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Search f@/ Physics

Long-lived particles (LLPs) are important ways to new physics

Non-ambiguous signal for new physics

 Leads to origin of dark matter, neutrino mass, baryogenesis...
Relatively long lifetime naturally appear in many BSM models
 Weak couplings to SM particles

 New scalars, glue balls, heavy mediators, dark photons, ALP, SUSY...
Distinct and detectable signature

« Displaced object/vertex with a relatively long distance from main vertex

* For neutral particles: burst of energy appearing out of nowhere and far
away from collision point

* For charged particles: disappearing tracks, heavy/multi-charged particles
Advantage of lepton colliders

« Clean environment

« Trigger-less equivalent

Power of deep learning

* Image recognition and pattern identification
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LLPS Signatures

==sss peutral HSCP displaced B BSM
. . . . m—— charged ‘ dil L)
Mainly decay inside . - < ~siien
near detector : i
A~0 (1) m disappearing N | displaced
track 2% | 3 % lepton
« Displaced vertex and
object P NRKLE XA
displaced \ ". "’.’. displaced
dijet '.,‘ photon
« Various final states ‘V} '
W|th different decay . not pictured:
pro ducts d‘jgﬁe‘fd i displaced out-of-time decays

conversion

Figure from [A. De Roeck, Phil. Trans. Roy. Soc. Lond. A 377, 20190047 (2019) ]
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LLPs at Lepton Collider

efe” > ZH -»vv+ X; + X, - viqqqq

Type-I:
2-jet

Type-ll:
4-jet
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Deep Learning Techniques

Advanced neutral networks trained with low-level detector
iInformation

 No event reconstruction

No vertex reconstruction, no object reconstruction

« Hit-level information based on energy, time and position

Full simulation sample after energy calibration
Detector resolution effect taken into account

« Simplified analysis strategy

Universal treatment for all decay channels

No need to adjust event selection and tuning for different channels
No need to re-optimize analysis for different LLPs mass and lifetime
Type-l and Type-ll signhals

SM backgrounds

« ete  »qq,ete” »ZH ete - WW/ZZ
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Image Building

. . . Tracker Hits
101 CEPC Simulation LLP Decay Vertex:

Vs =240GeV w 3,58 m, 4.19 rad

LLP Decay Vertex 2:
ete "3 ZH-» v+ X + X; ﬁ 2.64 m, 1.87 rad

84 X1—qq.X;—qq

Rhit,M axE
C

Include both calorimeter and tracker hits
2D image of (R,¢) = 200 x 200 with two channels

At = this MaxE —

107}

Hit time (ms)

Hits energy: bigger pixels represent hits with larger energy
Hits time: darker pixels represent hits with smaller time differences
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Event Images

] . L m Tracker Hits
101 CEPC Simulation LLP Decay Vertos

Vs =240GeV 4.50 m, 2.30 rad
ete " »ZH-qq+ X1+ Xz
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Convolutional Neural Network

ResNet1l8 model
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Slgnal Efficiency and
Acceptance

Efficiency (%)

Lifetime [ns]

Approach
Mass [GeV] 0.001 0.1 1 10 100
1 81.84+0.1 90.7+0.1 789+0.2 744+0.6 765+1.9
CNN 10 80.24+0.1 895+0.1 91.24+0.1 887+0.1 83.6+05
50 87.5+0.1 96.7+0.1 99.3+0.0 984+0.0 93.5+0.1
« High efficiency while keeping background free
 Maximum efficiency ~ 99% [50GeV, 1ns]
Acceptance (%) Lifetime [ns]
Mass [GeV] 0.001 0.1 1 10 100
1 100.00 + 0.00  99.86 + 0.01 18.76 + 0.18  6.49 + 0.09  0.67 + 0.03
10 100.00 + 0.00  100.00 + 0.00  99.78 + 0.01  46.80 + 0.16  6.22 + 0.08
50 100.00 + 0.00  100.00 + 0.00  100.00 + 0.00  99.31 + 0.03  40.37 + 0.16

« High acceptance for smaller lifetime or heavier mass
« Travelling distance of LLPs before decaying

L.Li, LLPs Search with Deep Learning at Lepton Collider @ IAS Program on High Energy Physics, Hongkong, China

Jan 18th, 2024



1.6

1.4

1.2

0.8

0.6

0.4

Acceptance x Selection Efficiency

0.2

Slgnal Efficiency and
Acceptance

CEPC Simulation
/3 =240 GeV, 20fb~?
ete” = ZH — q3/vi + X1 + X>
CNN GNN
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LLPs Search Sensitivity

| CEPC Simulation a) ey =0.2
V3 =240GeV, 20fb~!
2
ete” = ZH — q@/vv + X1 + X,
S 1o BR(X-9)
. . _ S

o . Combined, with ey = PR ) fixed
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107°
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« Assuming fixed ratio between type-l and Il signals
 Best exclusion limit on BR(H=>LLPs): 1.2 x 107°
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arch Sensitivity
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 No Assumption on ratio between type-l and Il signals
» Best exclusion limit on BR(H2LLPs): 1.5 x 107°
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Graph Neutral Network

Features Variable Definition
|x¥| the space-time interval
u . .

i the invariant mass
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calorimeter type node i 1422
;i 1in—2
2
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calorimeter type edge between node i and j i Xju» Pi Pjw Xi Piw> Pi L

|xf _X?L |P:l ‘Pf.{l’ ni—MNj¢i— ¢, R; _Rj

7| euclidean distance

N; the number of hits
tracker type node i n 3In 11 t%%

b arctan

R; Vn* + ¢?

tracker type edge between node i and j

lri —r;lrirsmi —m5, ¢ — 65, Ri — R;

O tracker type node
— tracker type edge

O calorimeter type node
— calorimeter type edge

« Features of nodes: calorimeter-type and tracker-type
* Features of edges: interaction between neighbor nodes
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GNN Results

Table 1: Signal efficiencies for different LLPs masses and lifetimes obtained with
CNN-based and GNN-based approaches. All efficiency values are presented with their
corresponding statistical uncertainties.

Efficiency (%) Lifetime [ns|

Approach
Mass [GeV] 0.001 0.1 1 10 100
1 81.84+0.1 90.7+0.1 7894+02 74431086 765119
CNN 10 80.2+0.1 89.5+0.1 91.2+0.1 88.7+0.1 83.6%0.5
50 87.51+0.1 96.7 + 0.1 99.3 + 0.0 98.4 + 0.0 93.5 + 0.1
1 82.9 + 0.1 89.4 1+ 0.1 79.9 + 0.2 79.9 4+ 0.6 80.2 4+ 1.8
GNN 10 76.7 + 0.1 86.0 + 0.1 91.2 £+ 0.1 85.7+0.2 83.7 4+ 0.5
50 88.0 + 0.1 91.8 + 0.1 97.4 1+ 0.1 97.4 + 0.1 93.0 £+ 0.1

 Consistent results between CNN and GNN within statistical
uncertainties

« Maximum efficiency ~ 98% [50GeV, 1ns]
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2D LLPs Search Sensitivity

CEPC Simulation

7 =100.0 (x0.01)

B T =10.0 (x0.2
16 /s =240GeV, 20fb7" - 7=10 (xo3)
ete” =+ ZH =+ qi/vo+ X1 + X ::;gém
¥ My =1[GeV]
1 GeV
10
8
N
6 ~
~
~
~
4 ~
~
N
2 \_‘- ~ N
|
. ~
0 i =
0 20 40 60 80 100 120

B(H — X1Xa)l e ( % 10°)

B(H = X1X3)| 4500 ( X 10°)

25

20

CEPC Simulation
/3 = 240GeV, 20fb7"

ete = ZH - qf/vi + X; + X2

Mx =10[GeV]

- 7=100.0 (x0.5)
7=10.0

—1 =01
== 7= 0.001

10 GeV

20

40

60 80 100 140 160

B(H — X1X3)|p4e, ( % 10°)

120

B(H — X1.X3) g0 ( X 10°)

ES

B(H — X1X2)|p g0 ( % 10°)

2D upper limits on B(H — LLPS)|¢ype—1, B(H = LLPS)|type—11
 High mass (50 GeV): better sensitivity
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Comparison to ITraditional Method
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* Orders of magnitude improvement

+ “Flatten the curve” for short lifetime
 Power of deep machine learning
« Maximize signal efficiency
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External Detector Design

LLP decay

An external detector covering distance of AL=100 meters

) Gain Lifetime [ns] L
Mass [GeV] 0.001 0.1 1 10 100 F . Aﬂ AL e_a
1 1 1 32 11.6 16.2 gain — 41T d
Ext. Detector 10 1 1 1 3.3 11.8
50 1 1 1 1.1 3.6

* Improvement factor (Fg,,) depends on detector length

- Best scenario: “flatten the curve” for the long lifetime case
« Geometric acceptance
« Detector volume, cost
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Summary and Outlook

v LLPs Search with Deep Learning at Lepton Collider
« Clean environment with distinct detector signature
« Best exclusion limit on BR(H>LLPs) @ 20 ab?: 1.2 x 107°
1D and 2D sensitivity results
« Significant enhancement from deep learning techniques

« Simplified analysis strategy compared to traditional method
 Low-level detector information without full reconstruction

« Signal efficiency as high as 99%
« Short lifetime: biggest improvement
« External detector might help with long lifetime LLPs search
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