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Long lived particle

The Standard Model What makes particle long-lived?

+ +
We have u, n+,K;, B*,n, ... .... Approximate symmetry Small coupling
Heavy mediator

_ 1.21m (Afmedi ator) ! ( 1 TeV )
CT =~ , —
Beyond the Standard Model g* Mpp Myp

@ Long-lived particles commonly appears as a natural prediction in many well-motivated
frameworks of new physics beyond the SM

@ Searches for such LLPs is a very interesting and important research direction.

m
X Most of the searches at LHC has

been focused on prompt regime.

: ~e?
New pPhys\CS*
We have huge parameter space to investigate!
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LLP searches at colliders and beyo

Belle II




Timing detector @ HL-LF
[CERN-LHCC-2017-027/LHCC-P-009]

MTD design overview

wﬂﬁx

ENDCAPS

On the CE nose ~ 42 mm thick
surface ~12 m~*

Radiation level ~2x10™ n_ jcm?
Sensors: Si with internal g;m-‘J (LGAD)

e Thin layer between tracker and calorimeters
e MIP sensitivity with time resolution of ~30 ps
e Hermetic coverage for |n|<3




Time stamping

[J. LIU, Z. Liu and L. Wang, 1805.05957]




Time stamping
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Timing layer

[J. LIU, Z. Liu and L. Wang, 1805.05957]
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Timing detector @ HL-LHC

@® We can measure displaced vertex
-+

@® We can measure time of flight (ToF)

l

® We can measure B of long-lived particle !!!

Timing layer



LLP event topology

LLP : Long-lived particle
V  : Visible SM particle
I :Invisible particle

(A) Pair produced BSM LLPs (B) Compressed neutralino, Inelastic DM, ....
Pp*flflaf1—>h+(~;—>SM+(~; e+e_—>Z’—>)(2)(1—>)(1)(1f+f_
PP = oJr = IZZ — 7 T




3-momenta reconstruction

'y X (P +py, +Dy,) - k A

Py X7,k

Prip, =

Iy X (pr+py +py) - k
. 7

FoX 7,k

Prip, =

[M. Park and Y. Zhao, 1110.1403]
[G. Cottin, 1801.09671]

# of unknowns = # of knowns + # of constraints

Pripys Pripys Prgs Py Py Py, =8
=16 meiss =9
f'a’ f'b =4

@ 4-momentum conservation

2 — o2 1L am2 19 [an2 2_ ;.
m, =mj —|-m‘f;l —I-ZE\,,(I \/ m I, -+ |p 1”| 2p\,” Py,

' 2 o 2 ' 2 ¢ P , 2 2 " .
mj = mj +my, +ZE\~-,, \/ my, + |p1,,| Zp”) Py,

@® For each event we can find

. A 800 ——™@™——m@————7————+—7—++
Iy X (pr+py +py) k h
pla= R A ra_pVa
l"b X I"a . k
600
raX (pr+py +py) -k >
) A = » — Py, O
’ Fox iy k S

200

® We can find 1 or 2 positive mass

pairs with 2 assumptions
mag=my, m,a= m,b



Neutral LLP search example

# of unknowns = # of knowns + # of constraints

Pripys Puipys Prys Pry, PVa’ va =8
=16 p'Imiss =2
f'a’ fb =4

3-momenta reconstruction

ﬂbx(pl_l_pva_l_pvb).i% ﬂbX(pI‘I‘pVa‘l‘pVb)'l%
pLLPa — — P pla — — ﬁa_pVa I} I}
Po X o -k By X P, -k By x(pr+py,+py) . B, X (p;+py +py) -
LLP, — ~ LLP, — -
Py X Py -k ’ P, X Py k
PuxX(pr+py +py) -k B, % (p;+py +py) -kﬁ
Prip, = < p  Pp = . ,—Dv
’ ﬂaxﬂb°k ’ ﬂaXﬂb'k ’

We can find unique mass pairs without assumptions
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(B)

Neutral LLP search exampl

Inelastic dark matter model !

1 .
Lx gauge = =7 X X" = Z B BY  #@ = o tho@)  HE =7, 50)

2 \v + h(z)
Lz 5= —€ecw Z xffo mz =~ gpQp(P)vp
f
Scalar model Fermion model
Qb Q
@ || +2 ® || +2
o || +1 x || +1

V(H,®,¢)=— puyH' H+ Ag(H H)? — p40*® + Mo (0*®)?
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Displaced signature in Belle2 detecte

Belle Il Detector

7
KL and muon detector:

Resistive Plate Counter (barrel)
r + WLSF + MPPC (end-caps)

B 1
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Central Drift Chamber: s
He(50%):C2He(50%), Small cells, long:
\Iever arm, fast electronics

=S¢intillato

a |[dentification
-0 -Propagation counter (barrel)
“Prox. focusing Aerogel RICH (fwd)

&=

positron (4GeV)

The tracking resolution of e/mu
momenta in the drift chamber
detector is given by

Op,s/Pe+ = 0.0011py+[GeV]0.0025/ 5

The resolution of photon
momenta in the calorimeter

op,/Ey=2%
The resolution for the displaced

vertex of lepton pair

Orpy = 20pm 1=



Displaced signature in Belle2 dete

Vertex detector

Drift chamber

Calorimeter

+ - + -
e'e = P12y = P1p1e ey
+ - + -

€ — X1X27 = X1X1€ € 7
We only conservatively consider the following two background free regions after event selections in our analysis

Low R, region (100% efficiency) : 0.2 < R, < 0.9 (17.0)

eTeT = Or1y — dr1dreTe”

eTe” — Yix2 — xixie e e

High R, region (30% efficiency) : 17.0 < R,,, < 60.0

Benchmark points
® (I) M¢1,X1 = 0.3 GGV, A¢1,X1 — O'4M¢1,X17 mygr = 3M¢1,X1 and € = 2 X 10_2

® (II) M¢1,X1 = 3.0 GeV, A¢1,X1 - O']‘M¢1,X17 mygr = 3M¢1,X1 and € = 2 X 10_3

® (IH) M¢1,X1 = 1.0 GGV, A¢1,X1 — O'4M¢1,X17 myg = 2°5M¢1,X1 and € = 10_3

® (IV) M¢1,X1 = 2.0 GeV, A¢1,X1 = 0'2M¢1,X17 My = 2'5M¢1,X1 and € = 107°

Objects

Selections

displaced vertex

i) —=55cm < z < 140 cm

i) 17° < 6PV < 150°

electrons

i) both E(et) and E(e”) > 0.1 GeV
ii) opening angle of pair .. > 0.1 rad

iii) invariant mass of pair mee > 0.03 GeV

ImMuons

ii) opening angle of pair 6,,, > 0.1 rad
iii) invariant mass of pair m,, > 0.03 GeV

iv) veto 0.48 GeV < m,,, < 0.52GeV

photons

i) B} \g > 0.5GeV
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i) 17° < 67 .y < 150°




Future sensitivity

ap=0.1, mz=3M, ,A,=0.1M,, ap=0.1, mz=3Mg, ,84=0.1Me,
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We need to know the direction of
displaced vertex

Scalar vs fermion: Angular distribution o1

1, X1
If ¢,, x» are long-lived, can we determine their spin ? i
In the CM frame, the normalized differential cross section can be written as
Scalar Fermion
2 ag2 \2
1 do 3 1 do (1 (M 2MX1) | 4M><1 Mo )€ + 63/2 cos? @ Massless limit
2 — S
—(1 — cos” 0) = (M2 —M2)? —
— 4M M
> dcosf 4 o dcost 2(1 a2 4 Zhaha e 4 2632
Where ¢ = \/1 _ 2(M3, + My,) n (M2, - Mgl)
S s2
Angular distribution w/o ISR
.E 900 = T T T T T T T S ) = = : ; . oo I I T - = :
g 3005_ Bp2 _E — fermion % 450;— BP2 _; — fermion
= = 3|~ scalar = 400 = — |~ scalar
> 100 = > = =
= = = s B/OE- I —=
600 — —= = =
= = 300 =— —
500 — T — = = _— =
4005— E 2002— L —z
300 — — 150 £ o s —
— - — B — —_
200 — — 100 = —
1005— — —f Soz— _|_\_|_._—§
0_1: 08 06 04 02 0 02 "0z o8 o8 :, 05="08 06 04 02 0 02 04 06 08 1



Reconstruct mass & mass

# of unknowns > # of knowns + # of constraints

2 momenta = 8 1 momenta =4 I, =1,

Therefore, we cannot get the unique solution

4-momentum conservation

m% —m? = 2E(1 + @)Ey + E} — |py|* + 2\/(15(1 + @) — mA(py  py) =0

X
2 2
m)(z m)(l
a =
4E?

The crossing point from these events and kinematic endpoint measurement can help us
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Assume we can have 100 signal events at the Belle2, then we will get

Reconstruct mass & mas

(B)

100G, = 4950 solutions from each two events!

A, (GeV)

BP2 : e*e™ - yix2 - xuxaltI”

0.400

0.375 A

0.350 A

0.325 A

0.300 ===

0.275 -

0.250 A

0.225 -

event-1

event-2

max __
MI*I‘ - =X

0.200
2.00

2.25 2.50 2.75 3.00 3.25 3.50

3.75

4.00

ete” =y = il

(sz’ MXl)true
BP | Nphys N rms
(My,, My, )P
(0.42, 0.30)
BP1| 4473 (0.168, 0.175)
(0.43, 0.32)
(3.30, 3.00)
BP2| 4915 (0.175, 0.190)
(3.30, 3.00)
(1.40, 1.00)
BP3| 4856 (0.172, 0.192)
(1.40, 1.00)
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ete” = iy = 0ty
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BP | Nphys rms
(MX27 MXl)peak
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Conclusion

Timing detector @ HL-LHC

® HL-LHC is very good environment to search the LLPs in both intensity and high energy frontier.
@ Using the timing information, we can fully reconstruct the events.

@ The timing detectors will flash the hidden/dark sector and LLP searches.

Inelastic DM @ Belle2

The inelastic DM with extra U(1), gauge symmetry is an interesting dark sector models with light DM.

With the help of precise displaced vertex detection ability at Belle2, we can explore the DM spin,
mass and mass splitting between DM excited and ground states

Furthermore, the allowed parameter space to explain the excess of muon (g — 2), is also studied and
it can be covered in our displaced vertex analysis during the early stage of Belle2 experiment.

® BSM LLP search have potential to reveal new symmetries & scale

@® \We need more dedicated, signature-based searches for LLP.

e @ Now we are in the lifetime era!
New PhysiCS*
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Thank You!
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