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and its properties at colliders

: Kinematics & future prospects
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Introduction

Neutral LLP searches

LLP event topologies & reconstruction
Neutral LLP search @ HL-LHC
Inelastic DM search @ Belle?2

Summary & Outlooks
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Long lived particle

The Standard Model

We have u, n*,K;,B* n, ... ....

Beyond the Standard Model

Motivation

Top-down Theory

IR LLP Scenario

Naturalness

Dark Matter

Baryogenesis

Neutrino
Masses

RPV SUSY
GMSB
mini-split SUSY

Stealth SUSY
AXinos

Sgoldstinos

Neutral Naturalness

Composite Higgs

Relaxion

Asymmetric DM
Freeze-In DM

SIMP/ELDER

Co-Decay ==

Co-Annihilation

BSM=/—LLP

(direct production of BSM state

LHC that is or decays to LLP)

Hidden Valley =

at

Dynamical DM

SM+S

! exotic Z

WIMP Baryogenesis
Exotic Baryon Oscillations

SM+V (+S)

decays

Leptogenesis

Minimal RH Neutrino

exotic Higgs

with U(1)s-L Z°

with SU(2)r Wr

long-lived scalars

with Higgs porta] ==
from ERS - - dosviwmmigent, 2

Discrete Symmetries

decays

HNL

exotic Hadron
decays

[1901.04040]
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What makes particle long-lived?

Approximate symmetry Small coupling
Heavy mediator

1.2 fm (]Wmediator) ! ( 1 TeV )
CT R — :
g Mrrp Mrprp

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

0 (mm) CTy

We have huge parameter space to investigate!
3
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LLP searches at colliders and |

[from LLPX James’s slide]

AN

EXPERIMENT

D)
ANUBIS

- --

And more ....
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LLP signatures at collider disappearing or

Dong Woo Kang (KIAS)

displaced Kinked tracks \
multitrack vertices \ - )
' ) non-pointing
© e (converted) photons

lepton-jets, or
lepton pairs

\ : trackless,
. low-EMF jets

multitrack vertices in the
muon spectrometer

image from Heather Russell 5
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Timing detector @ HL-LF

MTD design overview

ENDCAPS

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

Radiation level ~2x10™ n__/cm?
Sensors: Si with internal gain (LGAD)

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

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




Time stamping
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T

Timing layer

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

0
10 L ‘ ‘ ‘.‘ d '.' / 3
S : p 7 S :
107 v G oy @
B e w2 -/-’ ------ o fecplafenienaneniannns :
102 VR YL PR
- f \ \ ) S ’ , 7, y ..,oo ;
§ 10—3_ \ \ ". \ / ‘ ‘o"’ ¢ — 1
VW o 7, ho XX, X=2]j] °
I , Nl L7 LA —— Ms@ops), at0.4ns
x 107°¢ \ S\RT T S e MS(200ps), At>1ns -
m i LU ' T, a — — MTD(30ps), At>1ns :
1077 \\ P57 N S MS2DV, noBKG -
3 « 7T e MS1DV, optimistic :
1077+ — 1
.| myin[GevV] M 10 B 40 B 50 .
10- PEEPEPIRTOY | sasssal sasud & sassasd 2 2 sasasd sasand o 2 sass N - | aassand & s 2as
10~ 1072 10™" 10° 10" 10% 10® 10* 10° 10° 10" 10°

Precision Timing Enhanced Search Limit (HL-LHC)

ct (m)




LLP event topology

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

.. and more

(A) Pair produced BSM LLPs (B) Compressed neutralino, Inelastic DM, .... (C) Long-lived right-handed neutrino,

pp = i — h+ G- SM+G ete™ > Z' > poy1 =yl HNL, RPV SUSY,

PP = Jhds = TNWZZ = T

K, 269
K,S.C.Par 04 (2021)
Q. Meier; &- Ro%S 13;;, Ko, Chin-Ting Lu, JHEF
z. Flowers: & fiep’o 03 (2020) (DWK, P
9
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Timing detector @ HL-LHC

[J. Liu, Z. Liu and L. Wang, 1805.05957]
A T a b

@® We can measure displaced vertex
+

@® We can measure time of flight (ToF)

l

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

10
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Iaq————' '4: Va

Reconstruction with timing inform SN
LLP,
Lab frame LLP rest frame
g LLP _  lab ( g lab _ o lab g lab ) i p p
% TP v —Py -BrLp p P = _p LLP
wooo_ T
PLipT = PIT + PVT Prip = Pv T P1 = (mP’ O)
- BB L
lab . (plab | o lab EVLLP — _LLP 1 v
b LT " \PrT TPy 2Mrrp
= brip = b |2
‘IBLLP,T‘

—1
L lab lab
mrrLp = (WLLP) ELLP

lab

_ 2
\/"_(LLP) lab lab lab
— lab 12 Lla;P,T ' (pI ,%“ "l_pV,aT)
B |
LLPT

— 2 LLP 2
mpip — \/mLLP_2mLLPEV —I—mv
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Neutral LLP search examplé

# of unknowns = # of knowns + timing information

Piip,s Pripy, Piys Pr, Py, Py, =8 r,1T, = 2
=16 p'Imiss =92
s P =4

Pao, T + PoT = PI,T + PV, T+ DV, T
= EoBo1 + BB = P1,T + DV, T + PV, T

3-momenta reconstruction B, = X PPyt Py) = L iy, +py) K
A A ’ ﬂbxﬂa'k ’ ﬂaxﬁb'k
P X (pr+py +py) -k PpX(p;+py +py) -k
Prip, = - P, P, = = ﬂa_pVa
ﬂbxﬂa°k ﬂbXﬁa°k
) ) We can find unique mass pairs without assumptions
PuX(pr+py +py) k PuoX(pr+py +py) -k
PrLip, = b Pp = :Bb_pVb

Bux By -k B.x By -k
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[M. Park and Y. Zhao, 1110.1403]
Neutral LLP search exampl : [G. Cottin, 1801.09671] See also [K. Bae, M. Park, and M. Zhang, 2001.02142 ]

# of unknowns = # of knowns + # of constraints

Piip,, Prip,, Pi,, Pr, Py, Py, =8 m, = my,
=16 miss - .
Pt 2 mla —_ m]b
Ty, Tp =4

@ 4-momentum conservation

22 2 Lop. |2 2 O .
m; = mj +mj,. +2Ey, \/ mj + p 1"| 2py Py,

m2 =m2 4+ m2 L2 « /m2 2—2py -
m;, = mj, +my; +2Ey; \/ my, + |Pp,|° = 2Py, - Py,

@ For each event we can find

Pa, T + PbT = PI,T + PV, T + DV,,T 800 ——m8M8 ——————————————

= Eofa,r + EbByr = P1,7 + PV, T + PV, T -
® We can find 1 or 2 positive mass

o 600 . . .
3-momenta reconstruction o pairs with 2 assumptions
.
. o . o D my=mp, m; = my
rp, X (py+py +py) -k rpy X (py+py +py) -k 2. 400 . ’
Prip, = = Tq P = = Y'o—Py, =
Py X7,k Py X7,k =
A ) 200
TaX(Pr+py, +pPy)  k Ta X (Pr+py,+pPy)  k '
p — ~ r p = — 7 _p L
i Fox 7y ’ b Fox iy pooh L . .
0 200 400 600 800

M, [GeV] 13
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Monte Calro Simulation

Event simulation with MGS + Pythia8

pp— LLP LLP,—V_ 1 V, I,

a
® Case1: LLP, = LLP,, 1, = I,

MLLPa — MLLPb —_ 400 GeV
MI — Mlb — 200 GeV

a

® Case2: LLP, # LLP,, 1, # I,

M,.p,: 300 GeV, My;p, : 600 GeV
M,, :100GeV, M, :300 GeV

Detector effects are simulated with gaussian smearing

Dong Woo Kang (KIAS) Workshop on particle physics and cosmology 2021 (27th Nov 2021)
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. 0 muevs, _:.:-__,_:;-:1_.-_
Reconstruction Summary ooo EH-Pevsie ok e
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> e
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1 . © ‘5 |
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0.008_..'tin}ingrecol\/fhnv.‘._ ' | : : timfingr(?COMTLLP | : | ' 0.001 .
§.§|”Va o S -~
‘ - e 0.008F e | 0 ; OTR R It
ooost & 000057500 400 600 800 1000 %% 200 400 600 800 1000 1200
E ‘ R R § ooosl Miny Miip
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Timing reconstruction of neutral LLP de

MGs+Pythia8+Delphes with 200 pile up
~ o~ ~ o~ ~ o~ + p— p4+ p—
PP = Joir = X LL =\ fTCTETC
a3

[
Al

v 4 | o0 oo g
50 RestFrames Event Generation X, X, Z(l) X, Z(1D) X,
B LI I | I LI I LI I LI I | I L l L | I L | L _
S ,I ................ M (,2.2.)..;,3.400..(3gev....._‘

0.2

70 e~ i z s z z
X1 - \ — M(}) =200 GeV -

N —MmEh - :
/\O 15 ._.. .............. R - - M &l) 300 GeV _

zZ< F | M) =350 GeV -

9020 60 80 100 120 140 160 180
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~0~0

.1 ] | RestFrames Event Generation X, X, —>Z(”)X Z(”)X
Timing reconstruction of neutral LLP d

IIllIllllllllllllIIIIIIIIIIIIIIIIIIIIII

I M@Z ) =400 GeV. ]
~ o~ ~ o~ ~ o~ +  pop— o4+ p— 0.04|— TSRO SR S S h ............. _
- s B _
PP = Jodo 2 X11LL = )T CTETET 2 M —m e :
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(B) e

Neutral LLP search example ,L,/V“ b

Inelastic dark matter model /

Ib / A
1

1 sin € -

EX,gauge — —ZXHVXNV > B“VB“V d(z) = 75(’01) + hp(zx)) H(z) = % (v +(;z(a:))

Lp;=—cecw Y xsf2f mz =~ gpQp(®)vp
f
Scalar model Fermion model
Qb Q
@ || +2 ® || +2
o || +1 x || +1

V(H,®,¢)=—pyHH+Ag(H H)? — p30*® + \g(®*®)*
— 50" b+ Ap(6*9)* + (ap®*¢* + H.c.)
+ Aga(H H)(®*®) + Aug(H H) (¢ 9) + Aoy (@) (¢ ¢)

V(H,®,¢)=—p%HH + /\H(HTH)2f— pa®*® + \g (0*P)?
+Age(HTH)(@*®) —(5Xx®" +~ He)

90Xu(620"$1 — 10" 2) —i72 (e X1 — Xa Xx2)

MX1.2 = MX I f’UD

1
Mgy, , = \/5(—/“2 + Aggv? + /\<1>¢’Uf>) + HepUD

| 21 ppUD
— Aﬂfél — :

My, + Mg,

Ay =My, — My,) =2fvp
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Displaced signature in Belle2 detec

e
Vertex detector e
¢17X1 12
< .
Drift chamber i X1
A1
e
7 e
A2
Calorimeter X1
ZI
A1
,,,,,,,,,,,,,,,,,,,,,,,,,, 1()A
! b1, x4 =0-1 My, ., ap=0.1, €=0.01
10F gy, x; =01 Mp,, x,» ap=0.1, €=0.01 | 1A 1A
8 5f mz=3My,, y, (Solid g 5p mz=Mey. x (Sold)
g mz=2.5 Mg,  y, (Dashed) - S mz:=2.5 Mg, x, (Dashed) :
s | =TT O .27
() _____---'-‘-'3"‘"-_— D ” -
»w 1f . N
7)) ; e e X2 X1 7))
g o5t o ___--- § =
O —___-'--'-'-ﬁ:-:::‘-:‘: ------- O 1:’ _________
. + o=
e e =>¢ P4 B e
0.1.111l‘1....111L‘1....1AA“ 0.5,1“..1..AA1A...1..AllA...
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
Mg, x; (GeV) Mp, y, (GeV)
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Displaced signature in Belle2 det

Vertex detector

D1, X1
A Drift chamber
Zl
4
X2
Calorimeter
ZI
S + S S S
ete” = O1ds — dr1dpreTe ete” = D1y — d1d1eTe
eTe” = xix2 — Yixie e eTe” = YixeY — xixie ey

* Mono-y : ¢,(y,) decay outside the detector or decay products are too soft
* Mono-y with prompt lepton pair : ¢),(y,) prompt decay
* Mono-y with displaced lepton pair : ¢,(y,) long-lived and decay inside the detector

# Only prompt lepton pair: ¢,(y,) prompt decay
# Only displaced lepton pair: ¢,(y,) long-lived and decay inside the detector

Dong Woo Kang (KIAS) Workshop on particle physics and cosmology 2021 (27th Nov 2021)
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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

Q
\\
:

s
EM Calorimeter: :
Csl(Tl), waveform sampling (b

. Pure Cs| + waveform sa \\\\\\\\\\\ {

W

‘Q\'W

electron (7GeV) Sy o /

g .

f - - - . T N

Beryllium beam pipe . : 4 >

fif

\

~2cm diameter .
;
Vertex Detector ////

\Zlayers DEPFET + 4 |a -w;//'/f

S

<™

—~
=
.

4 : L

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)

MGs5+Pythia8

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 det

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

Benchmark points
o (I) My, ,, =0.3GeV, Ay, ,, =0.4M,, ,,, mzy =3M,, ,, and € =2 x 1072

® (II) M¢1,X1 = 3.0 GeV, A¢1,X1 — O.1M¢1,X1, Mmygr = 3M¢1,X1 and € = 2 X 10_3

® (HI) M¢1,X1 = 1.0 GeV, A¢1,x1 - 0'4M¢1,X1’ my = 2'5M¢1,X1 and € = 1073

® (IV) M¢1,X1 = 2.0 GeV, A¢1,X1 — O.2M¢1,X1, Mz = 2.5M¢1,X1 and € = 10_3

Dong Woo Kang (KIAS) Workshop on particle physics and cosmology 2021 (27th Nov 2021)

Objects

Selections

displaced vertex

i) =55cm < z < 140 cm

i) 17° < 6PV, < 150°

electrons

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

iii) invariant mass of pair me. > 0.03 GeV

muons

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) both pr(u*) and pr(p~) > 0.05 GeV
(

(

(

(i) E{rg > 0.5GeV
(

ii) 17° < 67 \g < 150°
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Future sensitivity

6+6_ — ¢1¢2 — ¢1¢16+€_

ere” — G1ay — Prdie’ ey

eTe” — Yix2 — xixie e

Type BP |o (fb) |Eff.(low Ry, ) |Eff.(high R;y)|Nevent
BPle |948.14 [16.98 0% 1.61 x 10°
BP2e |58.39 |0.15% 2.48% 1.54 x 103
BP2u(6.15  |0.21% 3.33% 217.71

scalar BP3e [1.86 10.06% 0.70% 200.09
BP3x[0.61 |11.25% 0.74% 73.14
BP4e [2.23  |1.56% 9.34% 243.26
BP4,(0.74  |1.72% 10.78% 92.50
BP1le [3856.00(14.26% 0% 5.50 x 10°
BP2e [422.80 [0.17% 2.35% 1.07 x 10
BP2.:|44.63 |0.22% 2.97% 1.42 x 103

fermion BP3e |7.99  [10.20% 0.42% 848.54
BP3u(2.69  [11.20% 0.46% 313.65
BP4e |11.71 |1.57% 7.82% 1.10 x 103
BP44(3.88  |1.69% 8.75% 405.07

Dong Woo Kang (KIAS)

e"e” = xax2Y — xaxie' ey

Type BP |o (fb) |Eff.(low R;,)|Eff.(high Ryy)|Nevent
BP1le |2472.706.70% 0% 1.66 x 10°
BP2e [159.85 [0.16% 2.27% 3.88 x 103
BP24|16.85 |0.20% 2.87% 517.30

scalar BP3e [5.13 7.64% 0.02% 392.96
BP31|1.69  |8.83% 0.03% 149.73
BP4e |7.14  |1.86% 3.29% 367.71
BP44|2.35  |2.02% 2.87% 114.92
BP1le |2503.606.14% 0% 1.54 x 10°
BP2e |167.10 |0.16% 2.16% 3.87 x 103
BP24|17.66 |0.18% 2.67% 503.31

fermion BP3e [5.05 |7.77% 0.02% 393.40
BP3u|1.70  |8.89% 0.02% 151.47
BP4e |7.14  |1.95% 3.14% 363.43
BP44|2.37  |2.05% 3.44% 130.11

Workshop on particle physics and cosmology 2021 (27th Nov 2021)
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Future sensitivity

ap=0.1, mz=3M, ,A,=0.1M,, ap=0.1, mz=3Mg, ,84=0.1My,
0.100 0.100
0.010 0.010
W 0.001} W 0.001f
BaBar mono-y BaBar mono-y
107 e'e X1 XY 107} et e > oy -
| e*e X1 Xz e* e 51 by
1078 — — 105 _ -
0.1 0.5 1 5 10 0.1 0.5 1 5 10
M, (GeV) My, (GeV)
a[)=0.1, mz'=3MX1, AX=O'4MX1 CZD=O.1, mz=3M¢1, A¢=O.4M¢1

0.010"

BaBar mono-y .

AT,
)

5
v _

w 0.001: |
107 - ]
; e'e >gidoy
10_5 | | | | | | | [ | | | | | | | [ 10_5 | | | | | | | [ | | | | | | | [
0.01 0.05 0.10 0.50 1 0.01 0.05 0.10 0.50 1
M,. (GeV) My, (GeV)
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Reconstruct mass & mass

# of unknowns > # of knowns + # of constraints

2 momenta = 8 1 momenta =4 I, =1,
Therefore, we cannot get the unique solution E—
2 = 1
where, @ = —2 £
: 4E?
4-momentum conservation
m2 —m% —2E(1 + 0)Ey + E2 — |py|* + 2. /(E(1 + @))? — m&(Fpy - py) = 0
The crossing point from these events and kinematic endpoint measurement can help us
0.400 BP2 : e+e_—>)l(1X2 —)X1X1/+/_ 0 00 BP2 : e+e__)Z,V_I)X1X2V_)X1X1I+I_V
' [
: [
A event-1 i 03757 event-2 i
0.350 | 0.350 - |
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Reconstruct mass & mas:

Assume we can have 100 signal events at
the Belle2, then we will get ,,C, = 4950

solutions from each two events!

BP2 : ete™ = yix2 = xixiltl™
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V\_/e need to know the direction of
Scalar vs fermion: Angular distribution displaced vertex

0,613 X1

N

1, X1
If ¢,, y, are long-lived, can we determine their spin ? 4
In the CM frame, the normalized differential cross section can be written as
Scalar Fermion
2 agr2 32
1 do 3 1 do (1 (M 2MX1) | 4M><1 Mo )€ + 63/2 cos? @ Massless limit 3
2 - S 2
—(1 — cos” 0) = M2 M2 )2 )  — (1 + cos® )
— 4M M
odcosf 4 o dcost 2(1 W — al” X2 ) 2£3/2 8
Where ¢ = \/1 _ 2(M3, + My,) n (M2, - Mgl)
S s2
Angular distribution w/o ISR Angular distribution w/ ISR
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We discuss how to reconstruct the event with neutral LLP decays based on

displaced vertex and missing energy which can provide the understanding for the
underlying new physics.

Our methods are generally applicable to any model with similar decay topology
which can cover wide class of lifetimes and masses at the colliders and beyonds.

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.
’,{/ p ® The timing detectors will flash the hidden/dark sector and LLP searches.

(A)

Inelastic DM @ Belle2

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

® P @ With the help of precise displaced vertex detection ability at Belle2, we can explore the DM spin,
Wa/"*/ | 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

"’ J it can be covered in our displaced vertex analysis during the early stage of Belle2 experiment.
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Outlooks my

New Physics?

Background estimation

ABCD methods for LLP searches using machine learning

Simulation for Hidden Valleys / Dark Sectors

0 (mm) CTy

Dedicated detector simulation for LLP searches
Dedicatd Delphes Module for Neutral Long-lived Particle Decaying in the CMS Endocarp Muon Detector.

Recasting the LLP searches

CheckMATE2, MadAnalysissg, ...
Machine learning for LLP searches at the LHC and beyonds

Long-lived jet tagging using the CNN non-pointing photon search using the CNN

Searched based on DGCNN Unsupervised SUEP

New types of collider signatures

Tumblers
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