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Why Long-lived Particles?
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•Dark sector 
=DM+dark mediators

•Standard Model 
=fermions+force mediators
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The dark sector

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

Why Long-lived Particles?
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Dark Matter Search
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Coannihilation Dark Matter
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Relic density set by the processes:

The effective cross section is
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Why Looking for LLP 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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Inelastic Scalar DM Model
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ℒU(1) = (∂μ
̂S)

*

(∂μ ̂S) − m2
S

̂S* ̂S

Lagrangian with global �  symmetry, with �U(1) ̂S = ( ̂s1 + i ̂s2)/ 2

After U(1) symmetry breaking:

ℒ = − δm̂2
ij ̂si ̂sj − ̂λij ̂si ̂sj (H†H − v2

2 )
The effective Lagrangian is our baseline model and in the mass eigenstates, 

ℒeff = (∂μS)
†
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2 − λ22s2
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Inelastic Scalar DM Model
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There is a massive dark photon A’, from the U(1) gauge field in the hidden sector  

ℒA′� = − 1
4

̂F′�μν ̂F′�μν − ϵ
2cw

̂F′�μνBμν +
m2

A′ �

2
̂A′�μ ̂A′�μ

After mixing

ℒint  = AμeJμ
em + Zμ (gJμ

Z − ϵgD
m2

Ztw
m2

Z − m2
A′�

Jμ
D) + A′�μ (gDJμ

D + eϵJμ
em + ϵg

m2
A′�tw

m2
Z − m2

A′�
Jμ

Z)
With

Jμ
D = i (S†∂μS − S∂μS†) = s2∂μs1 − s1∂μs2
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Long-lived !S2
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FIG. 1. The left panel (a) shows the coannihilation partner s2 total decay width (� = 0.10 (0.15))

as a function of its mass m2. The solid line and dashed line are our approximate and MadGraph

results respectively. The dot-dashed red line has a di↵erence at large mass for � = 0.15, because

the opening of a new channel s2 ! s1 + Z. The right panel (b) gives the parameter space of m2

and �22 for the relic abundance.

the decay width of s2 can be approximately written as
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where Qf is the electric charge of f and mA0 ,m2 � mf . For the exact calculation and the

plots, we use the numerical results from MadGraph for the final state phase space.

We show our approximate results and compare them to the MadGraph results in the left

panel of Fig. 1. In this plot, we choose mA0 = 3m2 and � = 0.1 (0.15) as benchmark points.

The decay width of s2 increases with m2, as shown in Eq. (20). Our approximate calculation

and MadGraph results are consistent with each other when m1� ⌧ mZ . After m1� & mZ ,

there will be a new decay channel s2 ! s1Z, leading to a significant increase of the decay

width in the MadGraph results. Moreover, the cancellation of JZ contribution between Z

and A
0 diagrams is not true anymore. For � = 0.15, this new channel opens around 600

GeV, which is shown as the dark red line in the left panel of Fig. 1; while for � = 0.1, this
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DM annihilation cross section
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FIG. 1. The left panel (a) shows the coannihilation partner s2 total decay width (� = 0.10 (0.15))

as a function of its mass m2. The solid line and dashed line are our approximate and MadGraph

results respectively. The dot-dashed red line has a di↵erence at large mass for � = 0.15, because

the opening of a new channel s2 ! s1 + Z. The right panel (b) gives the parameter space of m2

and �22 for the relic abundance.
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where Qf is the electric charge of f and mA0 ,m2 � mf . For the exact calculation and the

plots, we use the numerical results from MadGraph for the final state phase space.

We show our approximate results and compare them to the MadGraph results in the left

panel of Fig. 1. In this plot, we choose mA0 = 3m2 and � = 0.1 (0.15) as benchmark points.

The decay width of s2 increases with m2, as shown in Eq. (20). Our approximate calculation

and MadGraph results are consistent with each other when m1� ⌧ mZ . After m1� & mZ ,
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!  Production at LHCS2

!11

easier to search at LHC comparing to jets, especially for soft objects. As a result, in this

study we will focus on the scalar-vector model and the leptonic decay s2 ! s1 + `
+
`
�.
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FIG. 3. The Feynman diagrams for LHC productions of s2 in the scalar-vector model.

B. The generic features of the LLPs

For the neutral LLP s2, its decay can be spatially displaced and also time delayed,

depending on its mass and mass splitting. Inside the detector, the decay products of s2

can be reconstructed as a displaced vertex, which is spatially separated from the interaction

point. Therefore, it is di↵erent from most of the SM backgrounds which are prompt and

can be used to suppress the SM background. Regarding the time delay, it comes from the

slow movement of the heavy s2, which results a time delayed arrival at the detectors. In the

future upgrade of the HL-LHC, the timing layers are deployed to suppress the pile-up events

and more precise measurements for location, momentum and energy of the particles. For

example, CMS is working on the minimum ionizing particle (MIP) timing detector [64, 65],

ATLAS is working on the High Granularity Timing Detector [66] and LHCb has the similar

precision timing upgrades in the future [67]. For SM particles, especially the mesons and

leptons, they are moving at the speed of light. The heavier objects in the SM decay instantly

into the light particles, therefore they also have no time lag and their signals arrive at the

detector very fast. As a result, the heavy s2 can significantly lag behind the SM process in

time. A quantitative description of the time di↵erence is given as [68]

�tf = Ls2/�s2 + Lf/�f � LSM/�SM, (29)
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Long-lived !  searchS2
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Free parameters:

{gD = 0.1, mA′� = 3m2, λ22(Ωh2), Δ, ϵ}
• Displaced muon jet:

pj
T > 120GeV, pμ

T > 5GeV, rs2
< 30 cm, dμ

0 > 1 mm

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.
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Long-lived !  searchS2
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Free parameters:
{gD = 0.1, mA′� = 3m2, λ22(Ωh2), Δ, ϵ}

• Timing:

pj
T > 120GeV(30GeV), pℓ

T > 3GeV, |η | < 2.4
Δtℓ > 0.3 ns, 5 cm < rs2

< 1.17 m, zs2
< 3.04 m
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Long-lived !  searchS2
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Free parameters:

{gD = 0.1, mA′� = 3m2, λ22(Ωh2), Δ, ϵ}
• MATHUSLA:

100 m < xs2
< 120 m, − 100 m < ys2

< 100 m,100 m < zs2
< 300 m
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Long-lived !  search resultsS2
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Free parameters:

{gD = 0.1, mA′� = 3m2, λ22(Ωh2), Δ, ϵ}
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FIG. 4. The expected sensitivity at HL-LHC to the scalar-vector model in the ✏gD, m2 plane for

L = 3 ab�1 and
p
s = 13 TeV. We have left (right) panels for � = 10% (� = 15%), and top

(bottom) panels for the signal event number N ``
sig = 2.3 (10) respectively. The heavy dark photon

mass is set as mA0 = 3m2 and we assume gD = 0.1. The constraints from LHC dilepton searches

are plotted in gray shaded region. For LLPs search, the projected reach for time delay strategy

with ISR jet pjT > 120GeV(30GeV) and are shown as cyan solid (dashed) contours respectively.

The orange (purple) contours show the projected reach for DMJ strategy (MATHUSLA detector)

respectively.
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Summary

• Long-lived particle is well-motivated and is new direction 
of future LHC


• The coannihilation DM can evade the Direct detection 
constraint


• Long-lived coannihilation particle can be search at LHC
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Thank you!


