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Dark matter and its particle nature
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• What is the particle nature of 
the Dark Matter?


• Not a particle in SM!

DM + DM → SM + SM

⟨σv⟩ ∼ 3 × 10−26cm3/s
∼ α2/m2

W

• The WIMP miracle！ 

Courtesy of Kalliopi Petraki



Jia Liu PKU

• The DM pair can be produced at LHC


• mono-X search: X = photon, Z, jet, Higgs …


• EFT operators


• Simplified models


• Mediator searches
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Dark matter at colliders

• Direct synergy with DM 
direct detection
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From dark matter to dark sector
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• The existence of dark matter


• do not interact with strong, weak, 
or electromagnetic forces


• A zoo of similar particles in the 
dark sector as in the visible sector


• The null detection of dark matter


• Secluded annihilation: DM + DM 
→ X + X


• X is light and very weakly coupled 
to visible sector

DM

DM

X

X

X

SM

SMX can be long-lived!
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The motivation for light dark sector 
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• 1. Secluded DM annihilation: light mass mX < mDM, feeble coupling


• 2. It fits well with intensity frontier programs: beam dump, high-lumi searches from tau/charm factory, 
b factory, Z factory, Higgs factory


• 3. The low energy experiment hints


• Lepton mu (e?) g-2 (light particles at ~ 100 MeV, coupling << 1)


• KOTO: neutral K decay into pi0 + MET (light scalar < 200 MeV)


• MiniBooNE: (dark neutrino/boson at 10~100MeV)


• Atomki: Be8/He4 decay into a 17 MeV ee resonance 

Mass

Couplings Top 
Higgs 
SUSY 

etc

Light dark sector

1806.10252 Davoudiasl et al …

1909.11111 Kitahara et al …

1807.09877 Bertuzzo et al …

1604.07411 Feng et al …
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The examples of dark sector mediators
• Coupling through gauge singlet operators of SM
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• Vector mediator: kinetic mixing portal - Dark Photon


• Pseudoscalar mediator: higher dimensional operators - Axion


• Majorana fermion mediator: neutrino portal - Sterile neutrino


• Scalar mediator: Higgs portal

BμνF′ μν

a
Λ

F̃F,
a
Λ

G̃G

(LH)NR

(H†H)(ϕ1 or ϕ2)
• Light → softer objects


• Feeble coupling →  longer-lived objects
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Why long-lived particles?
• Feeble couplings:  

Dark sector models, R-parity violating Supersymmetry, 
sterile neutrinos


• 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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The spatial methods to search LLPs
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LLP experiment considerations

• Many far detectors proposals: CODEX-b, FASER, 
MATHUSLA, milliQan, SHiP …  


• Searches at existing near detectors, e.g: ATLAS/
CMS


• Large geometrical acceptance ☺


• But confronting large background ☹


• Superior Particle Identification plays a role! 💪 
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LLP basics: Geometrical acceptance 
• Pin: Geometrical acceptance
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• The detector length L2 - L1

• d: expected decay length of LLP in lab frame
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• Closer to IP ( for smaller lifetime)


• Longer detector (for larger lifetime) 


• The larger solid angle (any lifetime) 

We need

• The detector length L2 - L1

Solid angle
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Challenges
nsig = Nprod × Pin × ϵtrig × ϵsig × ϵpenalty

bkg
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LHC true potential

LHC current potential
LHC already maximizes Pin  in 
all aspects except longer 
detector length

Optimizing the efficiency factors to 
realize the full power of LHC

geometrical 
acceptance

trigger signal 
efficiency

bkgd 
fake rate
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Figure 2.3: Example event containing a B0 ! ⇡+⇡� candidate under Upgrade II conditions,
illustrating the PV association challenge. Each PV is drawn as a 2D Gaussian distribution with
the appropriate values and uncertainties for both spatial (x-axis) and temporal (y-axis) metrics
used to associate the B meson to a single origin PV. In this case, adding the temporal information
allows the correct PV [‘A’, closest to (0, 0)] to be identified where the spatial information alone
would lead to the wrong choice (‘B’).

this can be reduced to ⇠ 5% with a timing precision of 50–100 ps. Studies have also shown that
the track reconstruction e�ciency and fake rate can be addressed by decreasing the pixel pitch
from the current 55µm at Upgrade II, particularly for the innermost region of the VELO. The
addition of timing will also have crucial benefits in track reconstruction since it allows to reduce
drastically combinatorics at an early stage, saving CPU resources. Timing information from the
VELO also provides a precise time origin for tracks for the rest of the experiment, which will be
helpful for other subdetectors with timing such as the TORCH.

The timing and rate capabilities required from the ASIC are ambitious but achievable
with the foreseen R&D timeline. Another possibility being considered is to have a ‘mixed’
solution where the inner region has a smaller pitch (emphasising resolution) and the outer region
has a larger pitch emphasising more precise timing. Studies of the performance of a possible
configuration are shown in Fig. 2.4.

2.3.1.2 Downstream tracking

Changes to the downstream tracking system are also foreseen. In Upgrade I this comprises a
silicon strip detector located upstream (UT) and three tracking stations located downstream of the
magnet (T-stations). For Upgrade I the T-stations are covered by a twelve-layer scintillating fibre
tracker (SciFi). This covers the full acceptance, corresponding to 30 m2 per layer. In conjunction
with the VELO, these stations provide a high precision momentum measurement. They also
measure the track directions of the charged particles as input to the particle identification
systems, notably the photon-ring searches in the RICH detectors. Two challenges must be met
in the design of the system for Upgrade II. First, the higher occupancies necessitate increased
detector granularity. Second, the rate of incorrect matching of upstream and downstream track
segments needs to be minimised. This can be achieved by optimisation of the UT, minimisation
of detector material and use of timing information.

The high occupancies in Upgrade II necessitate replacing the inner part of the T-stations
with a high granularity silicon detector, with the large area covered by scintillating fibres as

11

Timing upgrade proposals at LHC
• CMS: MIP Timing Detector (MTD) in central region,  

High Granularity Calorimeter (HGCAL) in endcap 
region.


• ATLAS: High Granularity Timing Detector (HGTD)


• LHCb: Vertex Locator (VELO), high granularity 
ECAL and Torch detector

LHCC-P-009

CMS-TDR-019

1804.00622

LHCb: 1808.08865, B0->pi+ pi- 

• Good potential to benefit 
new physics searches! 
(Rest of this talk)

30 ps resolution!

PV reconstruction at LHC

B0->pi+ pi- reconstruction at LHCb16
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Time delay from LLP and detection proposal
• Long-lived particle X decay, X-> a b 

LT1

LT2

X

a b

SM
`X

`a

`SM

Timing layer

Signal arrival time - SM bkg ref time
βX ≲ O(1)

• For CMS MTD size, lX ~ 1.2 m ~ 4 ns


• LLPs (mass > 10 GeV) typically move much slower than c


• SM bkg time delay: Phase-2 time resolution 30 ps, Pile-up intrinsic 
resolution 190 ps


• LLPs are significantly delayed comparing with SM backgrounds!!!

• Lower bound from slow X

Δt ≥
ℓX

βX
−

ℓX

1
= ℓX(β−1

X − 1)

17

Z. Liu, JL, L.T. Wang, PRL 122 (2019) 131801 
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LLP sensitivity benefits from timing PID

5

FIG. 3. The 95% C.L. limit on BR(h ! XX) for signal
process pp ! jh with subsequent decay h ! XX and X !
jj. Di↵erent colors indicate di↵erent masses of the particle X.
The thick solid and dotted (thick long-dashed) lines indicate
MS (EC) searches with di↵erent timing cuts. The numbers
in parentheses are the assumed timing resolutions. Other 13
TeV LHC projections [36, 37] are plotted in thin lines.

an intermediate resonance in other new physics scenarios
would have similar characteristics.

The second example is the decay of the lightest SUSY
electroweakino in the GMSB scenario. Its decay into
SM bosons (Z, h, or �) and gravitino is suppressed by
the SUSY breaking scale

p
F , and it can be naturally

long-lived. Amongst all the possible electroweakinos, the
bino is well-studied in a non-pointing photon search [19].
We study the case in which Higgsino is the lightest elec-
troweakino with decay �̃

0
1 ! hG̃. Our selection would be

general so that all visible Higgs decays into SM particles
will be captured. In our simulation, we generate event
samples with the Higgs bosons decaying into dijets. This
two-body decay topology corresponds to approximately
70% of Higgs decays. This benchmark represents the
timing behavior of pair produced particles at the LHC
without an intermediate resonance.

For both of our examples, timestamping the hard col-
lision is achieved by using a ISR jet:

SigA : pp ! h + j , h ! X + X, X ! SM, (7)

SigB : pp ! �̃�̃ + j, �̃
0
1 ! h + G̃ ! SM + G̃. (8)

For SigB, other electroweakinos �̃, such as charginos �̃
±

or heavier neutralino �̃
0
2, promptly decay into the lightest

neutralino state �̃
0
1 plus soft particles.

To emphasize the power of timing, we rely mostly on
the timing information to suppress background and make
only minimal cuts. In this case, we need only one low
pT ISR jet, with p

j
T > 30 GeV and |⌘j | < 2.5. In

both signal benchmarks, we require at least one LLP
decays inside the detector. We generate signal events
using MadGraph5 [38] at parton level and adopt the UFO

model file from [39] for the GMSB simulation. After de-
tailed simulation of the delayed arrival time for the dif-
ferent lifetime of the LLPs and geometrical selections, we
derive the projection sensitivity to SigA and SigB using
the cross sections obtained in Ref. [40] and Refs. [41, 42],
respectively.

For SigA, the 95% C.L. sensitivity is shown in Fig. 3.
The decay branching ratio of X ! jj is assumed to be
100%, where j here is light flavor quark. For X ! bb, a
similar plot is provided in the appendix. The EC and
MS searches, with 30 ps timing resolution, are plotted in
thick dashed and solid lines. For MS, the best reach of
BR(h ! XX) is about a few 10�6 for c⌧ < 10 m. It is rel-
atively insensitive to the mass of X because both 10 GeV
and 50 GeV X are moving slowly enough to pass the time
cut. The best reach points for di↵erent mass of X occurs
at di↵erent c⌧ and approximately inversely proportional
to mX . This is because the maximal probability for X to
decay is at a fixed d = c⌧� = (LT2�LT1)/(log(LT2/LT1)).
For large c⌧ at the EC search, the lighter X has worse
BR sensitivity reach than heavier ones, since the detec-
tor is shorter than MS and �t cut e�ciency is smaller
for lighter X. Interestingly, for c⌧ . 10�2 m, the reach
of light X becomes better than heavy X. In this regime,
�t from X movement alone is not enough, and thus the
path di↵erence contributes significantly, as illustrated in
Fig. 1. For the MS search, a less precise timing resolu-
tion (200 ps) has been also considered with cut �t > 1 ns
to suppress background. After the cut, the backgrounds
from SV and PU for MS search are 0.11 and 7.0⇥10�3 re-
spectively, and SV background dominates. For PU back-
ground, the final time spread includes the timing reso-
lution and PU intrinsic time spread in quadrature. The
heavy X is almost not a↵ected, while light X loses sen-
sitivity by a factor of a few.

We compare EC and MS (thick lines) with 13 TeV
HL-LHC (with 3 ab�1 integrated luminosity) projections,
two displaced vertex (DV) at MS using zero background
assumption (thin dotted) and one DV at MS using a
data-driven method with optimistic background estima-
tion (thin dashed) from [36]. It is clear that timing cuts
greatly reduces background and provides better sensitiv-
ity. For the long lifetime, the limit is proportional to c⌧

for searches requiring one LLP to be reconstructed as the
signal, and (c⌧)2 for searches requiring two LLPs to be
reconstructed as the signal. Therefore one LLP decay is
better. The projected limits from invisible Higgs decay
at 13 TeV [37] is also plotted in Fig. 3.

For SigB, we show the projected 95% C.L. exclusion
reach in the plane of Higgsino mass m�̃ in GeV and
proper lifetime c⌧ in m in Fig. 4. The projected cov-
erage of the EC and MS searches in blue and red shaded
regions, respectively. Due to the slow motion of �̃, we
show the projections with a tight (solid lines) and a lose
(dashed lines) �t requirement. We can see minor di↵er-
ences between di↵erent delayed time cut choices for this

h � X X, X � j j
MS(30ps), �t>0.4ns
MS(200ps), �t>1ns
MTD(30ps), �t>1ns
MS2DV, noBKG
MS1DV, optimistic

BRinv
h <3.5%
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Outlines

• The motivation from light dark sector: softer and long-lived


• The timing detector and PID


• Triggers and PID


• The tau PID and g-2


• Summary
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Triggers and PID

• Traditional triggers rely on large pT , HT and MET etc.


• Light dark particle, near degenerate states create soft 
object, suffering from hard cuts


• Unconventional triggers can help: track trigger, displaced 
vertex trigger, timing trigger etc
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Track-based triggers
• Gershtein first worked on CMS hardware track trigger: new opportunity for 

LLP [1705.04321, PRD]


• CMS studied L1 Track Jet Trigger for Displaced Jets [CMS-PAS-FTR-18-018]

•  Displaced track jet:  >= 2 tight tracks in jet with |d0| > 0.1 cm
•  HT can indeed be lowered
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Track-based triggers
• Gershtein first worked on CMS hardware track trigger: new opportunity for 

LLP [1705.04321, PRD]


• CMS studied L1 Track Jet Trigger for Displaced Jets [CMS-PAS-FTR-18-018]

• Further development to displaced vertex trigger:
• Very low mass displaced muon pair: Gershtein, Knapen [1907.00007] 

• Light singlets with a displaced vertex: Gershtein, Knapen, Redigolo2 [2012.07864]
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Timing-based trigger

• Traditional trigger: monojet+MET 
pT, j > 120 GeV

• Timing-based trigger

• Fermionic inelastic dark matter as LLP

q̄q → A′ → χ2 χ1, χ2 → χ1ℓ̄ℓ

Berlin and Kling, 1810.01879 [PRD]
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Track info and LLP search
• Track based LLP search at HGCAL

24

JL, Liu, Wang, Wang, 2005.10836 [JHEP]



Jia Liu PKU

Track info and LLP search
• Track based LLP search at HGCAL
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The importance of tau PID
• Tau is difficult for theorists

27

ℒ ⊃ λψ̄ℓϕ

JL, Shuve, Weiner, Yavin, 1303.4404 [JHEP]

Leptonphilic dark matter
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The importance of tau PID
• Improvement from hadronic tau PID
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Tau PID, leptophilic dark scalar and g-2μ
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• SM Higgs portal model

ℒint ⊃ sin θ × ϕ ∑
q

mq

v
q̄q + ∑

ℓ

mℓ

v
ℓ̄ℓ + ⋯

H†Hϕ2, H†Hϕ
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Tau PID, leptophilic dark scalar and g-2μ
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• SM Higgs portal model

ℒint ⊃ sin θ × ϕ ∑
q

mq

v
q̄q + ∑

ℓ

mℓ

v
ℓ̄ℓ + ⋯

H†Hϕ2, H†Hϕ

• The light scalar mixing independently with two doublets

ℒeff ⊃ ϵq ∑
q

mq

v
ϕq̄q+ϵℓ ∑

ℓ

mℓ

v
ϕℓ̄ℓ+ϵW

2m2
W

v
ϕW+

μ Wμ−

→ ϵℓϕ∑
ℓ

mℓ

v
ℓ̄ℓ

ℒyuk = − λuQ̄Φ̃2uR − λdQ̄Φ2dR − λeL̄Φ1eR + h . c .

• Type-X 2HDM: one SM-like doublet coupling to quarks 
and one doublet coupling to leptons

Leptophilic dark scalar model
Tau lepton has a much larger coupling to φ!

ϵW ≈ ϵq
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Tau PID, leptophilic dark scalar and g-2μ

31

• Production at ee collider: e+ e- → τ+ τ- φ
Brian Batell et al [1606.04943, PRD]; BaBar [2005.01885, PRL]

ℒeff = ϵℓϕ∑
ℓ

mℓ

v
ℓ̄ℓ

ϕ → e+e−, μ+μ−

• φ decay channels considered
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Tau PID, leptophilic dark scalar and g-2μ
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• Production at ee collider: e+ e- → τ+ τ- φ
Brian Batell et al [1606.04943, PRD]; BaBar [2005.01885, PRL]

ℒeff = ϵℓϕ∑
ℓ

mℓ

v
ℓ̄ℓ

ϕ → e+e−, μ+μ−

• φ decay channels considered

A silver corner m~50 MeV

φ → e+ e-, cτ ~ Ο(cm) 

Opportunities at high mass

e+e− → ϕμ+μ−

Z → ϕμ+μ− → 4μ

JL, Wagner, Wang [1810.11028, JHEP]
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Tau PID, leptophilic dark scalar and g-2μ

• Opportunities for future e+ e- collider

33

• Production channels
Z factory : Z → τ+τ−ϕ → 4τ

H factory : h → ϕϕ → 4τ

• Decay channels
ϕ → e+e−

ϕ → μ+μ−

ϕ → τ+τ−

Light mass, maybe long-lived 

LHC competition, suffering low BR

ee collider: tau PID and low bkg

• Mass ranges
mϕ ∼ 𝒪(50) MeV
mϕ ∼ [4, 5.5] GeV
mϕ ≳ 40 GeV

H factory : e+e− → τ+τ−ϕ → 4τ

e+e− → ϕμ+μ−

Z → ϕμ+μ− → 4μ

JL, Wagner, Wang [1810.11028, JHEP]

• Φ decay features

• Prompt

• Displaced

• Missing energy

• Collimated (lepton-jets)
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Summary
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• PID is important for BSM searches, especially soft and 
long-lived objects


• Timing PID can be very useful in the LLP detection


• New triggers can be possible with superior PID 


• Tau PID could be crucial for solving the g-2μ problem

Thank you!
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Backup slides
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