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Long-lived particle in SM
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Exotic features: Long-Lived Particles

e Why being long-lived?

. Couplings T
» Feeble couplings: DS Higgs
Dark sector models, R-parity violating SUSY
Supersymmetry, sterile neutrinos etc

e Suppression from heavy mass scale:
muon/charged pion, gauge mediated  Muon: « m)/my,
spontaneous breaking Supersymmetry Light dark sector

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

Mass
Neutron beta-decay: m/f/ma,

e Approximate symmetry:
KL to three pions (accidental PS suppression)



The target for the Intensity Frontier

_ Top
C I :
ouplings Higgs e 1. It fits well with intensity frontier programs: beam
SUSY dump, high-Lumi searches from tau/charm factory, b
ete factory, Z factory, Higgs factory

e 2. The low energy experiment hints

Light dark sector

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

e Atomki: Be8/He4 decay into a 17 MeV ee resonance
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e 3. Secluded DM annihilation: light mediator mx < mpwm,
with small coupling



The target for the Intensity Frontier

Top
Higgs
SUSY

etc

Couplings

Light dark sector
Mass
Secluded Annihilation
DM ~~""""- > X SM

\ SM
Search for X mediator

directly

e 1. It fits well with intensity frontier programs: beam
dump, high-Lumi searches from tau/charm factory, b

factory, Z factory, Higgs factory

e 2. The low energy experiment hints

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

e Atomki: Be8/He4 decay into a 17 MeV ee resonance
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e 3. Secluded DM annihilation: light mediator mx < mpwm,
with small coupling



Exotic interactions: Various BSM portals

e \Vector Portal: Kinetic Mixing Dark Photon
B, F""

e Pseudoscalar Portal: Axion, Axion-Like

a . d ~
Particles — FF, —GG
A A

e Scalar Portal (Higgs Portal): SM Higgs
(H'™H) (¢ or ¢*)

e Fermion Portal: Sterile neutrino, Vector-like
Fermions

(LH) Ny, LOY, Q0¥

EXPLORING THE DARK
SECTOR AT ACCELERATORS

 Millicharged Particles, Leptoquarks etc ...



Long-lived particles are less explored

e CMS Exotica results

Exotica Publications
» Leptoquarks
o First-Generation Leptoquarks Overview of CMS EXO results
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The spatial feature of long-lived particles

e Charged or Neutral
LLP

e Charged particle is
easler to search

e [rackers >
trajectories

e Neutral particles
relies on displaced
vertices feature

Jia Liu
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Hidden Sector Charged Particle exotic example

o ATLAS search for HSCP with high ionization dE/dx > 2.4MeV g~! cm?

ATLAS JHEP 06 (2023) 158
e Expected 0.7 &= 0.4, observed 7 events (3.6 o)

®

Target Mass Signal region bin

mass window SR-Inclusive_Low SR-Inclusive_High

[GeV ] [GeV ] Exp. Obs. Po Ziocal Sg,fp. Sggs. Exp. Obs. Po Z)ocal Sg,fp. Szgs.
1200 [950,2100] | 6.7+13 10 1.38x10"" 11  7.0*5% 102 | 09+05 6 1.65x107° 29 3.7 104
1300 [1000,2200] | 6.1+12 9 1.48x10°' 1.0 6.5*3% 97 [[08+04 6| 547x10™* 33 3.5*% 103
1400 [1100,2800] | 52+17 8 1.76x10°' 09 6579 96 [{07+04 7| 146x10™* 3.6 3.2'.1 11.9
1500 [1150,2900] | 49+24 7 241x107' 07 6.672% 93 |(06+04 6] 6.09x10™* 32 3272 107
1600 [1250,3400] | 42+34 5 324x107' 05 7.0*3°, 84(054+035 5 1.19x107° 3.0 3.1*7% 95
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Hidden Sector Charged Particle exotic example

o ATLAS search for HSCP with high ionization dE/dx > 2.4MeV g~! cm?

ATLAS JHEP 06 (2023) 158
e Expected 0.7 &= 0.4, observed 7 events (3.6 o)

e R-hadron with 2 TeV mass and 10 ns lifetime

> | | | | | | | | | I | | | | | | | | | | | | | [ ?
8 105_EATLAS (s=13TeV, 139fb"
q o = SR-Inclusive_High p > 120 GeV, n| < 1.8 =
o 10° E 1 m@@)=22TeV, m#) = 100 GeV, 1(g) = 10 ns E
~ 403 -7 m@E)=13TeV, x(z)=10ns ¢ Observed 3
— = ----m(%) = 400 GeV, 1(%) = 10 ns =
p q % 102 é_ — Expected . _é
] £ 10E -
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Hidden Sector Charged Particle exotic example

o ATLAS search for HSCP with high ionization dE/dx/p > 2.4MeV g~! cm?

e Expected 0.7 = 0.4, observed 7 events (3.6 o) ATLAS JHEP 06 (2023) 158

e R-hadron with 2 TeV mass and 10 ns lifetime

e Puzzle: Time of flight: # = 1 v.s. lonization data f ~ 0.7
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New trigger development for charged LLP

o 1.81 —
o - ATLAS Simulation ' (s=13.6 TeV [
° Old 'tﬂggers_ Iarge MET trlgger .§ 1.6~ o ET"** (pfopufit OR tcpufit) OR isolated high-p_ track do.45 S
= - ET"* (pfopufit OR tcpufit) 3 |_|>J
8 1 4:_ ET"* (tcpufit) distribution —;0.4 S
e New -tnggers: ‘é 1.2~ ErngY:gt:;chl)th Sog ?oec;/el(;/) 1o —20.35 S
= C Il <25,d <5, 2 pixel hits - ©
= 1= ...IIII'EO'3S
. . - i —: Ul_-.
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| 0.6F- * T ENiE:
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e Disappearing track trigger > T ' ARARARARARRRARARRE
low-pT particles not reconstructed s [ ;

Y osl ATLAS Simulation -
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Far detector proposals

leptonic decay hadronic decay
Multi-layer
tracker in roof
Scintillator
surrounds
Surface detector
4 - :
l' ,"
E 4 ’ e’ -
- ’ - neutral
') ATLAS PR
A or CMS ’ ,* s LLP
e LHC beam pipe
} i} i
100m 200m

Arxiv: 1806.07396
e Mathusla, CODEX-b, FASER etc
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Experiment setup considerations

 Far detectors are expensive
e \Why not existing ones? ATLAS/CMS?

* \We focus here on new approaches for searches at existing detectors,
l.e., ATLAS and CMS.

e | arger geometrical acceptance, but also large background.

e Ample room for new ideas.

17



LLP basics: Geometrlcal acceptance

* Pin: Geometrical acceptance

N
O
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Pin:— dﬂ/ dL- e—L/d
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Log scale in reach in model
parameters (e.g., Br H->XX)
=)

10'3 102 10" 10° 10" 10 10® 10* 10° 10° 10" 108
Log scale in proper lifetime (m)

d=crvyp

e The detector length Lo - L+

e d: expected decay length of LLP in lab frame
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LLP basics: Geometrical acceptance

* Pin: Geometrical acceptance

1 L2
P, = dﬂ/ dL=e L/d
AT JAq
AQ

47

o o (@) o (@) o oy
| | | | I | (@)
o)) o1 N W N - )

Log scale in reach in model
parameters (e.g., Br H->XX)

| Solid angle |
L e s— ; i

e [he detector |ength > - L1 10° 102 107 10° 10' 107 10° 10° 10° 10° 107 10°

RN
O

Log scale in proper lifetime (m)
e d: expected decay length of LLP in lab frame d = cTvyp
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LLP basics: Geometrical acceptance

e Pin: Geometrical acceptance

o o o o (@) o oy
| | | | I | (@)
o)) o1 N W N - )

Log scale in reach in model
parameters (e.g., Br H->XX)

| Detector length |

| Solid angle |

 The detector length Lo - L1
e d: expected decay length of LLP in lab frame

10 1072 107" 10° 10' 10% 10® 10* 10°> 10° 10" 10°
Log scale in proper lifetime (m)

A

We need  Longer detector (for larger lifetime),

e The larger solid angle (any lifetime)
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LLP basics: Geometrical acceptance

|
i
|
i

ATLAS/CMS)
e Closer to IP ( for smaller lifetime) * Inner detector, DV searches @5
* Longer detector (for larger lifetime) * ~meter(s) (o8¢
e The larger solid angle (any lifetime) o ~4mn (S5

21



Challenges

nsig — “'prod X P in X etmg
geometrical trigger
acceptance

X €,

signal
efficiency

penalty
¢ X €

bkgd
fake rate

LHC already maximizes Pin In
all aspects except longer
detector length

Optimizing the efficiency factors to
realize the full power of LHC

Log scale in reach in model
parameters (e.g., Br H->XX)

. LHC current potential a
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Timing upgrade proposals at LHC

Simulated Vertices

L H C C _ P _ O O 9 0.6 3D Reconstructed Vertices

—6—— 4D Reconstruction Vertices

e CMS: MIP Timing Detector (MTD) in central region, | —+— s
High Granularity Calorimeter (HGCAL) in endcap  *
region. CMS-TDR-019

30 ps resolution!

e ATLAS: High Granularity Timing Detector (HGTD)
1804.00622 0.2

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

LHCb: 1808.08865, BO->pi+ pi-

t (ns)

0.2

o
|III|III|III|I|I|

e Good potential to benefit N R
new physics searches!
(Rest of this talk)

1 1 1 1 1 1 | | 1 1 1 | 1 1 1
0 2 4 6 8 10
IP(mm)

23 BO->pi+ pi- reconstruction at LHCDb



Time delay from LLP and detection proposal

{ 1 N\ b
e Long-lived particle X decay, X->ab Timing layer '\
Ix 0, (lsm o
At == + 2 - Lo ,,
/B ﬂa ﬁSM
L,
- SM bkg ref time
IBX ,S 0(1) ﬁa = ﬁSM ~ 1 Z. Liu, JL, L.T. Wang, PRL 122 (2019) 131801
e | ower bound from slow X
f L”
Ar> == ——= = £ = 1)

Px 1
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Time delay from LLP and detection proposal

1 e b
e Long-lived particle X decay, X->ab Timing layer '\
Ix 4, (fsm fond
At == 4 2 Lol |
5 ﬂa 5SM
L,
- SM bkg ref time
IBX S 0(1) 50, = BSM ~ 1 Z. Liu, JL, L.T. Wang, PRL 122 (2019) 131801
’ Lowerfbounc:ﬂfrom slow X e For CMS MTD size, Ix~1.2m~4ns
Al 2 :B_X - T — X('BX - ) e LLPs (mass > 10 GeV) typically move much slower than c

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

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



Performance of timing detection of LLP

e The method works well in real CMS analysis

o A ‘ X+ X, X M
Sig pp—h+j, h—= X+ X, — sM, e Good for long-lifetime LLP

Precision Timing Enhanced Search Limit (HL-LHC)

0 . ] ey
TR AT e Better sensitivity
ot b o
et L S s Y T S RPE A
102l LB % & BR,<35% | 10 e 137|fb (13 TeV)
5 \ , ¢ E o = =
< ; ‘\ = F CMS 95 % CL upper limits .
X< 107 \ A ho> XX X>j] 3 %1035— pp—>999—>g+G v Observed =
_g _4 \ ——— MS(30ps), At>0.4ns | S F m,=2400GeV B Exvectedmedian £ 10,,,,,.., 3
v 10 VN e MS(200ps), At>1ns - @ 2 . Epectedmedian 120, ]
m \ — — MTD(30ps), At>1ns | g = =
10—5E \\ S B MS2DV, noBKG - 8 E CMS displaced jets (36 fb™) E
6: \ ,;' i A I S— MS1DV, optimistic -E 10 = Approx. NNLO+NNLL o(pp — g @) =
10 3 - E i - 2
" my in [GeV] B 40 B 50 'g)_ 1 B /
10 10~ 10" 10° 10" 10 10° 10* 10° 10° 10" 10° o — - -
O N . oo
ct (m) <10 E E
o F -
(@) [ -
-2 ol Lyl Ll 1 1
10 102 10° 10°* 10°
Z. Liu, JL, L.T. Wang, PRL 122 (2019) 131801

CMS: PLB 797 (2019) 134876
26



CMS High Granularity Calorimeter (HGCAL)

e Motivation i
e Upgrade for radiation tolerance and pile-up = =——— 4\ H -
* [racker, calorimeter and timing integrated in

one detector
e Will provide much more information than o
any previous calorimeters ey 3 %%r
_202 ! X
‘:\;»31\ : C 1| -
Lﬁﬂ\ l i 15.9 68— ||__15.9 - i
—I‘J—::Q: 3.fm\ — = 540 IFH 560.6' " " M'agq%iftf:"field 31237.2
éoos EIO::OMssm f:::;::;t : | ' BH1000.8

5231.6

5641 Back side of Back flange from IP
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CMS High Granularity Calorimeter (HGCAL)

e Own triggers

e Tracker with silicon cell 0.5~1 cm? for EM and
most HA calos

 Angular resolution of 5x10-3rad stand-alone
from high granularity (EM shower, improvement
by combining with ID trackers)

e Timing resolution ~ 25 ps from silicon sensor

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

What is the HGCAL sensitivity for LLP?

5231.6

5641 Back side of Back flange from IP

"X \ /K SO /
° 7
- - /w
ooooooo
W
)
ENVELOPE
LINES ™
‘:L ] - .
o 7
4!E\ '
T 9N — o
| =
_1 02 | )
A\ - | M
n=2903 Ml -
—3.0 = =
n=23.0 =1 205 b
/\ ! o~ 3
= 3 15.9 —88—|| 159 074
0 I 339.8 - " " .
~ % 0 Magnetic field
22222222222 Tscreen [[IT ° FH 560.6 "Off" 313.5
fffff ..
ETL F
3190.5 EE front
0.3 FH active front I BH1000.8
BH absorber t
4198.9 BH active front
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QCD background and LLP signal

e Both spatial and timing difference

L n=15
B=38T
ﬁ
HGCAL

~

e

/// T~
// }’]:30

32 m

52 m

JL, Z. Liu, L.T. Wang, X.P. Wang, JHEP 11 (2020) 066
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QCD background and LLP signal

e Both spatial and timing difference

~§
L
L
~§
L 4

~
||||||||

t>t0
t<t0

fake—track‘

Flat distributions In

¢, dy, 1/R, 20,19, 1]

4
’ n
L4
L4
“=-1.0
4 e— o

Generated following

Y. Gershtein and S. Knapen

1907.00007

e Fake track backgrounds

* wrong connection of the hitting points

IN the tracker system

e \ery distinct features comparing with
QCD backgrounds

 Easy to have large impact parameter

e Poorly fit to the same origin
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QCD background and LLP signal

e Both spatial and timing difference
e QCD backgrounds

* Most of them are prompt

y[m
1.0¢
QCD-jj
t>to
i t<t0
0.5¢
10  -05 ~_ 05 '1.0X[m]
7;6;'5
S qigl -
-1.0"

e Large impact parameter dominantly from Ks (ct ~ 2.7 cm)

e B (ct ~ 0.045 cm) and D meson (ct ~ 0.03 cm) too small

e Signal
e Displaced and delayed
y[m]
1.0r -
1sig-50GeV
1 t>t
i t<to
0.5¢
Tlost. | A 05 1
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HGCAL search for h —» XX

i — — CMS-DV q
L0 ATLAS-prompt :
. --- ATLAS-MS :
107 === ATLAS-Low Et :
107 L i i YBF Result (X > bb)
10* 102 102 107" 10° 10" 10° 10° 10
cT[m]

10°

10°

QO - TR T T T
\\‘ % \ ;o P .
------- IR ’ ’
\ \y
10—1 6\0 \\ \s\ \ ‘2“ . P
\ N \\/‘A\_. :
-2 \ \\ = - \\ >‘
10 _ T RA
\\\ \
107° N
107
-5 —
LA\ A ATLAS-prompt :
) --= ATLAS-MS :
o -=-= ATLAS-Low Et :
o ' | - ggF Result (X - bb)
10% 10 102 10" 10° 10' 102 10° 10°
cT[m]

» ggF result: with/without high Hr trigger requirement

e \/BF result: standard VBF trigger

e Combined Displaced Vertex + Delayed Timing leads to good sensitivity

e More ambitious:; timi

ng trigger?
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Friendly Freeze-in Dark Matter at Collider

e Freeze-In dark matter

o Scattering:a+ b — yy

e Decaying: ¥ — y + X,
e Interaction: fermion portal 2E

r=m/T
Z> -1 +1 -1

F f / g ¢ Belanger et al. JHEP 02 (2019) 186
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Friendly Freeze-in Dark Matter at Collider

e The thermal relic and the lifetime of Father
particle

45 & M- mr/To K
458 Mp QFF/ D 23 1 ()

¢ Re“C " 8t 1.66 m%* mp/Tr gi(mF/iU)\/g*(mF/iU),

0.12 M 200 GeV' ?
crim} ~ 4.5 & gr (Qsh2> (100 keV) ( mr )

( 102 >3/2 f;”;/%da; 3Ky (z)
g*(mF/3) 37T/2

o | ifetime:




Friendly Freeze-in Dark Matter at Collider

m,=12keV, Tr = 50GeV
m,=12keV, Tp =100GeV
m,=12keV, Tp =160GeV
m,=12keV, Tr =10'°GeV
my=1 MeV, Tr =10'°GeV
m,=10 MeV, T, =10"GeV
HSCP

DT

DLS

104

103

102

101}

2 ~

- - m,=12keV, Tr = 160GeV

— m,=12keV, T =10°GeV

ms=1 MeV, Tr =10"GeV
viv m,=10 MeV, T; =101°GeV
DV@13TeV

— HSCP

O' : : : ] : : : ] . : : ] : : ] . ~. ] . : . ] . : : ] : . . 1 f ;
200 400 600 800 1000 1200 1400 1600 1800
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Vector-like fermion as natural LLP

e Only VLF is added

* £.g. F has right-handed lepton charges

Ly O FUiDy'F’ + LiDyy" L’ + i,y g — mpFF° — mp° —|(5F by "‘ h.c.),

* The mass eigenstates and mixing angles

52 2mY.6 )
szmg‘+—Ozm(}7 tan O = — £ z_nT,
2m’ (M) — (m9)2 = 62+ \[(m ) — (02 + 692 + 4m¥p26r ™
2 0 0 0
2m;0 m,0 m
mgzmo 1—l i . tan 0, = — ‘ ~ — gzz—gtanOR,
‘Uo2\ml (M) = ()2 + 82 + \J(mY)2 = (md)2 + 692 + 4mdps> P M

0; < 0, ! Because of right-handed lepton charge

Q.H. Cao, J. Guo, J. L, Y. Luo, X.P. Wang, 2311.12934



Vector-like fermion as natural LLP

e Off-diagonal interactions are left-handed!

> F(id, — eA, + etan OwZ,)y'F — mpFF — myt¢
1 e
2 sin Oy cos Oy

HLZﬂ(FL)/ﬂfL + hC) — HL(W;T/L‘)/'UFL + h.C.),

\/isinHW
e Decay width are suppressed by 6’1%

0282 (m2 . m2 )2(m2 + 2m2 )

r F:t DY W:t — LOW F W F W

( W) 64 m?,m%V

0282 (m2 _ m2)2(m2 + 2m2)

+ + __ Lo Z F V4 F A
= 0D = mm
F"Z

* Therefore, F is the natural charged LLP

39



Vector-like fermion as natural LLP

F~ q
v/Z )
W~ q
b FT
on., g
, Ballpark: 0; ~ — "~ 10
Mg

e For electron or light quark:
o~ 0.1 GeV

e For muon lepton: 0 ~ 1 MeV

10-10-

HSCP Searches

300

500 700 900
meg [GCV]
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Vector-like fermion with light LLP scalar

e New Interactions
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e Prompt decay of F: F' — ¢ + £, withy ~ O(1)
e Naturally, long-lived ¢
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Vector-like fermion with light scalar

e |f coupling to muons @ HL-LHC P
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e [f coupling to electrons @ CEPC  «——-

Vector-like fermion with light scalar
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------ 1DV: Inclusive Displaceél Vertex
—— 2DV: Two Displaced Vertex
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Summary

* The long-lived particle could naturally exist as in SM

e Displaced searches and time delay searches are both useful
e Dedicated triggers are developed by experiments

e Some motivated LLP candidates can be naturally generated
e Related to freeze-in dark matter
e \Vector-like fermion related suppressions

e A joint search program from intensity/energy/cosmic frontiers is necessary to
hunt for long-lived particles.

Thank you.’
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Backup slides
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