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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

o L2fm (1\/./,,@2.@07”)4 ( 1Te\/>
Beyond the Standard Model gt Mprp Mprp

@® 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.

Most of the searches at LHC has
been focused on prompt regime.

Py
New PhysI\CS*
We have huge parameter space to investigate!

0 (mm) CTyx
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LLP signatures at collider

disappearing or
Displaced vertex displaced kinked tracks

. : multitrack vertices :
Disappearing tracks
Non-pointing photon

non-pointiﬁg
----- (converted) photons

Emerging jets >.._{-:,: e
Stopped particles / 5'
Large dE/dx slow displaced leptone; ?

_ lepton-jets, or "
Late decaying lepton pairs

emerging jets

trackless,
low-EMF jets

quasi-stable

charged particles
multitrack vertices in the 9 Q

muon spectrometer

image from Heather Russell

2021-02-04 Dark Matter as a Portal to New Physics



LLP is well motivated

Motivation | Top-down Theory IR LLP Scenario
RPV SUSY
GMSB
mini-split SUSY ) M=/ Lial
Ste.alth SUSY (di;ez-'t pror;rccﬁon of BSM state at LHC that is or decays to LLP)
Naturalness Axinos
Sgoldstinos
UV theory
Neutral Naturalness S
Composite Higgs —_ Hidden Valley ==}~
Relaxion Confining

Asymmetric DM 2o
Freeze-In DM

e —— SMiS
Dark Matter Co-Decay SM+S

Co-Annihilation

. AV exotic Z
Dynamical DM—»{ SM+V (+9)= decavs
B . WIMP Baryogenesis
aryogenesis Leptogenesis exotic Higgs
o ) decays
Minimal RH Neutrino = HNL
with U(1)pL Z° zzzece .
Neutrino with SU(2)R WR==eeeoe exotic Meson
Masses lO}lg-liYéd scalars v T decays
with Higgs portal -

frolll ERS- R ) L T |
Discrete Symmetries
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LLP searches at colliders and bey«

ATLAS

EEEEEEEEEE _A2SE.

SHiP
Search for Hidden Particles

CODEX-b -
= WA

And more .....
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LLP event topology

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

(A) Iy

2021-02-04

{(A) Pair produced BSM LLPs

(B)

(B) Compressed neutralino, Inelastic DM, ...

(C) Long-lived right-handed neutrino, HNL, RPV SUSY, ...

Dark Matter as a Portal to New Physics
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pp = XXX = h+G — SM+ G

LLP,/ PP = TaXs = fé)fé)zz
LLP, )( = X T

LY /i
b And many BSM models .....
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pp = X2X3 = X1 X1ZZ
» BRI l/ Fr
l;‘x/'
¥

It is impossible to fully reconstruct the
system by conventional method. Why?

# of unknowns > # of knowns

o -, 4 momenta = 16 2 momenta =8
7o i

[t~
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pp = X3X3 = XA ZZ
S BRI
ﬁ./

It is impossible to fully reconstruct the
7oy system by conventional method. Why?

# of unknowns > # of knowns

4 momenta = 16 2 momenta

=8
meiss =92
=4

2 displaced vertices

How can we solve this kind of system?
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Reconstruction with assumptic

LLP : Long-lived particle
V' : Visible SM particle /

I :Invisible particle / Va What if ?
{/ Mpip =Mpip,, M; = M;,

2 assumptions

l

# of unknowns = # of knowns + # of constraints

=10 meiss =2
f'a, f'b = 4

Now we can solve system !
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Reconstruction with assumptic

[M. Park and Y. Zhao, 1110.1403]
‘ 6 d.O.f become tWO 3'm0menta [G. Cottin, 1801.09671]

7,7 4dof
® p/iss  2dof

@ 3-momenta of LLPs @® 4-momentum conservation

N

Py X (P + Dy, + DY) - K

Do = - Ta @ @ m, +~E\a mi, + P> =2py, Py,
X Tk P

TbXTa-

N = m‘ +2E4 m] + |pp, > = 2py; - P
X(p[_l_pva—i_p‘/},)'kA @ @ b b\/ b b P

Py = N b
Ta X Th- Kk

@® 3-momenta of invisible particles
Pj, = Pq — Py,
Pr, =Py — Dy,
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Reconstruction with assumptio

@ 4-momentum conservation e et 1801 G061

mg = my, +my, +2Ey, \/ mi, + Py, —2py, Py,

@ For each event we can find
800 ————————

® We can find 1 or 2 positive mass
pairs with 2 assumptions
m,;=m,, m1a= mlb

D
o
o

My [GeV]
NN
o
=)

200

0

0 200 400 600 800
Myp [GeV] i
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Reconstruction with timing inform

4
LLP : Long-lived particle |
vV :\Visible SM particle / v,
I :Invisible particle {/v

What if we can measure decay time T,, T}, ?

# of unknowns = # of knowns + # of new inputs

=10 meiss =2
f'a, f'b = 4

2 timing information
Ta’ Tb
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Reconstruction with timing infor

@ 6 d.o.f become two 3-momenta @ 2 Timing information

‘f'a, f'b 4d.of ‘ﬁazfa/Taaﬁbsz/Tb
@ pss  2d.of o DMe
I, "”{4: |/
@ 3-momenta of LLPs LLF, A
Bb><(p1+pva+pvb)-kﬂ P ~ Byx(pr+py, +py) -k
— — a — ~
r By % B, R ‘ By x B,k

N

Ba % (pr+py, +py;) - K g _ Baxprtpy, +py) -k
b= A & ’ B, % By k
Ba X /Bb -k a b
® 3-momenta of invisible particles @& \We can find unique mass pairs
P1, = Pq — Py, without assumptions
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Timing detector @ HL-LHC

@ ATLAS

@ High-Granularity Timing Detector at
the endcap region

@ ~30 ps resolution
@ Coverage 2.4 < |n| < 4.0

[ATL-LARG-PROC-2018-003]

® CMS

@ Minimum ionizing particles (MIPs)
Timing Detector (MTD) between
tracker and ECAL

@ ~30 ps resolution for charged tracks
@ Coverage |n| < 3.0

[CERN-LHCC-2017-027/LHCC-P-009]
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MIP Timing detector (MTL

@ Barrel Timing Layer (BTL)
@ A thin LYSO+SIiPM layer

@ Endcap Timing Layer (ETL)
@ Low-gain Avalanche Diode (LGAD) layer

@ Timing resolution 30ps & 99% efficiency
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Time stamping

T [J. Liu, Z. Liu and L. Wang, 1805.05957]
Timing layer
A Ux N b lsm
I delay — ,B ,B ,B
1> X 7 SM
L,
"""""""""""""""" 6 Precision Timing Enhanced Search Limit (HL-LHC)
10 ] ' T T | i | I 0‘ I o I
. Time delay at EC from LHC “ “ // ”,o
10 ? L T UL BRI T v T g 10_1» 1y : -‘"‘\. | "o "".. ]
;  o— s L s S SEE —-,.~"————-—h —————— -
It ] > '\ A BR!,<3.5% |
= 107'F E . 10 \ y
S X . v 3
s L X 107° A NS XX X 5]
51072 I 0 L . : é B o —— MS(30ps), At>0.4ns
) ; x 107°¢ VSR S 2 e MS(200ps), At>1ns 7
-8 ] 2] \ — — MTD(30ps), At>1ns
51073 Dashed/Solid E 107° \ 5 2 B R R MS2DV, noBKG
-— \‘ —— BKG Pile-Up/Same Vtx ] N > MS1DV, optimistic
\‘ —— Glueball m=10/50 GeV : 10—6 L -~ ]
1074 — GMSB Hm=0.21 Tiev E  mxin[Gev] W 10 M 40 M 50
P P S | [ A | [ P S E - . . . | ! | ! | ! 1
0 0.5 1.2 5 10 20 50 100 200 1010-"’ 102 10™" 10° 10" 10% 10® 10* 10° 10° 10" 10®

At (ns)
SigAh: pp—>h+j5, h— X+ X, X = SM,
SigB:pp = XX +J, X = h+G — SM+ G.

ct(m)
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Timing detector @ HL-LHC

@® \We can measure displaced ve
+

@ \We can measure time of flight (To

l Timing layer
® Ve can measure B of long-lived particle !!!
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Reconstruction Summary

mrrLp, ™MrLLp, ™My My, PrLLpy, PLLP, Pl Pl

Case 1 no timing A A A A O O O O
LLP, = LLPy, I = I, timing O O O O O O O O
Case2 no timing X X X X O O O O

LLP, # LLPy, I, # I, timing O O O O O O O O

@ Using timing information at HL-LHC we can measure the g of
the long-lived particles.

@ w/o using timing information, we can find 3-momenta but we
cannot find masses w/o any assumptions.

@ Using timing information, we can fully reconstruct 4-momenta
of the system even if the LLP decay to visible and invisible
particles.
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Casel1: LLP, = LLPy .
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Miip,

MC result: w/o timing -

no Timing Reco M,,,

no Timing Reco M, p

0.010¢ 0.008}
= £ 0.006}
i i
%5 0.006¢ 5
5 S 0.004}
& 0.004 &
L L

0.002¢
0.002¢
0.000L : : : - - 0.000L : : : - .
0 200 400 600 800 1000 0 200 400 600 800 1000
M|_|_p Mlnv
MrLP, MLLP, my, mr,

Case 1 w/o timing  397.6 + 1.2 397.6 £ 1.2 206.0 £ 1.5 206.0 £ 1.5

2021-02-04 Dark Matter as a Portal to New Physics




MC result: w/ timing

Timing Reco M, p Timing Reco M,,,

' ' 0.008}
.LLP1 .Inv1
0.008} BLLP, | .
@ " 0.006}
< €
$ 0.006} g
[ w
‘S S
o 2 0.004f
2 0.004} 2
(&) O
o o
LL LL
0.002}
0.002} _ T
Without assuming Without assuming
LLP, = LLP,
0.000 0.000
0 200 400 600 800 1000 0 200 400 600 800 1000
M|_|_p Mlnv
mrrp, mrrp, mrp, mrp,

Case 1 w/o timing  397.6 + 1.2 397.6 £ 1.2 206.0 £ 1.5 206.0 £ 1.5

timing 400.91 £ 0.35 400.77 £ 0.35 201.53 £ 0.49 201.53 £ 0.49
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no Timing M p vs M., Timing My p, vS M.m,

>
c

300 400 500 600 700 300 400 500 600 700
My p My p,
mrLp, mLLPb mr, ’I’TL[b

Case 1 w/o timing  397.6 + 1.2 3976 £ 1.2 206.0 = 1.5 206.0 £ 1.5

timing 400.91 £ 0.35 400.77 £ 0.35 201.53 £ 0.49 201.53 £+ 0.49
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Case2: LLP, # LLPy, I, #
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MC result v 0o

. no Timi|.1g_1 Vs Tin'lling . . . . no Til:ning Vs Timing .
D no Timing 0.006} D no Timing
.Timing LLP, Timing |
0.008} Timing LLP. I Timing Inv,
[l Timing LLP, 0.005} I Timing Inv; |
1] 1]
c c
2 0.006} 2 0.004}
L 11
‘S ‘S
s € 0.003}
O (@)
T 0.004} T
o o
(I w 0.002;
0.002}
0.001}
0.000 0.000
200 400 600 800 1000 1200 0 200 400 600 800 1000
MLLP Mlnv
MLLP, MLLP, mrp, mr,

Case2  w/o timing - - - _

timing 307.25 £ 0.38 612.18 £ 0.72 11854 £0.89 319.1 £ 1.1
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MC result

Tlmlng M p vs My,

T
L . 10
700 P LLP: vs Inv, ARG ¥
LLP; vs Inv, - -"_. ' ..r
600} I
iy AR
N s n .
500 B i :‘..-'I-."-; L_.-i'.'.. ]
] Y]
i R i
400} LA R

200} o =
h Y
100 g ol

200 400 600 800
My p
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Impact of timing resolution on mass resc

improve the mass resolution of LLPs

RestFrames Event Generation 5’(20 ')22()—» Za(ll) 3’(:’Zb(ll) ilo
B B b
001_ 5 : — 0,=3000ps |
I  —0;=500ps |
0,008} ,  —o0,=300ps |
= h s 1
W
Z <0006
% |
0.004
v—4|Z B
0.002}
% 200 400 600 800 100012001400 160018002000

M(,,) [GeV]

RestFrames Event Generation

@ With improved timing resolution we can better

L{@:);Aﬂﬂ(}eﬁ;__
— M%) = 200 GeV -

— M(X,) = 300 GsV_|
— M) =350 GeV ]

|

L

60

-l ||i||| | SR
80 100 120 140 160 180

Ey [GeV]



LLP decay angle

d( M(;T[ga) ) d( Cos(®

RestF Event G t 7050 7'zan5° _
it B A s L Restrrames Event Generston ct=106m
|l =—c1=20cm B T T T T T T T T B
L =—cT=10cm 107
o~ | ===cT=5cm 'I
q:?HN s
Zln \ E
=] 8 0,005&
= : 107
5 — Z
ot e e e 1078
-1 -08-06-04-02 0 02 04 06 08 1
cos 0._
% —|z
. 00 —0 . 0 400 600 800
RestFrames Event Generation xz xz_> Z(Ih xl Z(Ih 7‘1
0
_\I|||‘||||||||||||II|||II‘| LUNLINL L L I M G-e\ll"
0.03-=—ct=20cm (22) [ ]
| —ct=10cm ]
—~
% [ ===cT=5cm T
Z g£0,02
=L i 7
Tod F R
D L 4
1 L |
—|Z 0.01
! %‘%

$504-03-02-01 0 01 02 03 04 05
0., - 07" [rad]
L %4

2021-02-04 Dark Matter as a Portal to New Physics

))

=0
2

X



Neutral LLP search exampl

@® et e->/7 ->chilchi2 ->chi1 chi1 I+ I-

| v ® E+te->W->nuN->nunul+l-
'{/v & ...
/
LLP
7
"
/ # of unknowns > # of knowns + # of constraints
/ 2 momenta = 8 1 momenta =4 Ia — Ib

Iy
/ 1displaced vertices = 2
\

@ Therefore, we cannot get the unique solution for 8 unknown values. We need
to find other way to determine the mass of DM and mass splitting!
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Inelastic dark matter model

We consider the inelastic (or excited) DM with extra U(1), gauge symmetry.
@ There are at least two states in the dark sectors and there is an inelastic
transition between them via the new U(1), gauge boson.

@® The small mass splitting between two states, arise the co-annihilation
channel to be the dominant one of DM relic density in early universe.

@ The co-annihilation production for light DM via thermal freeze out is still
consistent with the CMB constraint for the amount of parameter space.

@ The constraint from DM and nuclear inelastic scattering is much weaker
than the elastic one in the direct detection experiments.

@® The excited DM state can naturally become long-lived and leave displaced
vertex inside detector after it has been produced such that we can search
for such novel signatures!
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Inelastic dark matter model

@ Muon g-2 anomaly [G. Mohlabeng, 1902.05075]
[M. Duerr, T. Ferber, c. earty, F. Kahlhoefer, K. Schmidt-Hoberg, 1911.03176]

A=04my my=3my ,ap=01

107!

my [GeV)

@® Xenon1T excess
[K. Harigaya, Y.Nakai, M. Suzuki,, 2006.11938]

120 [H. M. Lee, 2006.13183]
109 Il [ . [S. Baek,J.Kim, P.Ko , 2006.16876]
% bt
{ |
£ 6
: [

o aof l
53]
20+ — B
I SRl data
0 1 1
o AR o U I
—2F . . o
0 5 10 15 20 25 30
Energy [keV]

2021-02-04 Dark Matter as a Portal to New Physics



Inelastic dark matter models

1 , sine y 1 1 0
Lxgange = =7 XX = LB B 2@ = oo thole)  A@ =75 (, 50)
Lyyf= —EGCWZZI}f]?Zf mz >~ gpQp(P®)vp
f
Scalar model Fermion model

Qp Qp
P || 42 d +2
¢ || +1 X || +1

V(H,®,¢) =— 3 H H+ A (H H)? — p30*® + Ao (* D)2
— 50"+ A (07 ¢) + (nag®*¢* + H.c.)
+ Ao (HTH)(®*®) + Ay (HTH)(¢* ) + Moo (D*®) (0% p)

V(H,®,¢) =— p3 H H+ A\g(H H)? — 300 + \g(@*P)?
+Ae(HTH)(®*®) —(GNX®" + Hee)

—i%2 (2 X1 — X1 Xx2)

9D X, (920" p1 — $10" @2) 5

1 _
My, , = \/5(‘#35 + Argv? + Aogvh) F paevp My, , =My F fup

21ppvD
Do = Mg, = My, =

2 M¢1 + M¢2 AX = (MX2 - MXl) = 2fUD
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Search for LLPs in inelastic DM models at Be

Belle Il Detector The tracking resolution of e/mu

KL and muon detector: J momenta in the drift chamber

Resistive Plate Counter (barrel) i i
Millato[__j‘r?%l\VLSF+ MPPC (end-caps) detector is given by

//ﬁ/ 0p,e/Pet = 0.0011p,2[GeV]E0.0025/ 8

—

EM Calorimeter:
Csl(TI), waveform sampling
Pure Csl + waveform sa \\\\\\\\\

oll ‘Q\\{v‘
\\\\\\\\\b\‘\\\\‘\—«\\ —_—
R

Particle Identification
l;of-Prop?agation counter (barrel) The resolution of photon
g Aerogel RICH (fwd) . .
momenta in the calorimeter

b A

positron (4GeV)

electron (7GeV)

Beryllium beam pipe
2cm diameter

{Vertex Detector

cortral Drife Charr 8 S E The resolution for the displaced
He(50%):C2Hs(50%), Small cells, Iong= ¥ vertex of lepton pair
lever arm, fast electronics 4

Orpy = 26pum
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Displaced signature in Belle2 detet

Vertex detector

-\
~ Drift chamber
!
e Z
14
e A2
Calorimeter - X1
ZI
e
cle — O10 — D101 e cle — D102y — Or101e e
& } € — X1X2 —7 X1X1€ l € & { € — X1X27 — X1X1€ } ey
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Production cross section

@ The cross sections for fermion and scalar pair productions are scale by /2

and 3/ respectively, where beta is the velocity of the final state particle in
the CM frame

@® Hence, one can expect the production of the scalar pair is suppressed by an
extra factor of f compared with the fermionic case.

""""""""""""" 10— ‘ - 1
10} Doy, xq =0-1Mp,, x,. Ap=0.1, €=0.01 1 [ Borxy 01 Mgy, xy» @p=01, €001
@ mz:=8 Mg, | x, (Solid) %_‘ 5| mz=3Mp,  y, (Solid)
< =2.5M Dashed — g
_% mz o1 (Pohe0) 7 é mz:=2.5 Mg, , y, (Dashed) )
$ 1F =T 8 2%”
[ + - w
%) i e e 2XoX1
8 0.5f - ? e
e . L =TT o e e _)XZ X1 Y —_===‘
O S iuiuiisiniiala 5 1 j _.-—-———=='—
e e s ¢ T
0 1 .......................... €€ _)¢2 ¢1 Y )
. 0.5 ..........................
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 15 20 25 30
M GeV
¢1.x:(GeV) Mg, x,(GeV)
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Event selections

after event selections in our analysis

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

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

Benchmark points

We only conservatively consider the following two background-free regions

Objects

Selections

displaced vertex

i) =55cm < z < 140cm

ii) 17° < 9Py < 150°

electrons

i) both E(et) and E(e™) > 0.1 GeV
ii) opening angle of pair 6., > 0.1 rad

iii) invariant mass of pair me. > 0.03 GeV

o (I) My, \, =0.3GeV, Ay, =04My, \,, mz =3My, ,, and € =2 x 1072

o (II) My, \, = 3.0 GeV, Ay, \, = 0.1My, ,, mzp =3M,, \, and e =2 x 107°

muons

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

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

o (III) My, = 1.0 GeV, Ay, \, = 04M;, .\, mz = 2.5My, \, and € = 1077

o (IV) My, \, =20 GeV, Ay, =0.2M,, . mz =25M,,,, and ¢ =103

photons

(

(

(

(

(ii

(i) both pr(u™) and pr(pu~) > 0.05GeV
(

(

(

(i) Ef\g > 0.5GeV
(

i) 17° < 6]\ < 150°

2021-02-04 Dark Matter as a Portal to New Physics




L'ZD=0.1 , mz=3M¢1 ,A¢=O.1 M¢1

0.010f LEP ]
w 0.001f |
BaBar mono-y
1074 e'e ¢ doy ]
e'e ¢ ¢
10—5 L L ! .
0.1 0.5 1 5 1
My, (GeV)

ap=0.1, mz=3My,, Ay=0.4M,,

0

0.010 1
L T e BEBELIOTO e
‘____—-—' . El
W 0,007 frremrmmemmmmenenmennasaanaassmnen s 4
I e'e ey |
1074L
10—5 L L L L L L
0.01 0.05 0.10 0.50 1

My, (GeV)

ap=0.1, mz=3M,, ,A,=0.1M,,

0.010f LEP |

w 0.001F |
BaBar mono-y
1074} e'e X1 X2y 1
et eToX1 Xz
10—5 L L L
0.1 0.5 1 5 10
My, (GeV)

0.010

w 0.001

10

105

ap=0.1, mz=3My,, Ap=0.4M,

L L T S S T a1 L

0.01

0.05 0.10
My, (GeV)
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Scalar vs fermion: Angular distributio

@ In the CM frame, the normalized differential cross section can be written as

Scalar
1 do 3
_ — (1 — 2 0
o dcosb 4( cos™ 0)
Fermion o
1 do (1-— My ;gj\/lxl) + 4MX§MX2 )€+ 63/2 cos? 0 Massless limit 3 ,
o dcosf 2(1 — (M>%2;2]M>%1)2 n 4MX13MX2 )€ + 2¢3/2 — g(l + cos“ )

2 2 2 _ A2 )2
Where 5:\/1_2(M><2+Mxl)+ (MZ, — M3

s 52

We need to know the direction of

displaced vertex Note 8 is the direction of ¢,, x, relative to the positive beam direction

~ ,v"-/\ 2
[
, \ 350
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Angular distribution w/o ISR

0.08

< — 3| F =
z = 3 K4 0.07 B -
s oo scalar 5 | - .
[5) = 3| 8 006 =
= o = = I - -
L ooE 31 L 0.05 — —
— - - — . -
() = = = 3
£ e = oosf = E
£ 004~ —= F = E
k- E| =
= E 3 E =
(&) 0.02 3 002~ -
0.01E- = 0,01 fermion S
0 8 0% 04 02 002 04 D06 08 1 e Y S - B R - N S YR R
cosO cosO
% E % 012 T T T - T T T T T T MG
g "UE scalar 2 | 2 = The differences are still 3
=~ 0.08 :— ~ 0.1 —_ . . ——
- € Flk obviousinthe LAB -
© HET © - .
g = 0.06 E— - 0.08— frame! -
E 0.05 ;— 0.06 — 7
A 0.04 E— — .
g 0.03 - 0.04— =]
0.02 = 0.02 :_ ]
0.01 r fermion -
0T~ 08 08 04 07 0 0z 04 06 08 1 070308 S04 02 0 02 04 06 08 1
cosO cos
— M, =05GeV M, =15GeV = — M, =2.5GeV T M, =05GeV M, =15GeV  —— M =25GeV
1 1 1 1 1 '
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Angular distribution w/o ISR

After event selection
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Angular distribution w/ ISR
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Angular distribution w/ ISR

After event selection
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Mass & mass gap

# of unknowns > # of knowns + # of constraints

I v, 2 momenta = 8 1 momenta =4 Ia — Ib
'{/' 1displaced vertices = 2
/

LLP,

% @ Therefore, we cannot get the unique solution for

% 8 unknown values. We need to find other way to
// determine the mass of DM and mass splitting!

For each event, we can find a relation between the mass of DM and mass
splitting from the four-momentum conservation.

2
m

i —2E(1+a)Ev: i+ E — |pve|*+2 \' E(1+ a))? —m{,[zm--ﬁp)z(}

2
I?I.xz —

oy 1S the direction of displaced vertex, E is half of the CM energy,
Ey,, py, are visible energy and three-momentum in the final
states,and  m3, — my,

- 4E?
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Mass & mass gap

The crossing point from these events and kinematic endpoint measurement
can help us to determine the mass of DM and mass spilitting.

This method is based on “Kinematic focus point” [p. kim, K. Matchev, P. Shyamsundar, 1906.02821]

@® Assume we can have 100 signal events at the Belle2, then we will get 4950
solutions from each two events!
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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.
@® Lifetime era is coming!

New physics?

0(mm) CTx
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Kinematic distributions wi/o'l
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Kinematic distributions wi IS

Events/bin (norm.)

0.08
0.06
0.04
0.02

||l||||<|III|II||||||III||I|A|III|

N lII|[IIIlII|I[[|IIlllllllll|IIIIIII|III|III|

2021-02-04

0 1 I 1 1
0 0.5 1 15 2 25 3 35

E, (GeV)

= 01— —

£ - _

- - -
e

g L i

~ 0.08— ]

£ C ]

- 0.06 — —

S - i

= — -

= L =

0.04 — =

0.02— —

0 C I ‘A_—l_'J_I 1 a

0 0.5 1 15 2 25 3 35 4

max

AR

Events/bin (norm.)

Events/bin (norm.)

018~

0.16

0.12

0.1

0.08

0.06

0.04

o o o
> = o -
DIIIIIIIIIIIIIIIIIIII

o
)

o

=’ a llllllllllIlllIllllllllllllllllllll

[

ml]lllllllllllllllll[

3

4

5

E(y) (GeV) in the CM frame

Events/bin (norm.)

Events/bin (norm.)

1_% — BP1
- — BP2
10"
E — BP3
r — BP4
10°?
10° E-
10" ==
A4l00 42.00 (I) 2(‘)0 460 6(‘)0 860 1000 1260 1400
r, (mm)
0.5:— J— - - 8p1
C ; |~ BP2
04— . —|~ ps
0af- | e
02— —
0.1F : 3
. 1 J ]
o 2 4 6 8 10 12
m,, (GeV)

Dark Matter as a Portal to New Physics



Analysis results

Without ISR

Type BP |o (fb) |Eff.(low R.,)|Eff.(high Ryy)| Nevent Type BP |o (fb) |Eff.(low R.,)|Eff.(high R.y)| Nevent
BPle |948.14 |16.98 0% 1.61 x 10° BPle |2472.706.70% 0% 1.66 x 10°
BP2¢ 58.39 0.15% 2.48% 1.54 x 10° BP2e¢ |159.85 10.16% 2.27% 3.88 x 10°
BP2u|6.15  0.21% 3.33% 217.71 BP2;:/16.85 |0.20% 2.87% 517.30

scalar BP3e |1.86 10.06% 0.70% 200.09 scalar BP3e | 5.13 7.64% 0.02% 392.96
BP3p|0.61  11.25% 0.74% 73.14 BP3pu1.69  |8.83% 0.03% 149.73
BP4e |2.23  1.56% 9.34% 243.26 BP4e |7.14  |1.86% 3.29% 367.71
BP4p|0.74  |1.72% 10.78% 92.50 BP4;|2.35  |2.02% 2.87% 114.92
BPle |3856.0014.26% 0% 5.50 x 10° BPle |2503.606.14% 0% 1.54 x 10°
BP2e |422.80 10.17% 2.35% 1.07 x 10* BP2e |167.10 10.16% 2.16% 3.87 x 10?
BP2u|44.63  0.22% 2.97% 1.42 x 10% BP2u|17.66 0.18% 2.67% 503.31

fermion BP3e |7.99 10.20% 0.42% 848.54 fermion BP3e |5.05 T.77% 0.02% 393.40
BP3p|2.69  11.20% 0.46% 313.65 BP3u1.70  |8.80% 0.02% 151.47
BP4e [11.71  |1.57% 7.82% 1.10 x 10? BP4e |7.14  |1.95% 3.14% 363.43
BP4y/3.88  1.69% 8.75% 405.07 BP4;:|2.37  |2.05% 3.44% 130.11
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Timing detector resolution
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