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1. Theoretical motivation




= Dark photon

« A hypothetical particle mediating the Standard Model (known)
and dark sector (unknown)

« Could decay into the SM particles which are detectable

<Dark sector scheme with the SM [1]>
The Standard Model (Known)

Bosons

8 gluons

Quarks

W+ W- 2° H

P—— y-Z°mixing

Leptons

N

Dark Sector (Unknown) — y-A'mixing

v — 7

[1] Insung Yeo and Kihyeon Cho, J. Astron. Space Sci. 35, 67-74 (2018).




=" Dark photon decaying into the SM particles

* Through kinetic mixing between dark photon and photon

<Branching fraction of dark photon decaying into the SM particles [1]>

0.1 0.2 0.5 1.0 2.0 5.0 10.0
MA' [GeV]

« Dark photon (4’) decaying into a muon pair (u* ™) [1, 2]

[1] Brian Shuve and Itay Yavin, Phys. Rev. D, 89, 113004 (2014).
[2] Insung Yeo and Kihyeon Cho, J. Astron. Space Sci. 35, 67-74 (2018).



= Signal modes

< Simplified Model < Double dark photon modes
ete” > A'A andete” - A'Ay
<The simplified model between UV and EFT [1]> _
| m | — v
wruT whus

Top-down approach | « Ultraviolet (UV) model: SUSY, ExtraDim, ...

{5 Mppg, M, Mgy ey G0 Gor o}

SM DM . -
~ v + e .
v Yy " g 2, Iz 9!1/2247_ o

.. __,_f"'d- v
'vn‘\gl 11 A
YA

N ; o
W NN =l

ete” - A'A ete” > A'Aly

~ -
At ¢ A

« Simplified model: SM+DM+Mediator particles ' o ) »
ﬁ; ;mnle ' 7 /"‘;;JWUJ\'\J.urvvwv.:'::/ -""%}’NIM“.;A“W.' 1
{L; mpy o 9om: Jq} vy A 9y u Pl 9ty

[

SM ]l DM " (a) (b)

Bottom-up approach | * Effective field Theory (EFT) model: SM+DM particles
{Lsmppy, M.}

K. Park and K. Cho, J. Astron. Space Sci. 38(1), 55-63, 38(1), 55-63 (2021).
K. Park, K. Kim and K. Cho, J. Astron. Space Sci. 39(1), 1-10 (2022).

Kentarou Mawatari, KAIST-KAIX workshop (2019.7.15)



Background modes

eteT - utuTut
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Z-Z interaction with ISR y

« Dominant the SM background (asy > aps)

Kihong Park, Kyungho Kim and Kihyeon Cho, J. Astron. Space Sci. 39(1), 1-10 (2022).

Z-7 interaction



= Background modes:
ee” > putuTutuT and eteT - utuTutuTy

* Cross-section depending on the center-of-mass energy (+/s)

e-l-e'_) + = + - - - -
Hrpptp ete sty

Cross-section[pb]

—_
o

Cross-section[pb]

—
(=]
n

107

10°*

Tok¥ 303 BumiANE MEda croas secten

10°° '
=3 total cross-section
Z interaction with ISR y

10°°

i E y- v interaction
107 - Z-y interaction (below 90 Gel| 107 E ¥- ¥ interaction with ISR y
] Zry interactian (above 80 Gevl I Lo |‘|:'2 I Lo |‘|:':1 L - Z-Z interac tion Ll L el
1 10 1 1
CM energy[GeV] 1 10 10° CM1eoflergy[GeV|

= Strategy

« Complex process & sufficient event generation = KISTI-5 supercomputer
« Should be removed as many as possible = Machine learning

Kihong Park, Kyungho Kim and Kihyeon Cho, J. Astron. Space Sci. 39(1), 1-10 (2022).
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» Future electron-positron collider experiments

Spec. CEPC/CEPC FCC-ee/IDEA

ILC/ILD

Circular Electron-Positron Collider
(CEPC)/CEPC

(2030~, IHEP/China) (

Accelerator/

Detector
Circular Electron-Positron Collider http://cepc.ihep.ac.cn/  Future Circular Collider https://home.cern/science/accel
Circum. or 100 9775
length [km] '
Vs [GeV] 91, 160, 240 91, 160, 250, 350
Place IHEP/China CERN/Switzerland
Data taking 2030~ 2038~

Future Circular Collider (FCC)-ee/
Innovative Detector for Electron-
positron Accelerators (IDEA)

2038~, CERN/Switzerland)

erators/future-circular-collider

International Linear Collider(ILC)/
International Linear Detector(ILD)

(2034~, Japan)

International Linear Collider  https://linearcollider.org/

20.5 31 40

250 500 1000

Japan

2034~

Zyla P. A. et al., Review of Particle Physics, Prog. Theor. Exp. Phys. 2020(8), (2020).
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2. Methodology



" Flowchart of the study

C Start )
2

@ Physics simulation

@

@ Detector simulation

«

® Reconstruction

-

@ Machine learning

«

® Analysis




@ Physics simulation

C Start )
',

@ Physics simulation

-

@ Detector simulation

«

(® Reconstruction

-

@ Machine learning

«

® Analysis
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* Signal event generation using MadGraph5
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* Background event generation using MadGraph5

~ _
A 7 v

Z___—t . Tt
5 i e o e
VS P
+ s ol e <
e el " ~__
‘ ot et T

T e e
e Y, o+~ Y
Z interaction with ISR y y-y interaction with ISR y
3 e o e n
S oo M nZonnZ
o o
A et =
<
gt I mmmae——
> /" Z 3
A E2htaaet i St

Z-Z interaction with ISR y Z-Z interaction



@ Detector simulation

C Start )
',

@ Physics simulation

-

@ Detector simulation

«

(® Reconstruction

-

@ Machine learning

«

® Analysis

* Using Delphes for Belle I, CEPC, FCC-ee and ILC

SuperKEKB/Belle I

CEPC/CEPC

ILC/ILD
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3 Reconstruction

C Start )
',

@ Physics simulation

-

@ Detector simulation

«

® Reconstruction

-

@ Machine learning

«

® Analysis

Dark photon selection
* by choosing Right combination of muon pair which its invariant
mass difference is smaller than the other.

L L MME’MZ| = |Mﬂi’u2 — My
and uj u3 are right combination.
* Meanwhile, ufuz and u3 u; are wrong combination.

. + —
u3 | inanevent, then ui g

ete” - A'A ete” - A'A'y
e+ gt erong nght Wrong Right
SO B :| R O

‘\'" -

>
B i}w‘,,\,\.c_-;;_m
. 4 v o
g 11 '/ 22

Read Delphes
root output
file

| Define histograms

4

Select only four muons/four
muons and a gamma events

!

Set muon_1, 2 : plus,
muon_3, 4 : minus

— IM s — Myl —H,H;l__
—= Myt — MﬁSuTJ_;_’-"’
——— Number of events No
TTe— is finished? /,_,,—-*-_
l Yes
End
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@ Machine learning

C Start )
',

@ Physics simulation

-

@ Detector simulation

«

(® Reconstruction

-

@ Machine learning

«

® Analysis

Examined Kaggle and TMVA method
Compared classifiers performance
Choose the BDT classifier based on TMVA method

(An example) Belle Il with AA” mode based on TMVA

| Bellel110.58Gev |
ete™ - A'A’ (blue) and e*e™ - ptp~ptu~ (red) I
PT

§ o EESTTT
i

7 Background,

Muonl = =

Muon2 £ ol

Muon3 £

Muond 2

16



® Analysis

Start )
C ) * Detector resolution (o)

$ * Estimate number of signal events (Nexp)
@ Physics simulation * Detector efficiency (£4¢¢)

-

(An example) CEPC 240 GeV A’A’y

@ Detector simulation Fitto M(u™ ™ p"u7y) signal events
after machine learning

45000

«

40000

35000

(® Reconstruction

30000

25000

-

20000

@ Machine learning

10000

Number of events

5000

«

30 232 234 236 238 240 242 244 246 248 250

® Analysis MQutu—utuTy) [GeV]

«

Fitting: Double Gaussian function
m = 240.0 + 0.0

oy = 0.5614 + 0.0066

g, =1.1232 + 0.0062

* Nexp = 168879 + 2503

€4er = 33.840.5 %

a
\_/




3. Cross-section dependence
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Cross-section[pb]

12 | Total cross-section
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S
1 ‘\x\
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= Cross-section depending on the coupling constant (g’)

ele S AA WA - W
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2 === 1.02 GeV (KLOE-2)
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5
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Kihong Park, Kyungho Kim and Kihyeon Cho, J. Astron. Space Sci. 39(1), 1-10 (2022).
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= Cross-section depending on the dark photon mass (m 4/)

(@) ete S A A wthA - pt W
=) T ’ L LI | : :
g o e
Pz s
8 10 ?’/"/’/ -
] -

3

10

—#A— 91 GeV (FCC-ee, CEPC)

—&— 160 GeV (FCC-ee, CEPC)

—— 240 GeV (CEPC)

—&— 250 GeV (FCC-ee, ILC)

#— 350 GeV (FCC-ee)

—&— 500 GeV {ILC)

—¥— 1000 GeV (ILC)

L e T T
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T
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(b)
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Cross-section [pb]
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T AR RN e - T
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\ \
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—— 240 GeV (CEPC)
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—— 350 GeV (FCC-ee)

—&— 500 GeV (ILC)

—¥— 1000 GeV (ILC)

2 7 150 200
5 5107 w1459

= Dark photon masses Wlththe highest cross-sectiQ;,.fi"::::;,,.

Accelerator/Detector Vs [GeV]

CEPC/CEPC

FCC-ee/IDEA

ILC/ILD
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160

240
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250
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1000

100
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100
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100

200
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Kihong Park, Kyungho Kim, Alexei Sytov and Kihyeon Cho, JKPS 84, 403-426 (2024).
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4.Studyof ete™ > A'A'and A'A’y

using machine learning

21



- FIOWCha rt Of th e Stu dy *  TMVA: Toolkit for Multivariate Data Analysis

* BDT: Boosted Decision Trees

m Background

N e . . . . : .
= 8 1. Physics simulation 1. Physics simulation
v 3 @ Generation level
x @ histograms
Delphes simulation Delphes simulation
Delphes.root Delphes.root
2. Reconstruction 2. Reconstruction

8 (@ Reconstruction
= Recon.root Recon.root level histograms

:

v 3. Machine learning

g (3 TMVA output
= TMVA.root figures

g 4. Applying BDT cut

—

@ After BDT cut
BDT.root histograms
5. Analysis
® S/B ratio &

Fitting.txt Detector efficiency

End -



" Configuration of the study

Configuration of generation and machine learning

Process Parameters

Signal modes
ete” > A'A(y)

Background modes
+,- + =+, —
ete” > utuuTu(y)

Event generator
Model

No. of events

Generation

Vs [GeV]

Decay width [GeV]

Coupling constants
(92/11' 92/22 )

MadGraph5 ver. 2.6.6

The simplified model

1,000,000

91, 160, 240, 250,
350, 500, 1000

6.7 x107°

0.1

The Standard Model

~1,000,000

91, 160, 240, 250,
350, 500, 1000

Model Boosted Decision Trees
PT Py PT 1o PT o My Mg Mg My
¢#1’ ¢#2’ ¢ll3’ ¢#4’ Myl Myl PT 4 and P,
Machine learning (16 variables)
(TMVA) Input variables forbothete™ » A’A’ande*e™ -» A'A’y

Py Ty ¢, and E,,

(4 more variables for y-included decay modes)

forete” - A'A’y
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l.ete - A'A e
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Circular Electron-Positron Collider Image copyright IHEP
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= CEPC aty/s = 240 GeV, m, = 100 GeV

m BDT response

14 [F Sidnal (test sampid) "' K

@ Background (test

(1/N) dN / dx
I

O s s

Cut efficiency

BDT response

Signal (trhining shmple) T ] Signal afficiency N g:'::: m::i:l:ncy'purlty
d (training ] Background efficiency  — 5/S+B
B = [ T T ]
5 ! \ =
Jz & 08 \ =25
3 5 3
EER \\ E
= ° —20
1= E 06 p
] g; “ \\ ]
135 =15
4 g: 0.4 H \\ |
J1a I 110
B I ..0.04 ]
] é ) \,.».__‘ ! \ El
- Y o3 o> 0‘ i 1 T A " . P 3o
- : : —05 —04 —03 -02 -01 0 01 02 03

Cut value applied on BDT output

seforesoTcut | NENMEED [ aftersorcut

140 —

120

100—

Events

80

60—

SRR

40—

20

Events

M+

prpptp

" il " - i 2 / A , Ay - Il i L "
&D 232 234 236 238 240 242 244 246 248 250

[GEV] M, +

prpm s

* Figure of merit: S//S + B

}; S: Number of signal
B: Number of background
e Optimal BDT cut: 0.04
BDT where a figure of merit is

maximized

* Fitting: Double Gaussian
function

* m=240.0+0.0

* 04 = 0.3466 £ 0.0012

* 0, =1.0183 + 0.0025

GeV]  ° New =470580 +1598

_ Before BDT cut After BDT cut S/B 1

Signal

Backgroun
d

Sig. / Back.

472,155 470,580 =
388,956 596 -
1.2 789.6 658.0

© £40r =94.1£0.3 %

K.Park, K, Kim, A. Sytov and K. Cho, JKPS 84 (2024) 403-425.
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* The summaryofete”™ - A’A’ mode

* Performed same procedure to CEPC(91, 160, 240 GeV), FCC-ee(91, 160, 250, 350
GeV) and ILC(250, 500, 1000 GeV)

« Signal(u™u~u*u~)/Background(uu~ut ") improved a factor of 0(100~10000).

Shown as an example

Signal M(u"p~pp)

S/B

Accelrator/ | /s | my

Detector |[GeV]|[GeV] |mn|: :r:: . Nexp Width [GeV] effli)c?(t:::t\:)[%]
91 25 8473 461860 + 1024 04524 + 0.0007 924 + 0.2

CEPC/CEPC 160 75  680.6 471670+ 1069 0.5599 + 0.0004 943 + 0.2
240 100  658.0 470580+ 1598 1.0183 £ 0.0025 94.1 £ 0.3

91 25 117812 438260 + 662 0.0887 + 0.0001  87.7 £ 0.1

FCC- 160 75 8763 395660+ 629 0.2196 + 0.0002  79.1 £ 0.1
ee/IDEA 250 100 1455.8 417540+ 646  0.5892 + 0.0006  83.5 + 0.1
350 150  486.0 408960 £ 639  1.0838 + 0.0012  81.8 + 0.1

250 100  713.6 355080 + 1287 1.0901 + 0.0030 71.0 + 0.3

ILC/ILD 500 200 709.6 366552+ 1776 3.0506 + 0.0133 733 + 04
1000 450  288.1 369880+ 1113 64568 + 0.0162  74.0 + 0.2

K.Park, K, Kim, A. Sytov and K. Cho, JKPS 84 (2024) 403-425.
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2.ete > A'Ay

L—utu”
AT

= (An example) CEPC at+/s = 240 GeV, m 4 = 100 GeV

Events

w
=
=)
T[T TTTr[T

Generation

|
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P
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236

2-;2 IQ':K- I24E ’ I248 ’ I250
MF+P-7P-+.“7Y [GEV]

L Ll
238 240

Events

Reconstruction

160 180 200

M+ ,- [GeV]

K.Park, K, Kim, A. Sytov and K. Cho, JKPS 84 (2024) 403-425.
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Image copyright IHEP
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= CEPC aty/s = 240 GeV, m, = 100 GeV

BDT response

[ Signdi Gest sample) | '{ ' Signal(trhining dampte)’ " "

121777 Backg (test

10 —

(1/N) dN/ dx

Back.

-03 -02 -01 O

[ N R N N i
U/O-flow (S.B): (0.0, 0.0)%/ (0.0, 0.0)%

01 02 03 04
BDT response

m Before BDT cut

3 40000

c

Q@ 35000

I.I>.I 30000
25000
20000
15000
10000

5000

Signal
Background
Sig. / Back.

|

L L X AV T AT A0 7, 7 R B |
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A
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MNNE

.

\
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NONNNNNE /
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%

whuutpcy [GEV]

169,580
170,997
1.0

Cut efficiency

———. Signal purity
Signalefficiency. | —T Signal efficiency*purity
Background efficiency S/{S+B
g |
£ 1f = 30 3
e /i €
o 08| 7l 25 &
§ = /
B F f 20
E 06 1 ]
w 0 N g
N 15
04 - 4 1 1
r -{10
] .0.04
g 5
FY YN T P | I L

168,879
238

709.6

L L ' FWEEE W P P
-05 -04 -03 -02 -01 O 01 02 03 04

o BT TPRRR . L L
R R R T R R T R 7T R TY R T R T R T

Cut value applied on BDT output

After BDT cut

M eV]z

wrptuy [G

T ere A | s/a

709.6

* Figure of merit: S/vVS + B
S: Number of signal
B: Number of background

e Optimal BDT cut: 0.04
BDT where a figure of merit is
maximized

* Fitting: Double Gaussian function
* m=240.0+0.0

* 04 =0.5614 £ 0.0066

* 0, =1.1232 1+ 0.0062

* Nexp = 168879 £ 2503

* £40r = 33.84£0.5%

K.Park, K, Kim, A. Sytov and K. Cho, JKPS 84 (2024&%)3-425.



* The summaryof ete™ - A’A’y mode

* Performed same procedure to CEPC(91, 160, 240 GeV), FCC-ee(91, 160, 250, 350
GeV) and ILC(250, 500, 1000 GeV)
« Signal(u™u~u*u~y)/Background(u™u~u*u"y) improved a factor of 0O(100~1000)

Shown as an example

Signal M(u pu~ p -y
/s s/B ( )

Accelrator/ my

improvem
Detector | [GeV] | [GeV] pent Nexy Width [GeV] Detector

efficiency [%]
91 25 731.0 161812 + 4688 (.8255 + 0.0092 32.4+0.9
CEPC/CEPC 160 75 717.1 97386 + 2744 0.7125+ 0.0077 19.540.5
240 100 709.6 168879 + 2503 1.1232 + 0.0062 33.8+0.5
91 25 409.2 151360 + 389  0.3825 + 0.0007 30.3+0.1
FCC- 160 75 1328.9 80929 +284  0.3090 + 0.0008 16.2+0.1
ee/IDEA 50 100  3694.7 155180 + 394 0.6688 + 0.0012 31.040.1
350 150 404.6 152560 + 391  1.0709 + 0.0019  30.5+0.1
250 100 727.9 27223 +3210 1.1605 + 0.0320 5.4+0.6
ILC/ILD 500 200 532.0 52136 + 1246 27050 + 0.0420 104+ 0.2
1000 450 350.9 77053 + 662  6.9436 + 0.0473 15.4+0.1

29
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5. Conclusion
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= Conclusion

* We studied dark photons using the simplified model at future
e+e- colliders: CEPC, FCC-ee and ILC.

* Using BDT based on TMVA, we reduced the SM background
significantly for the double dark photon modes:
ete” > A'A andete” - A'A’y

* Estimated expected of signal events and detector efficiencies.

— For dark photon searches, this study provides:
v'A reference at future electron-positron experiments

v'A methodology at current experiments (ex. Belle Il)
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