two processes of the FRVZ model used as benchmarks in the analysis. In the first process (left), the
dark fermion fd2 decays into a �d and an HLSP. In the second process (right), the dark fermion fd2 decays into an
HLSP and a dark scalar sd that in turn decays into a pair of dark photons. The �d decays into SM fermions, denoted
by f

+ and f
�.

The vector portal communication of the hidden sector with the SM is through kinetic mixing of the dark
photon and the standard photon

Lgauge mixing =
✏

2
Bµ⌫b

µ⌫,

where Bµ⌫ and bµ⌫ denote the field strengths of the electromagnetic fields for the SM and dark sector
respectively, and ✏ is the kinetic mixing parameter. A dark photon with a mass m�d up to a few GeV that
mixes kinetically with the SM photon will decay into leptons or light mesons, with branching fractions that
depend on its mass [8, 55, 56].

The mean lifetime ⌧, expressed in seconds, of the �d is related to the kinetic mixing parameter [57] by the
relation

⌧ /
 
10�4

✏

!2  
100 MeV

m�d

!
. (1)

Equation (1) is an approximate expression based on the full relation in Ref. [56].

4 Data and simulation samples

The analysis presented in this paper uses
p

s = 13 TeV pp collision data recorded by the ATLAS detector
during the 2015–2016 data-taking periods. Only runs in which all the ATLAS subdetectors were operating
normally are selected. The total integrated luminosities are 3.2 fb�1 and 32.9 fb�1 for 2015 and 2016
respectively.

Data were collected using a set of dedicated triggers that were active during collision bunch crossings as
well as during empty and unpaired bunch-crossing slots. The LHC configuration for pp collisions contains
3564 bunch-crossing slots per revolution. An empty bunch-crossing is defined as a slot in which neither
beam is filled with protons, and in addition is separated from filled bunches by at least five unfilled bunches
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channel. The muon narrow-scan trigger helps to recover some e�ciency in the µDPJ–hDPJ channel for
these processes.

The observed 95% CL cross-section upper limits in the µDPJ–µDPJ channel for the H ! 2�d + X and
H ! 4�d + X processes are presented in Figure 5 for mH = 125 GeV. The 95% CL exclusion limits
in the µDPJ–µDPJ and hDPJ–hDPJ channels for the process H ! 2�d + X are presented in Figure 6
for mH = 800 GeV. The figures also show the expected limits obtained from the likelihood-based ABCD
method, using the background estimate derived from the background-only fit using data in the four regions.
Excluded c⌧ ranges are summarised in Table 6, assuming B(H ! fd2

¯fd2 ) = 10% for the Higgs boson
with mH = 125 GeV and B(H ! fd2

¯fd2 ) = 100% for the BSM Higgs boson, with subsequent decay of
the fd2 and ¯fd2 giving rise to the production of two or four dark photons.
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Figure 4: Extrapolated signal e�ciencies as a function of proper decay length of the �d for the H ! 2�d + X and
H ! 4�d + X processes and for the three di�erent channels: µDPJ–µDPJ (left), µDPJ–hDPJ (right) and hDPJ–hDPJ
(bottom). The signal e�ciency in the hDPJ–hDPJ channel for mH = 125 GeV H ! 4�d + X process is small
compared with the other channels and is not shown. The vertical bars represent the statistical uncertainties.

The results for the µDPJ–µDPJ channel is also interpreted in terms of the kinetic mixing parameter ✏ and
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Figure 5: Upper limits at 95% CL on the cross section times branching fraction for the processes H ! 2�d + X (left)
and H ! 4�d + X (right) in the µDPJ–µDPJ final states for mH = 125 GeV. The horizontal lines correspond to
the cross section times branching fraction for a value of the branching fraction of the Higgs boson decay into dark
fermions of 10%.

Table 6: Ranges of �d c⌧ excluded at 95% CL for H ! 2�d + X and H ! 4�d + X . A branching fraction value
of B(H ! fd2

¯fd2 ) = 10% is assumed for DPJ production in the decay of a mH = 125 GeV Higgs boson. For DPJ
production in the decay of a mH = 800 GeV BSM scalar boson, a value of B(H ! fd2

¯fd2 ) = 100% and a production
cross section of � = 5 pb are assumed.

Excluded c⌧ [mm] Excluded c⌧ [mm] Excluded c⌧ [mm] Excluded c⌧ [mm]
Model mH = 125 GeV mH = 125 GeV mH = 800 GeV mH = 800 GeV

H ! 2�d + X H ! 4�d + X H ! 2�d + X H ! 4�d + X

µDPJ–µDPJ 1.5  c⌧  307 3.7  c⌧  178 5.0  c⌧  1420 10.5  c⌧  312
µDPJ–hDPJ – – 7.2  c⌧  1234 14.5  c⌧  334
hDPJ–hDPJ – – 7.3  c⌧ 1298 13.6  c⌧  231

�d mass, shown in Figure 7 as exclusion contours. These limits assume four possible values of the Higgs
boson decay branching fractions into �d, ranging from 1% to 20%, and the NNLO gluon–gluon fusion
Higgs boson production cross section. The �d detection e�ciency for a �d mass of 0.4 GeV is used for
the mass interval 0.25–2 GeV, as the detection e�ciency is constant throughout this interval [11]. The
decay branching fraction variations as a function of the �d mass are estimated and included in the 90% CL
exclusion region evaluations [56]. The low sensitivity in the hDPJ–hDPJ channel prevents the exclusion of
the mass regions where the �d decays into hadronic resonances: �d mass regions around 0.8 and 1.0 GeV,
where the �d decays into the ⇢, !, and � resonances. Figure 7 also shows previous exclusions for a Higgs
boson decay branching fractions into �d of 10% from a search for displaced dark-photon jets [11] and
prompt dark-photon jets [14] at ATLAS. The search of Ref [11], which explored the same region probed by
this analysis, is slightly more sensitive in the region of high �d mass and low ✏ . This is due to inclusion of
dark-photon jets with both muon and hadron constituents, which are not used in the current analysis. The
search of Ref. [14] excluded high ✏ values (shorter lifetimes), a region complementary to this analysis.
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• Collimated groups of leptons and light hadrons 
in a jet-like structure == Dark photon jets (DPJs) 


• μDPJ or hDPJ (e and pions)

• ABCD used and not excess measured
• Extrapolated signal efficiency for 

the

• H → 2γd + X 

• H → 4γd + X processes


• as a function of cτ of the dark 
photon in the 

• μDPJ–μDPJ

• μDPJ–hDPJ

• hDPJ–hDPJ channels

Eur. Phys. J. C 80 (2020) 450
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Most DM searches focus on WIMPs, but SIMPs can be DM too!  
• Repulsive SIMP-nucleon couplings to avoid bound states 

 
 
 

 
 
SIMPs (χ) produced via mediator (φ) and interact strongly with SM. 

• Simplified model (1503.05505) has couplings which result in 
hadronic showers that start and are contained in the HCAL 

• Model in GEANT4 as a heavy neutron (w/ adjustable mass)

Jets with 
no tracks!
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Most DM searches focus on WIMPs, but SIMPs can be DM too!  
• Repulsive SIMP-nucleon couplings to avoid bound states 

 
 
 

 
 
SIMPs (χ) produced via mediator (φ) and interact strongly with SM. 

• Simplified model (1503.05505) has couplings which result in 
hadronic showers that start and are contained in the HCAL 

• Model in GEANT4 as a heavy neutron (w/ adjustable mass)

Jets with 
no tracks!

SIMPs have small 
fraction of their energy 
from charged particles.  

Use ChF as the primary 
discriminator against 

background!

Search Strategy
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• Not only WIMP but also 
SIMP can be displaced DM


• Repulsive SIMP-nucleon 
couplings to avoid bound states 


• SIMPs (χ) produced via mediator (φ) and interact 
strongly with SM


• Simplified model (1503.05505) has couplings 
which result in hadronic showers that start and 
are contained in the HCAL


• SIMPs have small fraction of their energy from 
charged particles. 


• Use charged energy fraction (ChF) as the primary 
discriminator against background!

CMS: Search for  
SIMPs with trackless jets 
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CMS: Search for  
SIMPs with trackless jets 

• MC closure test validates the procedure (differences used as input for syst uncertainty)

• In the search region with ChF < 0.05, zero data events observed

• SIMPs excluded for masses up to 900 GeV! 

8

In the search region with 
ChF < 0.05, zero data 

events observed. 

⟹ Consistent with the 
background prediction!
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Figure 4: The 1- and 2-leg predictions from data, as well as the direct observation in data, as
a function of exclusive bins in ChF, where either the leading or the subleading jet has a ChF
within the bin range, and both have a ChF below the upper threshold.

between the event sample used for the binned efficiency measurements, and the one to which
the same efficiencies are applied to obtain the prediction.

The signal region from which we derive the interpretations is defined by ChF < 0.05. This
rejects most of the QCD background, while avoiding tighter ChF requirements where the MC
truth used in the closure tests starts to yield large statistical uncertainties, and where higher-
order contributions from mediator radiation off the SIMPs could become non-negligible.

Table 1: Number of predicted (using the 1-leg prediction from data) and observed events for
the considered selections. The expected number of signal events is also given for the mc = 1
GeV and mc = 1000 GeV scenarios, with the corresponding statistical uncertainties.

ChF
data prediction observed

SIMP signal [mc]
selection criterion 1 GeV 1000 GeV

< 0.2 898 ± 30 (stat.) ± 33 (syst.) 969 1300 ± 58 2.25 ± 0.07
< 0.15 209 ± 10 (stat.) ± 17 (syst.) 229 1269 ± 57 2.18 ± 0.07
< 0.1 26.6 ± 2.2 (stat.) ± 9.3 (syst.) 30 1197 ± 56 2.09 ± 0.07
< 0.07 5.1 ± 0.6 (stat.) ± 4.1 (syst.) 4 1153 ± 55 2.00 ± 0.07
< 0.05 1.28 ± 0.22 (stat.) + 3.40

� 1.28 (syst.) 0 1101 ± 53 1.90 ± 0.06

Using these results, we calculate model-independent limits at 95% confidence level (CL) for a
ChF < 0.05 selection requirement, using the CLS criterion with the LHC style test statistic in
which the systematic uncertainties are modeled as nuisance parameters [24, 25]. All included
systematic uncertainties are profiled with a lognormal prior, except for the uncertainty coming
from the closure test, which is profiled with a gamma function since it comes from a limited
number of events. This results in an observed (expected) fiducial cross section upper limit of
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Figure 4: The 1- and 2-leg predictions from data, as well as the direct observation in data, as
a function of exclusive bins in ChF, where either the leading or the subleading jet has a ChF
within the bin range, and both have a ChF below the upper threshold.

between the event sample used for the binned efficiency measurements, and the one to which
the same efficiencies are applied to obtain the prediction.

The signal region from which we derive the interpretations is defined by ChF < 0.05. This
rejects most of the QCD background, while avoiding tighter ChF requirements where the MC
truth used in the closure tests starts to yield large statistical uncertainties, and where higher-
order contributions from mediator radiation off the SIMPs could become non-negligible.

Table 1: Number of predicted (using the 1-leg prediction from data) and observed events for
the considered selections. The expected number of signal events is also given for the mc = 1
GeV and mc = 1000 GeV scenarios, with the corresponding statistical uncertainties.

ChF
data prediction observed

SIMP signal [mc]
selection criterion 1 GeV 1000 GeV

< 0.2 898 ± 30 (stat.) ± 33 (syst.) 969 1300 ± 58 2.25 ± 0.07
< 0.15 209 ± 10 (stat.) ± 17 (syst.) 229 1269 ± 57 2.18 ± 0.07
< 0.1 26.6 ± 2.2 (stat.) ± 9.3 (syst.) 30 1197 ± 56 2.09 ± 0.07
< 0.07 5.1 ± 0.6 (stat.) ± 4.1 (syst.) 4 1153 ± 55 2.00 ± 0.07
< 0.05 1.28 ± 0.22 (stat.) + 3.40

� 1.28 (syst.) 0 1101 ± 53 1.90 ± 0.06

Using these results, we calculate model-independent limits at 95% confidence level (CL) for a
ChF < 0.05 selection requirement, using the CLS criterion with the LHC style test statistic in
which the systematic uncertainties are modeled as nuisance parameters [24, 25]. All included
systematic uncertainties are profiled with a lognormal prior, except for the uncertainty coming
from the closure test, which is profiled with a gamma function since it comes from a limited
number of events. This results in an observed (expected) fiducial cross section upper limit of
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Data-Driven Background Estimation
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CMS: Search for long-lived particles  
decaying to jets with displaced vertices

• Extension of Phys. Rev. D 98, 092011 (2018) now with the full Run 2 dataset (+ the upgraded 
CMS Pixel Tracker)


• Model independent search: LLP decay points as two displaced vertices (HT trigger; require HT > 
1200 GeV and ≥4 jets)


• Interesting appendix available to facilitate 

9

CMS-PAS-EXO-19-013

Signal Models

Joey Reichert (Cornell) Searches for LLPs with CMS November 16, 2020 13

Many models predict final states w/ hadronically decaying pairs of LLPs 

 
 

• RPV SUSY benchmark models, but the search is model-independent! 

• Use high-quality displaced tracks to reconstruct the LLP decay 
points as two displaced vertices  

• Select events using HT trigger; require HT > 1200 GeV and ≥4 jets
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Reinterpretation recipe available in EXO-19-013!

• Extending results to different signal models 
(beyond RPV SUSY)


• E.g. generator-level selection requirements
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CMS: LLPs to displaced jets
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• Distinctive topology of displaced tracks 
and displaced vertices associated with a 
dijet system (so SV a la LHCb)


• Specialised triggers, MVA, variables...

• Using NuclearInteraction-veto-map 

(again a la LHCb material veto)

• Exotic decay of 125GeV Higgs : SM 

Higgs decays to two long-lived scalars in 
the hidden sector, each of them then 
decays to a quark-antiquark pair 


• Higgs as a portal to the hidden/dark 
sector

Secondary vertex reconstruction

7

• Look for all possible jet pairs (passing the offline jet  
selections); For each jet pair, we attempt to reconstruct a 
SV using displaced tracks associated with the two jets: 

‣ Two-body decay is very common;

‣ Even if one of the decay products is “invisible”, we can still 
find two non-prompt jets if the LLPs are pair produced;

‣ Can also be sensitive to three-body, four-body decays, etc. 

pT

• Tracks are matched to jets by requiring  ; 

• Secondary vertex is reconstructed using displaced 
tracks (IP2D>0.5mm, Sig[IP2D]>5.0) with adaptive 
vertex fitter (a deterministic annealing algorithm) 

ΔR < 0.5

Jingyu Luo (jingyu.luo@cern.ch)05/27/20

[Waltenberger, Frühwirth, & Vanlaer, J. Phys. G 34 (2007) N343]

NI-veto map

9

❖ (Auxiliary) NI-veto map to further improve the rejection against nuclear 
interactions 

❖ Map the tracker material in the transverse plane using data in 2017/2018 

๏Preselection: vertex candidates 
overlapping with the NI-veto map are 
vetoed; 

‣ The loss of fiducial volume for r<30cm 
is ~4%; 

‣ The efficiencies for signal events to 
pass this requirement are generally 
well above 90%. 
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(~  gain in background rejection after all the other selections applied)× 3

Limits on exotic Higgs decay

13

‣ Exotic decay of 125GeV Higgs : SM Higgs decays to two long-lived scalars 
in the hidden sector, each of them then decays to a quark-antiquark pair 
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• Current best limits for  between 1mm and ~1m; 
• Limits become worse for low-mass LLPs: tracks and jets are collimated 

due to the boosting;
• Limits become worse for heavy-flavor decay: need tertiary vertex 

reconstruction to recover the full decay chain

cτ0

(Higgs as a portal to the hidden/dark sector)
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Limits on exotic Higgs decay
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‣ Exotic decay of 125GeV Higgs : SM Higgs decays to two long-lived scalars 
in the hidden sector, each of them then decays to a quark-antiquark pair 
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Figure 5: The 95% CL exclusion contours for the GMSB neutralino production cross section,
shown as functions of the neutralino mass, or equivalently the SUSY breaking scale, L, in the
GMSB SPS8 model, and the neutralino proper decay length, ctec0
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CMS: LLPs to delayed photons

11

• Search for long-lived particles (LLP) decaying to a photon 
and a weakly-interacting particle


• A benchmark scenario of supersymmetry (SUSY) with 
gauge-mediated SUSY breaking (GMSB) is employed 


• Specialized triggers and dedicated photon reconstruction 
and identification criteria are used


• Difference between the search selections for the 2016 and 
2017 data sets, because of the introduction of a targeted 
HLT algorithm implemented for the 2017 data set 


• Results interpreted as GMSB neutralino production cross 
section, shown as functions of the neutralino mass, or 
equivalently the SUSY breaking scale, Λ, in the GMSB SPS8 
model, and the neutralino proper decay length

1

1 Introduction

The results of a search for long-lived particles (LLP) decaying to a photon and a weakly-
interacting particle are presented. Neutral particles with long lifetimes are predicted in many
models of physics beyond the standard model (SM). In this paper, a benchmark scenario of su-
persymmetry (SUSY) [1–14] with gauge-mediated SUSY breaking (GMSB) [15–23] is employed,
commonly referred to as the “Snowmass Points and Slopes 8” (SPS8) benchmark model [24]. In
this scenario, pair-produced squarks and gluinos undergo cascade decays as shown in Fig. 1,
and eventually produce the lightest SUSY particle (LSP), the gravitino (eG), which is stable and
weakly interacting. The phenomenology of such decay chains is primarily determined by the
nature of the next-to-lightest SUSY particle (NLSP). In the SPS8 benchmark, the NLSP is the
lightest neutralino, ec0

1, and the mass of the NLSP is linearly related to the effective scale of
SUSY breaking, L [15, 25].
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Figure 1: Example Feynman diagrams for SUSY processes that result in diphoton (left) and
single photon (middle and right) final states via squark (upper) and gluino (lower) pair-
production at the LHC.

In the SPS8 model, L is a free parameter whose value determines the primary production
mode and decay rate of SUSY particles. Depending on the value of L, the coupling of the
NLSP to the gravitino could be very weak and lead to long NLSP lifetimes. The dominant
decay mode of the NLSP is to a photon and a gravitino, resulting in a final state with one or two
photons and missing transverse momentum (p

miss
T ). The dominant squark-pair and gluino-pair

production modes also result in additional energetic jets. If the NLSP has a proper decay length
that is a significant fraction of the radius of the CMS tracking volume (about 1.2 m), then the
photons produced at the secondary vertex tend to exhibit distinctive features. Because of their
production at displaced vertices and their resulting trajectories, the photons have significantly
delayed arrival times (order of ns) at the CMS electromagnetic calorimeter (ECAL) compared
to particles produced at the primary vertex and traveling at the speed of light. They also enter
the ECAL at non-normal impact angles.

The present search makes use of these features to identify potential signals of physics beyond
the SM. We select events with one or two displaced or delayed photons, and three or more
jets. Signal events are expected to produce large p

miss
T as the LSP escapes the detector volume

without detection. In the case of very long-lived NLSPs, one of the NLSPs may completely
escape the detector, further increasing the p

miss
T . Previously, similar searches for LLPs decay-

ing to displaced or delayed photons have been performed by the CMS [26] and ATLAS [27]

Phys. Rev. D 100, 112003 (2019)
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20, 21].

8 Summary

An inclusive search for long-lived particles has been presented, based on a data sample of
proton-proton collisions collected at

p
s = 13 TeV by the CMS experiment, corresponding to

an integrated luminosity of 137 fb�1. The search uses the timing of energy deposits in the
electromagnetic calorimeter to select delayed jets from the decays of heavy long-lived particles,
with residual background contributions estimated using measurements in control regions in
the data. The results are interpreted using the gluino gauge-mediated supersymmetry breaking
signal model and gluino masses up to 2100, 2500, and 1900 GeV are excluded at 95% confidence
level for proper decay lengths of 0.3, 1, and 100 m, respectively. The reach for models that
predict significant missing transverse momentum in the final state is significantly extended
beyond all previous searches, for proper decay lengths greater than ⇠0.5 m.
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CMS  (13 TeV)-1137 fb
  GMSB Approx. NNLO+NNLL exclusionG~ g + → g~, g~ g~ →pp 

theoryσ 1 ±95% CL observed 

experimentσ 1 ±95% CL expected 

Figure 4: The observed upper limits at 95% CL for the gluino pair production cross section in
the GMSB model, shown in the plane of meg and ct0. A branching fraction of 100% for the gluino
decay to a gluon and a gravitino is assumed. The area below the thick black curve represents
the observed exclusion region, while the dashed red lines indicate the expected limits and
their ±1 standard deviation ranges. The thin black lines show the effect of the theoretical
uncertainties on the signal cross section.

• The timing capabilities of the CMS 
electromagnetic calorimeter (ECAL) are 
used to identify nonprompt jets 
produced by the displaced decays of 
heavy long-lived particles within the 
ECAL volume or within the tracking 
volume bounded by the ECAL. 


• Gauge-mediated SUSY breaking 
(GMSB) interpretation used as a 
benchmark 

1

1 Introduction

A large number of models for physics beyond the standard model predict long-lived parti-
cles that may be produced at the CERN LHC and decay into final states containing jets with
missing transverse momentum, p

miss
T [1]. These models include supersymmetry (SUSY) with

gauge-mediated SUSY breaking (GMSB) [2], split and stealth SUSY [3–5], and hidden valley
models [6]. The p

miss
T may arise from a stable neutral weakly interacting particle in the final

state or from a heavy neutral long-lived particle that decays outside the detector.

The timing capabilities of the CMS electromagnetic calorimeter (ECAL) [7] are used to identify
nonprompt or “delayed” jets produced by the displaced decays of heavy long-lived particles
within the ECAL volume or within the tracking volume bounded by the ECAL. The delay is
expected to be a few ns for a TeV scale particle that travels ⇠1 m before decaying. A repre-
sentative GMSB model is used as a benchmark to quantify the sensitivity of the search. In
this model, pair-produced long-lived gluinos each decay into a gluon, which forms a jet, and a
gravitino, which escapes the detector causing significant p

miss
T in the event. A diagram showing

the benchmark model is shown in Fig. 1 (left figure).
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Figure 1: Diagram showing the GMSB signal model (left figure), and diagram of a typical
event (right figure), expected to pass the signal region selection. The event has delayed energy
depositions in the calorimeters but no tracks from a primary vertex.

There have been multiple searches for long-lived particles decaying to jets by the ATLAS [8],
CMS [9] and LHCb [10] Collaborations at

p
s = 7 TeV,

p
s = 8 TeV and

p
s = 13 TeV [11–25].

The use of calorimeter timing has so far been limited to searches targeting displaced photons
at

p
s = 8 TeV [26, 27]. The present study represents the first application of ECAL timing to a

search for nonprompt jets from long-lived particle decays. This technique allows the reduction
of background contributions to the few event level, while retaining high efficiency for signal
signatures of one or more displaced jets and p

miss
T in the final state. As detailed in Ref. [28],

this approach brings significant new sensitivity to long-lived particle searches. A diagram of
a characteristic event targeted by this analysis is shown in Fig. 1 (right figure). Such an event
would escape reconstruction in a tracker-based search because of the difficulty in reconstruct-
ing tracks that originate from decay points separated from the primary vertex by more than
⇠50 cm in the plane perpendicular to the beam axis. There are two effects that contribute to
the time delay of jets from the decay of heavy long-lived particles. First, the indirect path, com-

CMS: LLPs to nonprompt jets
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Figure 5: The observed and expected upper limits at 95% CL on the gluino pair production
cross section for a gluino GMSB model with meg = 2400 GeV. The one (two) standard deviation
variation in the expected limit is shown in the inner green (outer yellow) band. The blue solid
line shows the observed limit obtained by the CMS displaced jet search [20].
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6.4 Background summary

The estimated background yields and uncertainties are summarized in Table 2. The total back-
ground prediction is 1.1+2.5

�1.1 events.

Table 2: Summary of the estimated number of background events.

Background source Events predicted
Beam halo muons 0.02+0.06

�0.02 (stat)+0.05
�0.01 (syst)

Core and satellite
0.11+0.09

�0.05 (stat)+0.02
�0.02 (syst)

bunch collisions
Cosmic ray muons 1.0+1.8

�1.0 (stat)+1.8
�1.0 (syst)

7 Results and interpretation
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Figure 2: The timing distribution of the background sources predicted to contribute to the
signal region, compared to those for a representative signal model. The time is defined by the
jet in the event with the largest tjet passing the relevant selection. The distributions for the
major background sources are taken from control regions and normalized to the predictions
detailed in Section 6. The observed data is shown by the black points. No events are observed
in data for tjet > 3 ns (indicated with a vertical black line).

Figure 2 shows the timing distribution for events with jets passing all the SR requirements. The
distributions for the major background sources are taken from control regions and normalized
to the predictions detailed in Section 6. These distributions are shown for illustration only and
are not used for the statistical interpretation. The overall background prediction for the SR is
1.1+2.5

�1.1 events, which is consistent with the observation of 0 events.

The model used for the interpretation is the GMSB SUSY model in which gluinos are pair
produced and form R-hadrons. The long-lived gluinos then decay to a gluon and gravitino

Phys. Lett. B 797 (2019) 134876

https://lphe-web.epfl.ch
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LHCb and CMS complementarities
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Link 1 and 2LHCb's B

https://lphe-web.epfl.ch
https://cds.cern.ch/record/1463546
https://lhcb.web.cern.ch/speakersbureau/html/bb_ProductionAngles.html
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LHCb Trigger
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• Lower luminosity (and low pile-up)

• ~1/8 of ATLAS/CMS in Run 1 
• ~1/20 of ATLAS/CMS in Run 2  

• Run 2:  
• Full real-time reconstruction (since 

2015) for all charged particles with pT > 
0.5 GeV


• We go from 1 TB/s (post zero 
suppression) to 0.6 GB/s (mix of full + 
partial events)  

• Run 3: 

• LHCb will move to a hardware-less  

readout system for LHC Run 3 
(2022-2024), and process 5 TB/s in  
real time to get 10 GB/s to storage

Martino Borsato - USC

The LHCb detector

๏ Lower luminosity (and low pile-up)
• ~1/8 of ATLAS/CMS in Run 1
• ~1/20 of ATLAS/CMS in Run 2

๏ Capable of very soft triggers!
• At hardware level (L0):
‣Muons with pT > 1.5 GeV
‣Calo deposits with ET > 3 GeV

• At Software level (HLT):
‣Topological triggers on 

detached vertices

Present trigger Upgraded trigger

[LHCB-TDR-016]

3

๏ “Trigger-less” upgrade (2021)
• Read-out detector in real time
• Can trigger on detached vertices 

and particle ID at first level!

CERN-LHCC-2014-016

LHCB-TDR-016

30 MHz inelastic event rate 
(full rate event building)

Software High Level Trigger

10 GB/s to storage

Full event reconstruction, inclusive and 
exclusive kinematic/geometric selections

Add offline precision particle identification 
and track quality information to selections 

Output full event information for inclusive 
triggers, trigger candidates and related 
primary vertices for exclusive triggers

LHCb Upgrade Trigger Diagram

Buffer events to disk, perform online 
detector calibration and alignment

https://lphe-web.epfl.ch
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Higgs→LLP→μ+jets / 1
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• Massive LLP decaying → μ+jets

• Single displaced vertex with several tracks 

and a high pT muon; based on Run-1 dataset 

• Production of LLP could come e.g. from Higgs 

like particle decaying into pair of LLPs

• mLLP=[20; 80] GeV and τLLP=[5; 100] ps

• Background dominated by QCD 

• No excess found: result interpreted in various 

models 

September 15th 2018 /10Xabier Cid Vidal - LHCb HiggsSeptember 12th 2018 /36!21

H→LLP→µ+jets (I)
✦ Signature: single displaced 

vertex with several tracks and a 
high pT muon. Use Run-1 
dataset 

✦ Model: mSUGRA neutralino 
decaying to a lepton and two 
quarks 

✦ LLP m=[20-80] GeV/c2, 
τ=[5-100] ps 

✦ Background dominated by bb 
➡ tight selection + MVA classifier 
➡ Number of candidates from fit 

to LLP mass

Eur. Phys. J. C 77 224

* Rxy = distance 
to beam axis

VELO RF 
foil

September 15th 2018 /10Xabier Cid Vidal - LHCb HiggsSeptember 12th 2018 /36!22

H→LLP→µ+jets (II)
✦ Result: no excess found: result interpreted in various 

models 
➡ In particular, SM Higgs decay

Rejecting BR(H→χχ)>10% down to mχ = 40 GeV/c2, cτχ = 1.5 mm

Eur. Phys. J. C 77 224

Eur. Phys. J. C 77 224 
Radial position of vertex
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Figure 3. Reconstructed SVs in the Run 1 data sample showing the zr plane integrated over f , where a
positive (negative) r value denotes that the SV is closest to material in the right (left) half of the VELO. The
bins are 0.1 mm⇥1 mm in size. N.b., the inner-most RF-foil region is nearly semi-circular in the xy plane,
which results in sharp edges at smaller r values; however, at large |y| values, the RF-foil is flat producing
SVs at larger values of r which can easily be mistaken as background in the zr projection shown here.

in this study. The data sets were collected using minimum bias triggers.
Since the particles produced in secondary interactions in beam-gas events do not necessarily

originate from near the interaction point or the beam line, the tracks used in this analysis are
reconstructed using a modified tracking configuration that makes no assumptions about the origins
along z of the particles. All reconstructed tracks are required to be of good quality and to have hits
in at least 3 r–f sensor pairs. The SVs are reconstructed from 3 or more tracks and are required
to be of good quality. Futhermore, the SVs are required to be inconsistent with originating from
a primary beam-gas collision, and only events with exactly one SV are used. In total, the Run 1
and Run 2 data samples contain 14M and 38M SVs, respectively. Figures 2 and 3 present some
displays of the reconstructed SV locations.

3. Material Maps

The VELO closes around the beams at the beginning of each fill with a precision of O(0.01 mm) [1].
As stated above, the location of the pp-collision region (beam spot) changes by O(0.1 mm) from
year to year, and changed by ⇡ 0.5 mm between Run 1 and Run 2. Separate VELO material maps
are constructed for Run 1 and Run 2 to also allow for shifts of the VELO module locations relative
to each other or relative to the RF-foil; however, it is found that the VELO material is consistent
with having only moved globally by the amount expected due to the change in the beam spot lo-
cation, and only a single map is presented below. This map must be adjusted for the beam-spot
location of each data-taking period when used in an LHCb analysis.

The z positions of the sensors are determined by fitting the observed SV z distributions near
each module location. In these fits, the SVs are required to have r > 7 mm and satisfy x >�1.5 mm
(x < 1.5 mm) for the left (right) VELO half. These requirements highly suppress contributions
from material interactions in the RF-foil and from beam-induced backgrounds. The fits estimate

– 4 –

JINST 13 (2018) no.06, P06008

https://lphe-web.epfl.ch
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Higgs→LLP→μ+jets / 2
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Higgs→LLP→μ+jets / 3
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Recap: Dark photons

5

Prompt results

5

[PRL 120 (2018) 061801]
[PRL 124 (2020) 041801]

Displaced results

❑ Searching for a prompt-like and long-lived dark 
photon 𝐴′:

• mass (prompt): dimuon threshold to 70 GeV
• mass (displaced): 214 to 350 MeV
• lifetime: prompt and O(1) ps
• dataset: run 2 (5.5 fb-1)

• 𝐴′ → μ+μ− can be normalized to 𝛾∗ → μ+μ−
• simulation is not used - no systematics from it
• spectrum is scanned by steps, a binned extended 

maximum likelihood fit in each step

Searching for Dark Photons / 1

• Search for dark photons decaying into a pair of muons 

• Used 5.5 fb-1 of Run 2 LHCb data (13 TeV)


• Kinetic mixing of the dark photon (A′) with off-shell photon (γ∗) 
by a factor ε:


• A′ inherits the production mode mechanisms from γ∗


• A′ → μ+μ− can be normalised to γ∗ → μ+μ−


• No use of MC → no systematics from MC → fully  
data-driven analysis


• Separate γ∗ signal from background and measure its fraction


• Prompt-like search (up to 70 GeV/c2) → displaced search 
(214-350 MeV/c2)


• A′ is long-lived only if the mixing factor is really small


• No significant excess found - exclusion regions at 90% C.L.

18

PRL 120 (2018) 061801 
PRL 124 (2020) 041801Recap: Dark photons

5

Prompt results

5

[PRL 120 (2018) 061801]
[PRL 124 (2020) 041801]

Displaced results

❑ Searching for a prompt-like and long-lived dark 
photon 𝐴′:

• mass (prompt): dimuon threshold to 70 GeV
• mass (displaced): 214 to 350 MeV
• lifetime: prompt and O(1) ps
• dataset: run 2 (5.5 fb-1)

• 𝐴′ → μ+μ− can be normalized to 𝛾∗ → μ+μ−
• simulation is not used - no systematics from it
• spectrum is scanned by steps, a binned extended 

maximum likelihood fit in each step

https://lphe-web.epfl.ch
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Low-mass dimuon resonances / 1

19

Low-mass dimuon resonances

6

Inclusive Prompt Displaced pointing

Prompt + b-jet Displaced non-pointing

+ non-zero width 
considered

+ no isolation 
requirement

+ non-zero width 
considered

❑Non-minimal searches, example signatures:

[JHEP10 (2020) 156]

Taken from I. Kostiuk's talk

JHEP 10 (2020) 156

https://lphe-web.epfl.ch
https://cds.cern.ch/record/2744873/
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Low-mass dimuon resonances / 2

20

Taken from I. Kostiuk's talk

JHEP 10 (2020) 156Low-mass dimuon resonances: prompt and displaced

7

[JHEP10 (2020) 156]

Beauty associated prompt    Beauty associated displaced     

Inclusive displaced     Inclusive prompt    

❑Upper limits at 90% CL on σ(X → μμ)

https://lphe-web.epfl.ch
https://cds.cern.ch/record/2744873/
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Low-mass dimuon resonances / 3

• A complex scalar singlet is added to the two-Higgs doublet (2HDM) potential 

• E.g. a scenario where the pseudoscalar boson acquires all of its couplings to SM fermions through 

its mixing with the Higgs doublets; the corresponding X–H mixing angle is denoted as θH

21

Low-mass dimuon resonances: 2HDM scenario

8
8

[JHEP10 (2020) 156]

❑ 2HDM Higgs 𝜃𝐻 → world best limits:
• LHCb R1 [JHEP 09 (2018) 147]

• CMS R1 [PRL 109 (2012) 121801]

• CMS R2 [PRL 124, 131802 (2020)]

• Belle Υ → 𝑋𝛾 [PRD 87 (2013) 031102]

❑ The future: cover dielectron final states 
in 𝐷∗0 → 𝐷0𝐴′(𝑒𝑒) decays

JHEP 10 (2020) 156

https://lphe-web.epfl.ch
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Conclusions

• Plenty of results, really hard to cover everything in 20 minutes, so sorry to the people whose 
analyses I have missed! 

• The days of `guaranteed' discoveries or of no-lose theorems in particle physics are over, at least 
for the time being...


• ... but the big questions of our field remain wild open (hierarchy problem, flavour, neutrinos, DM, 
BAU,... )


• This simply implies that, more than for the past 30 years, future HEP’s progress is to be driven by 
experimental exploration, possibly renouncing/reviewing deeply rooted theoretical bias

22

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

LS2 RUN 3 LS3 RUN 4

LHCb 40 MHz

Upgrade Ia L = 2x1033 LHCb Upgrade Ib L = 2x1033; 50 fb-1

2031

LS4 RUN 5

LHCb Upgrade II

(proposed)

L = 2x1034;  
300 fb-1


(proposed)

203?
ASPEN2014 Theoretical summary - M. Mangano

https://lphe-web.epfl.ch
https://indico.cern.ch/event/276476/contributions/1620133/attachments/501948/693157/Mangano_summary.pdf
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Il segreto di Majorana. Riccioni & Rocchi

https://books.google.ch/books/about/Il_segreto_di_Majorana.html?hl=it&id=-lR4rgEACAAJ&output=html_text&redir_esc=y
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The LHCb detector
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• LHCb is a dedicated flavour experiment in  
the forward region at the LHC  
( 1.9 < η < 4.9 ) (~1°-15°)


• Precise vertex reconstruction < 10 μm vertex  
resolution in transverse plane.


• Lifetime resolution of 


• ~ 50 fs for a J/ψ 


• ~ 0.2 ps for long lived neutral particle of m = 3 GeV and τ = 100 ps


• Muons clearly identified and triggered: ~ 90% μ± efficiency


• Great mass resolution: e.g. 15 MeV for J/ψ


• Low pT trigger means low masses accessible. Ex: pTμ > 1.5 GeV

VELO 

Tracking 

RICH 

Calorimeter 

Muon system 

JINST3(2008)S08005 

Int J Mod Phys 


A30(2015)1530022 

JHEP 1511 (2015) 103

2010 to 2018

https://lphe-web.epfl.ch
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LHCb track types
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Figure 14: A schematic illustration of the various track types [15] : long, upstream, downstream,
VELO and T tracks. For reference the main B-field component (By) is plotted above as a
function of the z coordinate.

have p > 1 GeV/c. They are therefore used to understand backgrounds in the542

particle-identification algorithm of the RICH.543

• Downstream tracks: traverse only through the TT and T stations. They are544

important for the reconstruction of K
0

S and ⇤ particles that decay outside the VELO545

acceptance.546

• VELO tracks: traverse only through the VELO and are typically large-angle or547

backward tracks, which are useful for the primary vertex reconstruction.548

• T tracks: traverse only through the T stations. They are typically produced in549

secondary interactions, but are still useful for the global pattern recognition in550

RICH2.551

22

Figure 16: Schematic diagram of track types in the LHCb detector with reference to the VELO,
TT and tracking stations one, two, and three. This analysis focuses on particles decaying into a
pair of long tracks.

5 Selection374

Figure 16 shows how di↵erent tracks are categorized in LHCb. In the case of the decay375

�! µ
+
µ
�, the candidate dark boson could be reconstructed using long (L) or downstream376

(D) tracks. This analysis uses only the LL case, due to the fact that the trigger e�ciency377

is low (by a factor of at least 5, relative to that of LL) for cases using D tracks (see Sec. B378

and Table 20).379

5.1 Reconstruction and Stripping380

The o✏ine selection begins using the B2KpiX2MuMuDarkBosonLine stripping line for LL381

candidates from Stripping20r0p3 (Stripping20r1p3 for 2011 data). The selection cri-382

teria applied in these lines are outlined in Table 8. The variable DOCA is defined as the383

distance of closest approach between any two pairs of tracks in the candidate. Also used is384

the variable �
2

FD
, which is the change in vertex �

2 when the signal candidate tracks are asso-385

ciated with the PV in the vertex fit. Candidates are reconstructed using DecayTreeFitter,386

where daughter particles are constrained such that the reconstructed K
+
⇡
�
µ

+
µ
� invariant387

mass, m(K+
⇡
�
µ

+
µ
�), is equal to the nominal B

0 mass. All references to m(�), m(K⇤)388

or ⌧(�) are to the values after this vertex fit has been performed.389

5.2 Triggering390

The triggers used are given in Table 9. All trigger lines with non-negligible e�ciency are391

used. Only TOS candidates are used in this analysis for two reasons: (1) the ratio of trigger392

e�ciency for the SM B
0
! K

⇤0
µ

+
µ
� to that of (possibly displaced) � mode enters into393

the limits and, thus, must be precisely determined and (2) the use of TIS events would394

22
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LHCb data

26

Prompt A’
Major hurdles: suppressing misidentified (non-muon) backgrounds and reducing the 
event size enough to record the prompt-dimuon sample. Accomplished these by moving 
to real-time calibration in Run 2—but hardware trigger is still there, and ~10% efficient. 
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Figure 1: Prompt-like mass spectrum, where the categorization of the data as prompt µ+µ�,
µQµQ, and hh+ hµQ is determined using the fits described in the text.

to 0.7GeV at m(µ+µ�) = 70GeV.
The prompt-like A0 search strategy involves determining the observed A0

!µ+µ� yields
from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints
on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood
fits are performed using the dimuon vertex-fit quality, �2

VF(µ
+µ�), and min[�2

IP(µ
±)]

distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is
reconstructed with and without the muon track. The �2

VF(µ
+µ�) and min[�2

IP(µ
±)] fits

are performed independently at each mass, with the mean of the n�⇤

ob[m(A0)] results used
as the nominal value and half the di↵erence assigned as a systematic uncertainty.

Both fit quantities are built from features that approximately follow �2 probability
density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant
(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other
masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the
data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,
which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±

candidates that satisfy all of the prompt-like criteria. A correction is applied to the
observed µ±µ± yield at each mass to account for the di↵erence in the production rates of
⇡+⇡� and ⇡±⇡±, since double misidentified ⇡+⇡� pairs are the dominant source of the
hh background. This correction, which is derived using a prompt-like dipion data sample
weighted by pT-dependent muon-misidentification probabilities, is as large as a factor of
two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ background,
which involves muon pairs produced in Q-hadron decays that occur displaced from the
PV, are obtained from simulation. These muons are rarely produced at the same spatial
point unless the decay chain involves charmonium. Example min[�2

IP(µ
±)] fit results are

provided in Ref. [61], while Fig. 1 shows the resulting data categorizations. Finally, the
n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small
expected Bethe-Heitler contribution is subtracted [52].

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for
A0

!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is
performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).
The profile likelihood is used to determine the p-value and the confidence interval for

3

trigger output

final prompt A’ sample (isolation applied above 1.1 GeV, backgrounds determined)

N.b.,  bump 
hunt follows 
MW, 
1705.03587. 

• Precise knowledge of the location of the 
material in the LHCb VELO is essential to 
reduce the background in searches for 
long-lived exotic particles


• LHCb data calibration process can align 
active sensor elements, an alternative 
approach is required to fully map  
the VELO material


• Real-time calibration in 
Run 2 (Turbo Stream)


• Hardware trigger is still there,  
and only ~10% efficient at  
low pT Phys. Rev. Lett. 120, 061801 (2018)
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Figure 3. Reconstructed SVs in the Run 1 data sample showing the zr plane integrated over f , where a
positive (negative) r value denotes that the SV is closest to material in the right (left) half of the VELO. The
bins are 0.1 mm⇥1 mm in size. N.b., the inner-most RF-foil region is nearly semi-circular in the xy plane,
which results in sharp edges at smaller r values; however, at large |y| values, the RF-foil is flat producing
SVs at larger values of r which can easily be mistaken as background in the zr projection shown here.

in this study. The data sets were collected using minimum bias triggers.
Since the particles produced in secondary interactions in beam-gas events do not necessarily

originate from near the interaction point or the beam line, the tracks used in this analysis are
reconstructed using a modified tracking configuration that makes no assumptions about the origins
along z of the particles. All reconstructed tracks are required to be of good quality and to have hits
in at least 3 r–f sensor pairs. The SVs are reconstructed from 3 or more tracks and are required
to be of good quality. Futhermore, the SVs are required to be inconsistent with originating from
a primary beam-gas collision, and only events with exactly one SV are used. In total, the Run 1
and Run 2 data samples contain 14M and 38M SVs, respectively. Figures 2 and 3 present some
displays of the reconstructed SV locations.

3. Material Maps

The VELO closes around the beams at the beginning of each fill with a precision of O(0.01 mm) [1].
As stated above, the location of the pp-collision region (beam spot) changes by O(0.1 mm) from
year to year, and changed by ⇡ 0.5 mm between Run 1 and Run 2. Separate VELO material maps
are constructed for Run 1 and Run 2 to also allow for shifts of the VELO module locations relative
to each other or relative to the RF-foil; however, it is found that the VELO material is consistent
with having only moved globally by the amount expected due to the change in the beam spot lo-
cation, and only a single map is presented below. This map must be adjusted for the beam-spot
location of each data-taking period when used in an LHCb analysis.

The z positions of the sensors are determined by fitting the observed SV z distributions near
each module location. In these fits, the SVs are required to have r > 7 mm and satisfy x >�1.5 mm
(x < 1.5 mm) for the left (right) VELO half. These requirements highly suppress contributions
from material interactions in the RF-foil and from beam-induced backgrounds. The fits estimate
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Exploring the dark sector / 2

• Decaying in the detector 
• Reconstruction of decay vertex 

• Not decaying in the detector

• Missing energy technique

• Scattering technique: electron or nuclei scattered by DM...

27

p-beamProduction of HS particle

Decay to SM particles
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Exploring the dark sector / 3

• Decaying in the detector

• Reconstruction of decay vertex


• Not decaying in the detector 
• Missing energy technique 
• Scattering technique: electron or nuclei scattered by DM  

28

Production of HS particle

p-beam or e-beam

e or nuclei scattered

https://lphe-web.epfl.ch
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Massive LLPs decaying to jet pairs [EPJC (2017) 77 812]

Possible scenarios to accommodate this signature:
LSP in gravity mediated SUSY,
LSP in SUSY models with BNV or LNV,
HV ⇡v decaying to bb̄ – especially SM-like H

0 ! ⇡v⇡v production.

In most of the cases only one of the two ⇡v decays into the LHCb acceptance.

Experimental signature is a single displaced vertex with two associated jets.

Reconstruct the displaced vertex and find two associated jets.

Use ⇡v detachment to discriminate between signal and background.

Background dominated by bb̄ events and material interactions.

Carlos Vázquez Sierra New developments of LLPs at (HL-)LHC March 05, 2019 11 / 19

Higgs→LLP→jet pairs / 1

29

Eur. Phys. J. C77 812

• Massive LLP decaying → jets

• Single displaced vertex with two associated 

tracks; based on Run-1 dataset 

• Production of LLP could come e.g. from Higgs 

like particle decaying into pair of LLPs (e.g. πV)

• mπV=[25; 50] GeV and τπV=[2; 500] ps

• Background dominated by QCD 

• No excess found: result interpreted in various 

models 

https://lphe-web.epfl.ch


Federico Leo Redi | École polytechnique fédérale de Lausanne |

Higgs→LLP→jet pairs / 2
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Higgs→LLP→jet pairs / 3
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CMS: disappearing tracks

• Event selection is:

• No tracking information at L1 trigger


• Trigger on MET from ISR jets at L1

• At HLT, OR of several MET 

requirements

• MET > 105-300 GeV 

• Lowest threshold: MET > 105 GeV 

and pt > 50 GeV isolated track 

• At the offline reconstruction level, require 

event is consistent with ISR jet 

• MET > 120 GeV

• ≥1 jet with pt > 110 GeV 

32 Phys. Lett. B 806 (2020) 135502

• One long-lived charged particle decaying 
within the CMS tracker


• Assuming it decays outside of the 
detector so track "disappears"

• Neutral, weakly interacting 

• Too low momentum to be 

reconstructed 

• Observation would be a clear sign of 

BSM physics 

• Arises in many models 

• Multiple handles to study — decay 

length, mass, dE/dx, potential 
recovery of decay products

https://lphe-web.epfl.ch
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CMS: disappearing tracks

33
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�3

Canonical Benchmark — AMSB

• Consider anomaly-mediated supersymmetry 
breaking (AMSB) 

• Small mass splitting between chargino (     ) and 
neutralino (     ) 
• Direct electroweak production: 

•                        with lifetime O(1) ns 
•     interacts only weakly, and        is too soft to be 

reconstructed

�̃± ! ⇡±�0
<latexit sha1_base64="BpLGLFUiUmZjkxALj3O/artN4I0=">AAACHHicbVDLSgMxFM34rPU16tJNsBVclZl2ocuiG5cV7AM6bclk0jY0kxmSO0oZ5kPc+CtuXCjixoXg35g+BG09EDiccy439/ix4Boc58taWV1b39jMbeW3d3b39u2Dw4aOEkVZnUYiUi2faCa4ZHXgIFgrVoyEvmBNf3Q18Zt3TGkeyVsYx6wTkoHkfU4JGKlnV4oecBGw1KNDnnVTLw4z7Ck+GAJRKrrHXsx/VJPopk5W7NkFp+RMgZeJOycFNEetZ394QUSTkEmggmjddp0YOilRwKlgWd5LNIsJHZEBaxsqSch0J50el+FTowS4HynzJOCp+nsiJaHW49A3yZDAUC96E/E/r51A/6KTchknwCSdLeonAkOEJ03hgCtGQYwNIVRx81dMh0QRCqbPvCnBXTx5mTTKJbdSKt+UC9XLeR05dIxO0Bly0TmqomtUQ3VE0QN6Qi/o1Xq0nq03630WXbHmM0foD6zPb7F7olc=</latexit>

AMSB is one benchmark of many that would frequently 
produce disappearing tracks

Simulation

• pt > 55 GeV, isolated from other tracks/jets 

• Require high track quality: 


• ≥4 pixel hits 

• No missing inner/middle hits


• Veto all tracks identified as leptons (e/μ/τh)

• Reject tracks in regions of lower lepton 

reconstruction efficiency

• “Disappearing” is defined as: 


• ≥3 missing outer hits — rejects most SM tracks

• <10 GeV energy deposited within ΔR < 0.5 


• Rejects most electrons and charged hadrons 
efficiency


• E.g. electrons with significant brem. energy  
causing a track reconstruction failure

Phys. Lett. B 806 (2020) 135502
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Search Results
• Searched 101/fb 13 TeV data recorded in 2017-8

• Observation of 48 events is consistent with a total background 
estimate of 47.8 +2.7 -2.3 (stat) ± 8.1 (syst) events 

• Results are combined with those from 2015-6 to provide 
upper limits for the full 140/fb of the Run 2 data set
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• Searched 101/fb 13 TeV data recorded in 2017-8

• Observation of 48 events is consistent with a total background 
estimate of 47.8 +2.7 -2.3 (stat) ± 8.1 (syst) events 

• Results are combined with those from 2015-6 to provide 
upper limits for the full 140/fb of the Run 2 data set
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• In the context of AMSB, these results exclude charginos below: 
• Wino-like neutralino case — 884 (474) GeV for a lifetime of 3 (0.2) ns 
• Higgsino-like neutralino case — 750 (175) GeV for a lifetime of 3 (0.05) ns 

• New interpretation for 2017-8 data
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Exclusions

• In the context of AMSB, these results exclude charginos below: 
• Wino-like neutralino case — 884 (474) GeV for a lifetime of 3 (0.2) ns 
• Higgsino-like neutralino case — 750 (175) GeV for a lifetime of 3 (0.05) ns 

• New interpretation for 2017-8 data
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Exclusions

• Results consistent with 
backgrounds estimations


• In the context of AMSB, these 
results exclude charginos 

• Wino-like neutralino case — 

884 (474) GeV for a lifetime 
of 3 (0.2) ns 


• Higgsino-like neutralino case 
— 750 (175) GeV for a 
lifetime of 3 (0.05) ns 


• New interpretation for 
2017-8 data

CMS: disappearing tracks
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