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Outline
• Long-lived particle introduction


• Long-lived sterile neutrino search


• General long-lived particle search at CMS 
HGCAL
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Why Long-lived Particles?
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•Dark sector 
=DM+dark mediators

•Standard Model 
=fermions+force mediators

The dark sector

• Not a surprise: dark sector particles have a wide spread in lifetime

Why Long-lived Particles?
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Why Long-lived Particles?
• Feeble couplings:  

R-parity violating Supersymmetry, sterile neutrinos, 
portal models


• Suppression from heavy mass scale:  
muon/charged pion, gauge mediated spontaneous 
breaking Supersymmetry


• Near degenerate state:  
higgsino-like chargino/neutralino, or anomaly-mediated 
spontaneous breaking Supersymmetry


• Approximate symmetry:  
KL to three pions (accidental PS suppression)
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Fig. 71: Qualitative overview of the top-down theory motivations for neutral LLPs discussed in this document,
with colored lines (from left to right) indicating which IR LLP scenario they motivate at the LHC. Some of the IR
LLP scenarios or simplified models in turn motivate specific signatures like exotic Higgs decays. We stress that
these top-down theories are not the only motivations for the IR scenarios or simplified models shown here: hidden
valleys, exotic Higgs decays, etc., are also motivated in their own right on generic, bottom-up grounds.

signatures at MATHUSLA, and comparing sensitivity to the LHC main detectors, becomes quite simple,
and leads to the conclusion that MATHUSLA has highly general and robust advantages when searching
for LLPs.

The basic MATHUSLA detector concept is described in Section 2. The benchmark design is an
empty box on the surface with trackers in the roof and active vetoes surrounding the 200m⇥200m⇥20m
air-filled detector volume. Neutral LLP decays into two or more charged particles are reconstructed as
displaced vertices with stringent geometric and timing requirements. MATHUSLA’s position on the sur-
face provides shielding from the deluge of SM particles produced at the collision point. The high-energy
displaced signature of LLP decays is therefore even more distinctive in MATHUSLA than inside the LHC
main detectors. The most important remaining backgrounds on the surface are cosmic rays, high-energy
muons from the LHC, and neutrino scatterings. All of these can be rejected with extremely high fidelity,
using simple requirements on the charged particle direction of travel as well as more elaborate geomet-
rical and timing cuts. As a result, MATHUSLA can search for LLPs in effectively the background-free
regime.

motivation for LLP searches at the LHC main detectors, and slight modifications of the model can yield longer lifetimes.
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Why Looking for Long-lived Particle at LHC?

• LHC will accumulate more data

• Exp collaborations have broad physics programs: SUSY, composite 

H, extra Dim, etc.

• New directions?
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• Physics potential from a lot of new data 

• Very rare signal

• E.g. dark sector, rare decays, ... 


• More data can help reducing systematics

• Precision measurements

Why Looking for Long-lived Particle at LHC?
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• Physics potential from a lot of new data 

• Very rare signal

• E.g. dark sector, rare decays, ... 


• More data can help reducing systematics

• Precision measurements

An important example:  
Long-lived particles

Why Looking for Long-lived Particle at LHC?
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How to Search LLP?
• Mostly related with displaced-vertex, less track-based
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• Our difference from previous work: focus on track-based 
observables

• Mostly related with displaced-vertex, less track-based

How to Search LLP?
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• Long-lived particle introduction


• Long-lived sterile neutrino search


• General long-lived particle search at CMS 
HGCAL

Outline
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Long-lived Sterile Neutrino Search
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Sterile Neutrino Models
• Basic seesaw model

Δℒν = − λνL̄H̃N −
mN

2
N̄cN + h . c . ,

mν ≡ m1 ≃
m2

D

mN
, m2 ≃ mN +

m2
D

mN
≃ mN

• Masses

• Mixing

sin2 θ ≃
mν

mN
= 10−12 ( mν

0.01 eV ) ( 10 GeV
mN )

mD = λνv/ 2

• Problem: production of N is suppressed by very small mixing 
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• Basic seesaw model

Δℒν = − λνL̄H̃N −
mN

2
N̄cN + h . c . ,

mν ≡ m1 ≃
m2

D

mN
, m2 ≃ mN +

m2
D

mN
≃ mN

• Masses

• Mixing

sin2 θ ≃
mν

mN
= 10−12 ( mν

0.01 eV ) ( 10 GeV
mN )

mD = λνv/ 2

• Inverse seesaw

• Linear seesaw
sin2 θ =

mν

μ
mν = μ ( mD

mN )
2

sin θ =
mν

mψ

Separate neutrino mass from 
mixing, realizing large mixing 
angle.

Sterile Neutrino Models
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cτ ≃ 12 km × ( 10−12

sin2 θ ) ( 10 GeV
mN )

5

• Free parameters: mN, sinθ

• Long life-time

6

1 2 5 10 20 50
0.0

0.1

0.2

0.3

0.4

0.5

mN[GeV]

B
r

BR(N��jj)

BR(N��jj)

BR(N�3�)BR(N����')

1 2 5 10 20 50
10

-2

10
0

10
2

10
4

10
6

mN[GeV]

c
�
[m

]

sin�=10
-4

sin�=10
-5

sin�=10
-6

FIG. 1. The decay partial widths, branching ratios and lifetime for heavy sterile neutrino N , under

a democratic mixing assumption sin ✓⌫eN = sin ✓⌫⌫N = sin ✓⌫⌧N = sin ✓. In the left panel, we

show the partial decay width from mixing with ⌫e, ⌫µ, ⌫⌧ and total decay width respectively. In

the middle panel, we show the branching ratios to leptonic channels ⌫``
0, ⌫⌫⌫ and semi-leptonic

channels `jj and ⌫jj. In the right panel, we show the lifetime as a function of mN with benchmark

mixing angle sin ✓ = 10�4, 10�5 and 10�6 respectively.

It is worth noting that the existence of two other SM venues for heavy sterile neutrino

production, namely the Z boson decay and the Higgs boson decay. These two channels will

become competitive if displaced-track triggers becoming available [72], which can provide a

similar amount of sterile neutrino in addition to the W boson decay. Furthermore, the Higgs

channel has two exciting features, namely Higgs specific trigger options and large branching

fractions. There are many sub-leading Higgs production channels which can be triggered on,

especially the vector boson fusion channel and weak boson associated production channel.

Although the Higgs boson production rate is three to four orders of magnitude smaller than

the W and Z boson, the branching fraction of the Higgs boson to ⌫ +N can be five orders

of magnitude larger, given its small total width. In this study, we do not include these

channels and save these interesting new production modes for future studies in association

with displaced triggers.

On the top panel of Fig. 2, we show the transverse momentum and pseudo-rapidity

p
N
T –⌘N distribution for sterile neutrino N from W production pp ! W ! `N . The

process is generated by MadGraph5_aMC@NLO [73], and the parton shower is performed by

Pythia8 [74, 75]. The ⌘ distribution of N is symmetric and dominantly within the range

between [�4, 4]. Moreover, its transverse momentum p
N
T peaks around 30⇠40 GeV, which

Sterile Neutrino Signal
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ℒ × σ(pp → W±)Br(W± → ℓ±N ) ≃ 1.8 × 105 ( sin2 θ
10−6 )

cτ ≃ 12 km × ( 10−12

sin2 θ ) ( 10 GeV
mN )

5

• Free parameters: mN, sinθ

• Long life-time

• Event rate at HL-LHC

• Signal topology

Sterile Neutrino Signal

(l′�)

(l)
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FIG. 2. Kinematics of the signals from the process pp ! W ! `N with subsequent decay N ! `
0
qq

0.

Top panel : the transverse momentum p
N
T versus the pseudo-rapidity ⌘N of the sterile neutrino at

the 13 TeV LHC. Bottom panel : the transverse momentum distribution of prompt lepton ` and the

displaced lepton `
0. For the distributions, we have used mass mN = 1 GeV and 20 GeV shown in the

left panels and right panels, respectively. The total number of events is 10000, which corresponds

to sin2 ✓ = 5.5⇥ 10�8 at integrated luminosity L = 3 ab�1 for HL-LHC.

is dictated by the maximum momentum it can obtain from W decay in the center of mass

frame, (m2

W +m
2

N) / (2mW ). For the events with p
N
T larger than this value, the initial state

radiation provides additional transverse momentum of the W boson system. In the bottom

panel of Fig. 2, we show the pT distribution for both the prompt lepton ` from W decay

•Prompt lepton hard-ish
•Displaced lepton soft-ish

pl
T =

m2
W − m2

N

2mW

The Lepton Behaviors 

pl′�
T =

1
3

pN
T =

1
3

m2
W + m2

N

2mW
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FIG. 2. Kinematics of the signals from the process pp ! W ! `N with subsequent decay N ! `
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0.

Top panel : the transverse momentum p
N
T versus the pseudo-rapidity ⌘N of the sterile neutrino at

the 13 TeV LHC. Bottom panel : the transverse momentum distribution of prompt lepton ` and the

displaced lepton `
0. For the distributions, we have used mass mN = 1 GeV and 20 GeV shown in the

left panels and right panels, respectively. The total number of events is 10000, which corresponds

to sin2 ✓ = 5.5⇥ 10�8 at integrated luminosity L = 3 ab�1 for HL-LHC.
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N
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Impact Parameter

9

FIG. 3. The survival probability PSVV(d`
0
0
> d0) for the lepton `

0 from the sterile neutrino decay

N ! `
0
jj, as a function of the minimal d0 cut. From left to right, the proper lifetime of sterile

neutrino c⌧ are set as 0.1, 10 and 1000 meters, respectively. The two gray dashed arrows show

d0 = 0.2 cm and d0 = 2 cm, which correspond to our benchmark selection cut.

transverse impact parameter d0 as1

d0 =

s

x2 + y2 � (xpx + ypy)
2

p2x + p2y

. (11)

We require the sterile neutrino N to decay within the detector region r < 0.5 m and

|z| < 1.2 m, where r is the radial distance to the beam line. These numbers are chosen to

guarantee that the lepton from the decay of the sterile neutrino would pass at least four

Outer Tracker layers in either central or forward region, based on the Phase-2 upgrade of the

CMS tracker [77]. Moreover, each layer of Outer Tracker consists of two closely spaced silicon

sensors, which are called pT modules to reject the low pT tracks. The threshold is about 2

GeV which is easy to satisfy for our signal, based on the pT distribution of displaced lepton in

Fig. 2 and in particular for the events passing our trigger selection. The silicon sensors have

a good granularity to provide sufficient spatial resolution and the module has a pT resolution

of 5%. If the electromagnetism calorimetry also has an excellent pointing resolution, using

one layer of the Outer Tracker could be good enough to identify the direction of the track

and measure the pT , the detector region can be enlarged to r . 1 m and |z| . 2.5 m. In

this case, the volume of the detector is increased by a factor of 8, leading to a significant
1

For simplicity, we ignore the bending of tracks in this study as the displaced leptons pT is sufficiently

large. Furthermore, the hard prompt lepton enable us to reconstruct the three-dimensional position of

the primary vertex, additional requirement on the three-dimensional impact parameter can compensate

this simplification and improve our results.

4

EPJ Web of Conferences 214, 01009 (2019) https://doi.org/10.1051/epjconf/201921401009
CHEP 2018

Figure 3. Illustration of the impact parameters of a track in the transverse plan (left) and RZ-
plane (right). The transverse impact parameter d0 is defined as the distance of closest approach to
the beam line (z-axis). The longitudinal impact parameter z0 is defined as the value of z of the point
on the track that determines d0. A more detailed description of the impact parameters can be found in
Ref. [4].

Table 1. The rate and efficiency of the isolated muon trigger with a pT threshold of 26 GeV
(mu26_ivarmedium) for three ∆z requirements.

Requirement of ∆z Rate [Hz] Efficiency
at a pileup of 60

Efficiency
at a pileup of 80

∆z< 6 mm 223 96% 91%
∆z< 3 mm 232 98% 95%
∆z< 2 mm 239 99% 97%

5 Efficiency measurement in the 2018 data

The efficiency of the muon trigger is evaluated with a tag-and-probe method using offl ine
selected Z → µµ events [5]. For the selection of the Z-boson sample, invariant mass of
a pair of oppositely charged muons is required to be consistent with the mass of Z-boson
within 10 GeV. If one of the two muons is reconstructed fulfilling the medium identification
criteria [5], is matched to a trigger muon, and has pT > 25 GeV, it is a candidate for the tag
muon. The other muon is a candidate for the corresponding probe muon. The muon trigger
efficiency is defined as the fraction of prove muons as

Efficiency =
Number of probe muons matched to a trigger muon

Number of probe muons
. (1)

In Eq. (1), the effect of background contribution was found to be negligible.
Figure 4 shows the absolute efficiency of L1_MU20, the absolute efficiency of the OR of

mu26_ivarmedium and the High Level muon trigger with a pT threshold of 50 GeV (mu50)
and the relative efficiency of the High Level muon trigger to the Level 1 muon trigger as
a function of the offl ine muon pT. The trigger efficiencies are evaluated separately in the
barrel and endcap regions, since the MS features different technologies and has different
geometrical acceptance in each region. The muon trigger has high efficiencies for pT greater
than the thresholds.
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FIG. 3. The survival probability PSVV(d`
0
0
> d0) for the lepton `

0 from the sterile neutrino decay

N ! `
0
jj, as a function of the minimal d0 cut. From left to right, the proper lifetime of sterile

neutrino c⌧ are set as 0.1, 10 and 1000 meters, respectively. The two gray dashed arrows show

d0 = 0.2 cm and d0 = 2 cm, which correspond to our benchmark selection cut.

transverse impact parameter d0 as1

d0 =

s

x2 + y2 � (xpx + ypy)
2

p2x + p2y

. (11)

We require the sterile neutrino N to decay within the detector region r < 0.5 m and

|z| < 1.2 m, where r is the radial distance to the beam line. These numbers are chosen to

guarantee that the lepton from the decay of the sterile neutrino would pass at least four

Outer Tracker layers in either central or forward region, based on the Phase-2 upgrade of the

CMS tracker [77]. Moreover, each layer of Outer Tracker consists of two closely spaced silicon

sensors, which are called pT modules to reject the low pT tracks. The threshold is about 2

GeV which is easy to satisfy for our signal, based on the pT distribution of displaced lepton in

Fig. 2 and in particular for the events passing our trigger selection. The silicon sensors have

a good granularity to provide sufficient spatial resolution and the module has a pT resolution

of 5%. If the electromagnetism calorimetry also has an excellent pointing resolution, using

one layer of the Outer Tracker could be good enough to identify the direction of the track

and measure the pT , the detector region can be enlarged to r . 1 m and |z| . 2.5 m. In

this case, the volume of the detector is increased by a factor of 8, leading to a significant
1

For simplicity, we ignore the bending of tracks in this study as the displaced leptons pT is sufficiently

large. Furthermore, the hard prompt lepton enable us to reconstruct the three-dimensional position of

the primary vertex, additional requirement on the three-dimensional impact parameter can compensate

this simplification and improve our results.

• Large d0 cut, smaller signal efficiency;
• For short lifetime, mN>10 GeV sterile neutrinos behave similarly;
• For long lifetime, heavier sterile neutrinos are slower and hence higher decay  

probability within the tracker;
• For mN=1 GeV, decay product too collimated, suffering low d0;

The Lepton Behaviors 
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Valuable Knowledge from a SUSY Search 

Prompt L+ displaced L

CR III: Heavy jet + displaced e 
CR IV: Heavy jet + displaced muon
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HF+l: one tagged b jet + one displaced lepton from the other heavy flavor quark 
Right plane: the agreement in the d0 distribution between HF+l and e + μ data 

Valuable Knowledge from a SUSY Search 
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• Dominated by heavy flavor jets (b-jets) (data validated by using 
the “tag and probe”); 

• The sub-leading background is from ttbar, still heavy flavor;
• The transverse impact parameter distributions are the same for 

isolated and non-isolated leptons.
• Different choices of the muon and electron pT results in different 

background counting
• We reproduced the background behavior through simulation 

(simulation done via MG5NLO+Pythia8, signal sample jet-
matched).

Valuable Knowledge from a SUSY Search 
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Background Estimation

14

and HT observables, the tt̄ background has slight differences between the results with and

without jet matching. In addition, the W + bb̄ backgrounds have even smaller difference

than tt̄ background. We also include the efficiency information for the dilepton trigger

requirement p`1T > 19 GeV and p
`2
T > 10.5 GeV. The effects of various selection cuts and the

total efficiencies are given in Table. I.

Efficiency �
ncut (pb) N

30

b = 0 N
20

j < 2 N
50

j = 0 H
vis

T < 100 GeV p
`1
T > 19GeV p

`2
T > 10.5GeV ✏opt

tt̄ ! bb̄+ `+X 136 0.25 0.08 0.62 0.43 0.055 0.42 1.2⇥ 10�4

W + bb̄,W ! `⌫ 3.8 0.40 0.60 0.76 0.40 0.27 0.29 5.7⇥ 10�3

TABLE I. The selection efficiency for the two dominant SM backgrounds tt̄ with only one top

quark decaying leptonically and W + bb̄ with W decaying leptonically. The efficiencies reported in

the table are the additional suppression with respect to all the previous cuts, and ✏opt is the total

efficiency given by the product of all the cut efficiencies.

After combining all the cuts and optimizations, the backgrounds from tt̄ and W + bb̄ are

0.017 pb and 0.022 pb respectively, which are comparable in size. Multiplying by the inte-

grated luminosity 3000 fb�1 from HL-LHC, the corresponding number of SM backgrounds

are about 51000 and 65100 respectively. We assume for the SM background, the d0 distribu-

tion for the lepton does not depend strongly on the pT of the lepton and other optimization

cuts on jets. Together with the fact that isolated and non-isolated lepton has the same dis-

tribution, we can use the normalized differential d0 distribution from Ref. [58] to determine

the background.

In Fig. 5, we plot the total number of SM background after applying d
`
0
> d0 with all

the cuts and optimizations applied. Since the differential distribution of d0 from CMS study

[58] stops at 0.5 cm, we linearly extrapolate their data beyond that for the case of a larger

d0 cut of 2 cm. Moreover, their last bin, ([0.2, 0.5] cm), contains the overflow entries, thus

our extrapolation is reasonably conservative. The SM background decreases linearly with d0

cut in Fig. 5. After comparing with the d0 accumulative distribution for signal in Fig. 3, we

adopt two benchmarks for the displacement, requiring d0 > 0.2 cm and 2 cm, respectively.

From Fig. 5, the total number of background event is around 2000 for d0 > 0.2 cm and

100 for d0 > 2 cm. Despite the analysis of SM background above, it can also be estimated

in a data-driven method similar to the CMS search. For instance, one can study the d0
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FIG. 5. Left panel : The normalized d0 distribution for HF+e and HF+µ control regions from

Ref. [58]. Right panel : The total number of SM background after applying minimal d0 cut with all

the trigger and selection cuts applied, denoted as NSVV

�
d
`
0
> d0

�
. The two dashed gray lines with

arrow indicates two of our benchmark minimal d0 cuts of 0.2 cm and 2 cm selection.

distribution of the non-isolated leptons using the “tag and probe” method, same as what

have done in the heavy flavor plus lepton control region. Furthermore, one can also study

the invariant mass distribution of the non-isolated lepton (plus hadrons) system. Future

studies could also include more exclusive decays of the sterile neutrino to reconstruct the

mass and reject the background more efficiently. Moreover, heavy long-lived sterile neutrinos

will also be time-delayed. These additional features can help define the control region in a

more sophisticated manner and will certainly improve the sensitivity.

With the above background estimation, we derive the 95% C.L. sensitivity for sterile

neutrino in red shaded region in Fig. 6, where the left and right panel are for d0 > 0.2 cm

and d0 > 2 cm, respectively. In Ref. [58], the systematic uncertainties for different SM

backgrounds vary from 5% to 10%. Therefore, we conservatively assume systematic un-

certainty for SM backgrounds to be 10%. The corresponding sensitivity curves with the

systematic uncertainty are plotted in dashed red lines in Fig. 6. In general, the upper edge

of the sensitivity region corresponds to the shorter lifetime. It is driven by the lower cut on

the transverse impact parameter d0 and we see clear advantage for smaller cut on d0, even

though the number of SM background is larger. On the other hand, the lower edge of the

12

electron is �Re < 0.3 and the additional pT sum within the isolation cone should be less

than 3.5% (6.5%) of the electron’s pT in the barrel (endcap) region. For HF+µ, the isolation

requirement for the muon is �Rµ < 0.4 and the additional pT sum within the isolation cone

should be less than 15% of the muon pT . We implement these requirements by modifying the

Delphes3 [79]. For b-tagging efficiency, we have used the working point in [80], with 55%

tagging efficiency for a b-jet with pT > 30 GeV and |⌘| < 2.4. We found the corresponding

cross-sections to be 21.9 pb and 241.2 pb for HF+e and HF+µ backgrounds, which are

consistent with our extraction from Ref. [58]. We denote them as �icut

bb̄(e)
and �

icut

bb̄(µ)
which are

the cross-sections after cuts with isolation requirement on leptons, denoted as “icut” in the

superscript. Such consistency provides confidence when we calculate the background to our

new search3.

The displaced lepton in the signal is often non-isolated. Therefore, a major background

comes from events with a displaced non-isolated lepton from heavy flavor jets and a prompt

lepton. Consequently, the leading backgrounds for our signal could be W + bb̄ with W

decaying leptonically, and tt̄ with one of the top quarks decay leptonically. The number of

the background can be calculated as

Nbkg =
�
CMS

HF+e + �
CMS

HF+µ

�
icut

bb̄(e)
+ �

icut

bb̄(µ)

⇣
�
ncut

W+bb̄,W!`⌫ ⇥ ✏
W+bb̄
opt

+ �
ncut

tt̄!bb̄+`+X ⇥ ✏
tt̄
opt

⌘
⇥ LHL�LHC, (12)

where the “ncut” in the upper script means requiring jets with p
j
T > 20 GeV while having

one non-isolated lepton in the final states. In the event generation, we require b quark

p
b
T > 30 GeV at parton level to ensure an energetic non-isolated lepton from its hadronic

fragmentation. Otherwise, it is difficult to pass the lepton pT cut. The lepton ` represent

both e and µ. Further optimization selections are applied to both the signal and background,

whose selection efficiencies are denoted as ✏opt in Eq. 12. The cross-sections �
ncut

tt̄!bb̄+`+X
and

�
ncut

W+bb̄,W!`⌫
are found to be 136 pb and 3.8 pb respectively, after applying the “ncut”.

To further reduce the SM background, especially those from the tt̄ process, additional

cuts on the hadronic activities can help. In Fig. 4, we show the normalized distribution for

the number of b-jets with p
b
T > 30 GeV denoted as N

30

b , the number of jets with p
j
T > 20

GeV denoted as N20

j , the number of jets with p
j
T > 50 GeV denoted as N50

j and H
vis

T , where

H
vis

T is the scalar sum of pT for all visible objects, including hadronic jets and leptons. We
3

We thank Bingxuan Liu on the analysis of Ref. [58] for clarifying the details of the control region in the

analysis and confirming our scaling method.
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FIG. 6. The 95% C.L. reach for sterile neutrino from W gauge boson decay is plotted in the mN -

sin2 ✓ plane with solid red lines. The dashed red lines have included 10% systematic uncertainty

effect. The existing constraints are from CMS [81] and DELPHI [82] for mass larger than 1 GeV.

While for mass smaller than 2 GeV, the stronger constraints are from beam dump experiments like

NuTeV [34], CHARM [28, 32], BEBC [29], and FMMF [33]. The existing current limits are shaded

in gray color and labeled as “Current limits". The proposed sensitivity reaches for MATHUSLA

[53], FASER [52], DUNE [37] and SHiP [38, 84] are shown in dashed curves.

hard prompt lepton with a displaced lepton with large transverse impact parameter d0. We

neither reconstruct the displaced vertex nor cut on its invariant mass, therefore it can be

sensitive for very low sterile neutrino mass. However, there is a crucial subtlety that with

such small masses, the displaced lepton is usually non-isolated from the other two jets in

the same N decay. To estimate the background, we have used the information from a search

for displaced electron plus muon search at CMS [58] which studied relevant background in

its control regions. It shows that for non-isolated lepton, those from heavy flavor quarks

are the dominant SM background. Moreover, it demonstrates the important fact that the

normalized d0 differential distribution has the same shape for isolated and non-isolated lep-

tons. Therefore, we can use their d0 distribution for the non-isolated lepton from heavy

flavor quark background. We recast their control region selection and found a good agree-

ment with their observations. This ensures our background estimations are robust. After

proposing the optimization cuts for the signal, we obtain the result for the sensitivity on
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• Long-lived particle introduction


• Long-lived sterile neutrino search


• General long-lived particle search at CMS 
HGCAL

Outline
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LHC Timeline
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CMS High Granularity Calorimeter
• Motivation


• Upgrade for radiation 
tolerance and pile-up  


• Tracker, calorimeter 
and timing integrated 
in one detector


• Will provide much 
more information 
than any previous 
calorimeters
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LLP motivation @ HGCAL
• Own triggers


• Tracker with silicon cell 0.5~1 
cm2 for EM


• Angular resolution of  5x10-3 

rad stand-alone from high 
granularity (improvement by 
combining with ID trackers)


• Timing resolution ~ 25 ps from 
silicon sensor


• Semi-central coverage good 
for forward LLP 
  Collinear enhancement 
  Pt PS suppression

What is the HGCAL sensitivity for LLP?
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LLP Model
• Higgs portal LLP: a very small mixing 

ℒ ⊃ λX2H†H

• LLP decay

X → b̄b

• LLP production from Higgs decay


• Gluon fusion


• Vector boson fusion

• Trigger: displaced track trigger with/without large HT 
requirement, and traditional VBF trigger

g

g

h
X

X

W h
X

X



Xiao-Ping Wang, Argonne National Lab

The Search Strategy
• Choose the leading 5 tracks (Pythia, pT, hitting HGCAL ) and 

calculate the 4D trajectories (including angular resolution effect)

• Perform a 2D track bundle vertex finder by minimizing the 
quantity 

• Ri is the curvature of the ith track, {xcen, ycen} are the center of the track


• We obtain the fitted DV {x, y}, and define


• The goodness of fit ΔDmin

rDV = x2 + y2

• With the angular velocity of the track, we can determine the 
referencing point to DV for each track {xi, yi, zi, ti}

• A time delay quantity can be defined Δti = ti − x2
i + y2

i + z2
i
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The signature of the signal

• Multiple tracks with large impact parameters from the 
same displaced origin
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B=3.8T 
X decay |Z|<1.5m 
Tracks arrive at |Z|=3.2m
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The SM Backgrounds
• QCD backgrounds


• Most of them are prompt
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• Large impact parameter dominantly from KS (cτ ~ 2.7 cm)


• B (cτ ~ 0.045 m) and D meson (cτ ~ 0.03 m) too small
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The SM Backgrounds
• Fake track backgrounds


• wrong connection of the hitting points in the tracker system 
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• Very distinct features comparing with QCD backgrounds


• Easy to have large impact parameter


• Poorly fit to the same origin 

Generated following 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Kinematic Features
• Check the kinematic distribution for 12

(a) (b)
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FIG. 3. The kinetic variable distributions for the QCD background, fake track background and the gluon

fusion signal. The angular resolution e↵ect is applied for QCD background and the signal. The variables

are DVr, �r[DVxy
r ] in the top panel, t̄, z̄, �t in the middle panel, and SDt, SDz, SD�t in the bottom panel.

For the signal, we take X mass to be 20 and 50 GeV respectively, but with the same lifetime of c⌧X = 1

m. The vertical dotted black line indicates the cut proposed on this variable. Zhen: It is very surprising

for the signal (e) provides less discrimination power than (c). Is this still true if one imposes SDt < 0.3 ns?

Jia: The above distributions have not applied cuts. For the discrimination power, t̄ and �t choose one is

enough. And �t has a cancellation e↵ect, which makes it less powerful.
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Kinematic Features
• Check the kinematic distribution for

• Average of the tracks quantities (DV info from track based info)

12
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FIG. 3. The kinetic variable distributions for the QCD background, fake track background and the gluon

fusion signal. The angular resolution e↵ect is applied for QCD background and the signal. The variables

are DVr, �r[DVxy
r ] in the top panel, t̄, z̄, �t in the middle panel, and SDt, SDz, SD�t in the bottom panel.

For the signal, we take X mass to be 20 and 50 GeV respectively, but with the same lifetime of c⌧X = 1

m. The vertical dotted black line indicates the cut proposed on this variable. Zhen: It is very surprising

for the signal (e) provides less discrimination power than (c). Is this still true if one imposes SDt < 0.3 ns?

Jia: The above distributions have not applied cuts. For the discrimination power, t̄ and �t choose one is

enough. And �t has a cancellation e↵ect, which makes it less powerful.
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Kinematic Features
• Check the kinematic distribution for

• Standard Deviation of the tracks quantities

12
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FIG. 3. The kinetic variable distributions for the QCD background, fake track background and the gluon

fusion signal. The angular resolution e↵ect is applied for QCD background and the signal. The variables

are DVr, �r[DVxy
r ] in the top panel, t̄, z̄, �t in the middle panel, and SDt, SDz, SD�t in the bottom panel.

For the signal, we take X mass to be 20 and 50 GeV respectively, but with the same lifetime of c⌧X = 1

m. The vertical dotted black line indicates the cut proposed on this variable. Zhen: It is very surprising

for the signal (e) provides less discrimination power than (c). Is this still true if one imposes SDt < 0.3 ns?

Jia: The above distributions have not applied cuts. For the discrimination power, t̄ and �t choose one is

enough. And �t has a cancellation e↵ect, which makes it less powerful.
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The Cut Flow Table
• QCD bkg: pT>20GeV with jet matching

• Fake track bkg: five displaced tracks and HT>100GeV 
L1 trigger rate of 10 kHz (same as Yuri and Simon), HL-LHC 108 sec

16

We see that the distribution of fake tracks is quite di↵erent from signal in general, due to its

random nature while the signal tracks do coming from a same but displaced vertex. We propose

the six cuts according to the distribution and the cut flow table is given in Table I. Explicitly, the

cuts for DV fitting variables are,

rxyDV > 0.16 m, �Dmin < 0.02 m, t̄ > 1 ns, SDt < 0.3 ns, z̄ > 0.4 m, SDz < 0.05 m, (6)

which we denoted them as vertexing-cuts. Jia: Renamed as vertexing-cuts. They can all be used

at L1? The variables �t and SD�t are highly degenerate with t̄ and SDt so we do not put separate

cuts on them.3

type of bkg Nini 5 tracks rxyDV > 0.16 m �Dmin < 0.02 m t̄ > 1 ns SDt < 0.3 ns

jj dijet 5.1⇥ 1014 9.4⇥ 10�1 1.0⇥ 10�2 (⇤) 8.7⇥ 10�1 3.0⇥ 10�2 (⇤) 7.3⇥ 10�1

bb̄ dijet 1.1⇥ 1013 1.0 7.7⇥ 10�3 (⇤) 9.2⇥ 10�1 2.4⇥ 10�2 (⇤) 7.4⇥ 10�1

fake track 1⇥ 1012 5.6⇥ 10�1 4.6⇥ 10�2 2.2⇥ 10�3 2.8⇥ 10�2 6.2⇥ 10�5

ggF ms = 20 GeV 1.3⇥ 108BR 0.36⇥ 3.1⇥ 10�1 5.3⇥ 10�1 8.6⇥ 10�1 9.9⇥ 10�1 9.6⇥ 10�1

ggFms = 50 GeV 1.3⇥ 108BR 0.8⇥ 3.5⇥ 10�1 3.5⇥ 10�1 8.8⇥ 10�1 9.8⇥ 10�1 9.5⇥ 10�1

type of bkg z̄ > 0.4 m SDz < 0.05 m ✏vtc (dT0 > 0.03 m)5 Nfin

jj dijet 3.4⇥ 10�2 (⇤) 4.9⇥ 10�1 3.0⇥ 10�1 (7.2⇥ 10�4)5 2.8⇥ 10�2

bb̄ dijet 2.7⇥ 10�2 (⇤) 4.9⇥ 10�1 2.9⇥ 10�1 (6.5⇥ 10�4)5 3.7⇥ 10�4

fake track 5.9⇥ 10�2 5.4⇥ 10�3 5.8⇥ 10�13 3.4⇥ 10�1 1.1⇥ 10�1

ggF ms = 20 GeV 9.8⇥ 10�1 8.6⇥ 10�1 1.2⇥ 10�1 2.9⇥ 10�1 4.3⇥ 106 ⇥ BR

ggFms = 50 GeV 8.9⇥ 10�1 8.6⇥ 10�1 9.0⇥ 10�2 8.0⇥ 10�1 9.5⇥ 106 ⇥ BR

TABLE I. The cut-flow table for the QCD background, fake track background and the signal. Nini and Nfin

are the event numbers with no cuts and with all cuts. These numbers correspond to integrated luminosity

of L = 3 ab�1 at HL-LHC. “5 tracks” requires each track pT > 1 GeV and at least 5 tracks arriving at

HGCAL. “✏vtc” is the total e�ciency for the vertexing-cuts without the cuts with star marks (*). The d0

cuts is calculated after applying the vertexing-cuts. For signal, the two benchmark are with X mass 20 (50)

GeV and lifetime c⌧X = 1 m.

In Table I, Nini and Nfin are the initial event numbers and the final event number after the cuts

in the table. The column “5 tracks” comes from the requirement that at least 5 tracks arriving at

HGCAL. For signal, it has two parts, the first part is the geometric probability for at least one X

to decay within |z| < 1.5 m and the second part is the e�ciency for tracks to arrive at HGCAL.

For QCD background and fake track background, they only have the geometrical e↵ect.

3
For a general discussion on e↵ectiveness of time-delay variable for a broad class of LLP signatures, see Ref. [20].
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Pre-cuts for DV fitting

• Fake track bkg suppressed because its random origin
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cuts on them.3

type of bkg Nini 5 tracks rxyDV > 0.16 m �Dmin < 0.02 m t̄ > 1 ns SDt < 0.3 ns

jj dijet 5.1⇥ 1014 9.4⇥ 10�1 1.0⇥ 10�2 (⇤) 8.7⇥ 10�1 3.0⇥ 10�2 (⇤) 7.3⇥ 10�1

bb̄ dijet 1.1⇥ 1013 1.0 7.7⇥ 10�3 (⇤) 9.2⇥ 10�1 2.4⇥ 10�2 (⇤) 7.4⇥ 10�1

fake track 1⇥ 1012 5.6⇥ 10�1 4.6⇥ 10�2 2.2⇥ 10�3 2.8⇥ 10�2 6.2⇥ 10�5

ggF ms = 20 GeV 1.3⇥ 108BR 0.36⇥ 3.1⇥ 10�1 5.3⇥ 10�1 8.6⇥ 10�1 9.9⇥ 10�1 9.6⇥ 10�1

ggFms = 50 GeV 1.3⇥ 108BR 0.8⇥ 3.5⇥ 10�1 3.5⇥ 10�1 8.8⇥ 10�1 9.8⇥ 10�1 9.5⇥ 10�1

type of bkg z̄ > 0.4 m SDz < 0.05 m ✏vtc (dT0 > 0.03 m)5 Nfin

jj dijet 3.4⇥ 10�2 (⇤) 4.9⇥ 10�1 3.0⇥ 10�1 (7.2⇥ 10�4)5 2.8⇥ 10�2
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fake track 5.9⇥ 10�2 5.4⇥ 10�3 5.8⇥ 10�13 3.4⇥ 10�1 1.1⇥ 10�1

ggF ms = 20 GeV 9.8⇥ 10�1 8.6⇥ 10�1 1.2⇥ 10�1 2.9⇥ 10�1 4.3⇥ 106 ⇥ BR

ggFms = 50 GeV 8.9⇥ 10�1 8.6⇥ 10�1 9.0⇥ 10�2 8.0⇥ 10�1 9.5⇥ 106 ⇥ BR

TABLE I. The cut-flow table for the QCD background, fake track background and the signal. Nini and Nfin

are the event numbers with no cuts and with all cuts. These numbers correspond to integrated luminosity

of L = 3 ab�1 at HL-LHC. “5 tracks” requires each track pT > 1 GeV and at least 5 tracks arriving at

HGCAL. “✏vtc” is the total e�ciency for the vertexing-cuts without the cuts with star marks (*). The d0

cuts is calculated after applying the vertexing-cuts. For signal, the two benchmark are with X mass 20 (50)

GeV and lifetime c⌧X = 1 m.

In Table I, Nini and Nfin are the initial event numbers and the final event number after the cuts

in the table. The column “5 tracks” comes from the requirement that at least 5 tracks arriving at

HGCAL. For signal, it has two parts, the first part is the geometric probability for at least one X

to decay within |z| < 1.5 m and the second part is the e�ciency for tracks to arrive at HGCAL.

For QCD background and fake track background, they only have the geometrical e↵ect.

3
For a general discussion on e↵ectiveness of time-delay variable for a broad class of LLP signatures, see Ref. [20].
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cuts is calculated after applying the vertexing-cuts. For signal, the two benchmark are with X mass 20 (50)
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In Table I, Nini and Nfin are the initial event numbers and the final event number after the cuts

in the table. The column “5 tracks” comes from the requirement that at least 5 tracks arriving at

HGCAL. For signal, it has two parts, the first part is the geometric probability for at least one X

to decay within |z| < 1.5 m and the second part is the e�ciency for tracks to arrive at HGCAL.
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3
For a general discussion on e↵ectiveness of time-delay variable for a broad class of LLP signatures, see Ref. [20].
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Kinematic Features
• Transverse impact parameters

• QCD bkg has a good Gaussian shape because pre-cuts excludes KS 
meson decays


• Gaussian width comes from angular resolution 
3 m x 5x10-3 rad = 0.015 m
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FIG. 4. The distributions for transverse impact parameter d0 for QCD background, fake track background

and the signal. Panel (a) has no angular resolution e↵ect and no magnetic field, that the track is moving in

straight line. Panel (b) has no angular resolution e↵ect but with magnetic field of 3.8 Tesla. Panel (c) has

angular resolution e↵ect and the magnetic field. Panel (d) has both e↵ects and also applied vertexing-cuts.

The dashed black lines are the Gaussian function with 1� spread of 0.015 m.

we applied the cut exactly. For the QCD background, we do not have enough statistics to apply the

cut on five tracks. Consequently, we estimate the QCD dijet cut e�ciency by multiply five times

of single track e�ciency of d0 > 0.03 m. Of course, the validity of this procedure needs the proof

that each track d0 is independent, which is demonstrated by comparing with the distribution of all
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Independence Check is Necessary

• QCD bkg: impact parameter cuts are independent?


• Should be, because they are from angular resolution smearing
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We see that the distribution of fake tracks is quite di↵erent from signal in general, due to its

random nature while the signal tracks do coming from a same but displaced vertex. We propose

the six cuts according to the distribution and the cut flow table is given in Table I. Explicitly, the

cuts for DV fitting variables are,

rxyDV > 0.16 m, �Dmin < 0.02 m, t̄ > 1 ns, SDt < 0.3 ns, z̄ > 0.4 m, SDz < 0.05 m, (6)

which we denoted them as vertexing-cuts. Jia: Renamed as vertexing-cuts. They can all be used

at L1? The variables �t and SD�t are highly degenerate with t̄ and SDt so we do not put separate

cuts on them.3

type of bkg Nini 5 tracks rxyDV > 0.16 m �Dmin < 0.02 m t̄ > 1 ns SDt < 0.3 ns

jj dijet 5.1⇥ 1014 9.4⇥ 10�1 1.0⇥ 10�2 (⇤) 8.7⇥ 10�1 3.0⇥ 10�2 (⇤) 7.3⇥ 10�1

bb̄ dijet 1.1⇥ 1013 1.0 7.7⇥ 10�3 (⇤) 9.2⇥ 10�1 2.4⇥ 10�2 (⇤) 7.4⇥ 10�1

fake track 1⇥ 1012 5.6⇥ 10�1 4.6⇥ 10�2 2.2⇥ 10�3 2.8⇥ 10�2 6.2⇥ 10�5

ggF ms = 20 GeV 1.3⇥ 108BR 0.36⇥ 3.1⇥ 10�1 5.3⇥ 10�1 8.6⇥ 10�1 9.9⇥ 10�1 9.6⇥ 10�1

ggFms = 50 GeV 1.3⇥ 108BR 0.8⇥ 3.5⇥ 10�1 3.5⇥ 10�1 8.8⇥ 10�1 9.8⇥ 10�1 9.5⇥ 10�1

type of bkg z̄ > 0.4 m SDz < 0.05 m ✏vtc (dT0 > 0.03 m)5 Nfin

jj dijet 3.4⇥ 10�2 (⇤) 4.9⇥ 10�1 3.0⇥ 10�1 (7.2⇥ 10�4)5 2.8⇥ 10�2

bb̄ dijet 2.7⇥ 10�2 (⇤) 4.9⇥ 10�1 2.9⇥ 10�1 (6.5⇥ 10�4)5 3.7⇥ 10�4

fake track 5.9⇥ 10�2 5.4⇥ 10�3 5.8⇥ 10�13 3.4⇥ 10�1 1.1⇥ 10�1

ggF ms = 20 GeV 9.8⇥ 10�1 8.6⇥ 10�1 1.2⇥ 10�1 2.9⇥ 10�1 4.3⇥ 106 ⇥ BR

ggFms = 50 GeV 8.9⇥ 10�1 8.6⇥ 10�1 9.0⇥ 10�2 8.0⇥ 10�1 9.5⇥ 106 ⇥ BR

TABLE I. The cut-flow table for the QCD background, fake track background and the signal. Nini and Nfin

are the event numbers with no cuts and with all cuts. These numbers correspond to integrated luminosity

of L = 3 ab�1 at HL-LHC. “5 tracks” requires each track pT > 1 GeV and at least 5 tracks arriving at

HGCAL. “✏vtc” is the total e�ciency for the vertexing-cuts without the cuts with star marks (*). The d0

cuts is calculated after applying the vertexing-cuts. For signal, the two benchmark are with X mass 20 (50)

GeV and lifetime c⌧X = 1 m.

In Table I, Nini and Nfin are the initial event numbers and the final event number after the cuts

in the table. The column “5 tracks” comes from the requirement that at least 5 tracks arriving at

HGCAL. For signal, it has two parts, the first part is the geometric probability for at least one X

to decay within |z| < 1.5 m and the second part is the e�ciency for tracks to arrive at HGCAL.

For QCD background and fake track background, they only have the geometrical e↵ect.

3
For a general discussion on e↵ectiveness of time-delay variable for a broad class of LLP signatures, see Ref. [20].
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Independence Check is Necessary

• Independence check

• ~1 independent, >1 conservative

• In summary, ≥ 1 is conservative for bkg estimation

• QCD bkg: impact parameter cuts are independent?


• Should be, because they are from angular resolution smearing
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Independence Check
• QCD bkg: impact parameter for tracks are independent


• angular resolution smearing is independent for each track
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Independence Check
• Fake track bkg: pre-cuts are independent with each other
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The Preliminary Results for HL-LHC

• ggF result: with/without high HT trigger requirement


• VBF result: standard VBF trigger
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Summary
• Long-lived particle is well-motivated and is new direction 

of future LHC


• Track-based study is powerful


• A sterile neutrino example


• Increase the sensitivity by 102~103


• CMS HGCAL is a promising new calorimeter


• Higgs portal LLP


• Increase the sensitivity by 102~103

Thank you!


