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l. Introduction



Motivation and Objective

« The SM background is a significant problem in dark photon
detection at collider experiments.

 To reduce the SM background events, we studied dark
photons at future e*e™ colliders based on ML.



Future electron-positron colliders

Accelerator/Detector Type Vs [GeV] Circumference or length [km]
CEPC/CEPC 91
Circular 160 100
Circular Electron-Positron Collider Image copyright IHEP 240
FCC-ee/IDEA 91
(2038~, CERN/Switzerland)
ey — 160
Circular 97.75
250
uture Circular Collider Image copyright CERN 3 50
ILC/ILD 250 20.5
Linear 500 31
\nternva!ional Linear Colider From WIKI 1 0 0 O 4 O

ZylaP. A. et al., Review of Particle Physics, Prog. Theor. Exp. Phys. 2020(8), (2020).
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ll. Motivation



= Signal modes
« ete" > A'A andete - A'Ay
LL—» urus Ly utu
uru wrus
* Assumed that the dark photon (A’) decay into muon pair [1, 2]
e Used a simplified model [3, 4]

<Feynman diagrams of signal modes>

ete” - A'A' ete” - A'Ay
et Y T
v v + et ~ - v
g1 11 Al gl 22 K \V\\ 'g‘lvll A gi 224_‘___ ’1‘

\./\./W\f\/\./\./vvv\/v':
=

K 4
u+ /L(\W ‘
M
V\/VVW\/\‘:__I
v g? A v o
g1 22 W - -~ g 11 g 22

Signal ete” - A'A ete” > AAy Simplified model
Background ete s utuutu ete  sutuutuy The Standard model

[1] L. Yeo and K. Cho, J. Astron. Space Sci. 35(2), 67 (2018).
[2] B. Shuve and I. Yavin, Phys. Rev. D. 89, 113004 (2014).
[3]J. Alwall et al., THEP 07, 79 (2014).

[4] J. Abdallah et al., Phys. Dark Univ. 9-10, 8 (2015).






TMVA: Toolkit for Multivariate Data Analysis

m Background
1. Signal generation 1. BKG generation
(@ Generation level
........................................... & histograms

2. Delphes simulation 2. Delphes simulation

" Flowchart of the study

KISTI-5
supercom

Delphes.root Delphes.root

3. Reconstruction 3. Reconstruction

(@ Reconstruction
Recon.rOOt ......................................... Recon.rOOt Ievel hiStOgramS

4. Performing TMVA

(® TMVA output
TMVA.root figures

5. Applying BDT cut

@ After BDT cut
BDT.root histograms

6. Fitting

Local machine

(® S/B ratio &
Fitting.txt Detector efficiency

End 9



= Configuration of the study

Configuration of generation and machine learning.

Process Parameters

Signal modes
ete” - A'A'(y)

Background modes
ete” sutuTptuT(y)

Event generator
Model

No. of events

Generation

Vs [GeV]
Decay width [GeV]

Coupling constants

9l 190 5,)

The simplified model

MadGraphS ver. 2.6.6
The Standard Model

1,000,000 ~1,000,000

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

6.7x107° -

0.1 -

Model

Boosted Decision Trees

Machine learning
(TMVA) Input variables

pTI"'l’ pT”‘Z' pT“’3, pTﬂ‘l-' T’ﬂl’ 17[1,2’ T’M3' nﬂ4’

¢[111 ¢[l21 ¢,LL3; ¢,LL4; mA’l; mAIZ' pTAlland pTAIz
(16 variables)

Forete™ - A'/A’ andete” - A'A’y

PTy My ¢y and E,,
(4 more variables for y-included decay modes)

Forete™ - A'A'y
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V. Preprocessing



* Dark photon masses with th&gighest cross-section

Cross-section [pb]

ete -5 A'A'withA' - p*

T T T T

w

T

=3

N

—#— 91 GeV (FCC-ee, CEPC)

—&— 160 GeV (FCC-ee, CEPC)

—£&— 240 GeV (CEPC)

~~
=

Cross-section [pb]
3,

<

Cross-section depending on the dark photon mass

ete 5> A AywithA' - pu* w

T IHTII TT1T

—@— 250 GeV (FCC-ee, ILC)

- 350 GeV (FCC-ee)

—&— 500 GeV (ILC)

—¥— 1000 GeV (ILC)

T IIIH-I

10°)

N

A

e

L

|

|

ol Tl

Lol

—#— 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)

75 10? 150 ZOOMA-

450

[GeV]

myr [GeV]
Accelerator/Detector Vs [GeV] :
ete™ > A'A ete= > A'Ay
91 25 25
CEPC/CEPC 160 75 75
240 100 100
91 25 25
160 75 75
FCC-ee/IDEA
250 100 100
350 150 150
250 100 100
ILC/ILD 500 200 200
1000 450 400

25 75102 150 200
M,

&
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V. Results

l.ete > A'A withA' - utu”

2.ete” > A'AywithA -» u u
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l.ete” > A'A" withd' » utu

= Case |. CEPC at+/s = 240 GeV, m 4 = 100 GeV

@ Generation level

Circular Electron-Positron Collider Image copyright IHEP

Signal 1,000,000

Background 972,739

M+ ,-,+,- - M+ ,- DT+, Pr ,+,-
uwrpTpete M;ﬁu wru urp uu
Invariant Mass of 4muon Mass of Mother 1 Mass of Mother 2. pT of Mother 1 pT of Mother 2
10" 10"
800— 1000/ W: E r—
E 180001 R 180001 .
N , . -
E . 16000 Y 16000 Ry
S0 14000 J ‘1‘ 14000 R
so0f- o 12000 Hj N 12000 J AN
wof- o000 ™ 10000 i AN
E E L kY
ok 400 8000— /4 ", 8000 7 N
E - N oo/ A
i3 ™ oE S N o .
E E 5 kY
240 GeV = \ "y n
E B
B R T TR T T3 G es e s i doos iorois o2 T R Ty Y 2 W0 & £ 00 20 % o £ £ 00 20

Invariant Mass of 4muon

& 100 GeV

100 GeV

3.8 8

100t

| T BT | L
230 232 234 236 238 240 242 244 246 248 2!

240 GeV

Background
g

Signal 944,310

Background 777,912

Myt =yt pm M+ ,- M+ - Prutyu- Pry+u-

. MAA] pTIAT] pT[A2]
300— WV
3 o
wf o
3 oo
- -
w0 o0 s

Ee ST Lz oG /////%////%/ 2

232 234 236 28 240 242 244 246 248 250 140 160 180 0 20 40 60 80 100 120

240 GeV

100 GeV

100 GeV



G TMVA

<Number of train and test data>

Train

Test

Total

472,155
472,155
944,310

@ After BDT cut

Before BDT cut

o)
=
o
(-
[a]
=]
-
g
<

Events/(05)

Myt =yt

4 muon inv_mass, signal (before cut)

<BDT responses>

-
&

i'sidn'al' (testsampld) ' |'['« Signal (irhining shmplej |
ground (test sample) | | « Backg ining sampl
-Smil test: signal ility = 0.545 (0.284)

(1/N) AN/ dx
S

-
=)

388,956
388,956
777,912

o

IS

[

o

&||||||\|||||||||||||\||

M+ -

aprime1_mass_broad, signal (before cut)

Back. Sig.

-0.1 0

0.1 0.2 03

sl b b Uiy s I3

BDT response

Efficiency (Purity)

<Cut efficiencies>

(2030~, IHEP/China)

Circular Electron-Positron Collider Image copyright IHEP

" . ——— Signal purity
Signal efficiency | 777 Signal efficiency*purity
Background efficiency S/{S+B
» 1 8
1 %20 8
FE ™ v —30 o
C \ / 4 “ i %
0.8 - - ,r, =125 (%
e 7 3
F s \\ —20
0.6 - s !
. — 415
0.4 0n-NA 3
N U.U4 E
L J10
0.2 \ —5

0-0.5 -04 -03 -02 -01 O 0.1

0.2

0.3

Cut value applied on BDT output

Prytyu-

aprime1_pt, signal (before cut)

Pry+,-

aprime2_pt, signal (before cut)

x10°
160
140,
120
100
&
®
w 2
i g

T TR T T N G0 o w0 w0 R

" e e aprime1_mass_broad, signal (after cut) aprime2_mass_broad, signal (after cut) aprimer_pt, signal (after cut) aprime2_pt, signal (after cut)
ol

E £ E 35000~
180 10 10 E
1601 E E 300001
1405 10 ok ssooak
3 F E
00 vE e 20000
sl E E
E 100 r 15000~
= E 10 E
0 o i F 1o000E
E E 7 ol 2
25 E 7 E 4 5000/~
E / / E L £
! | T = E
RN R R R TN A TS T AT R 1 E %% \ .
z

L A4 L L .
80 100 120 140 160 180 200

<S/B improvement>

P i i S

Before BDT cut
After BDT cut

S/B improvement

472,155
470,580

388,956
596

789.6
658.0
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= Case Il. FCC-ee aty/s = 350 GeV, m 4/

@ Generation level

Background

340 345

My =t -

Invariant Mass of 4muon

| 350 Ge

Invariant Mass of 4muon

ptu—ptu”

340

345

MAA]

G
350 355 360 365

350 GeV

1000
800
600

400

Signal

1,000,000

Background

967,667

M+~

Mass of Mother 1

150 GeV

Mu+#—

Mass of Mother 2

149 150 151

150 GeV

152

Signal

821,251

Background

739,877

M+ -

LA

0 200

150 GeV

300

14000]

12000/

8000,
6000,

s

2000/

=150 GeV

Prut+yu-

PT of Mother 1

1S
e
Pr -
pTAY]

20

“iao'

760"

(2038~, CERN/Switzerland)

Future Circular Collider Image copyright CERN

Pry+,
pT of Mother 2
[ \
)
/
‘
b
Pru+y
pT[A2]
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(2038~, CERN/Switzerland)

G TMVA

<Number of train and test data>

< B DT res p onses> < C u t Effl C | enc | es> Future C\rcuar Collider Image copyright CERN

3 o[0T Sighal (tlest sampib) || |+ Signal (training sample) | 3 Signal efficiency — ::9::: z:ir‘i:'iz“cy‘pum
z B g (t“‘ ple) | | « g i ple) 3 . Background efficiency S/\5+B
. E Sig.l] ¢ T\ 7
Train 410,625 369,938 °: 8N I Sul \4 \ i
{3 1.V ]
Test 410,625 369,938 3 i B
#.7\ 001 )
Total 821,251 739877 .- Fo \ \\
oo\
0k 0o os oa’ :.‘.........‘.\._m.... RN A

0
-05 -04 -03 -02 -01 0 0.1 0.2 03 04

@ A f ter BDT cut . - © BDTresponse Cut value applied on BDT output

M+ ,-,+,- - M, + - Pr,+,- D1+,
uwruTptp Mu’fu urp urp urp
4 muon inv_mass, signal (before cut) aprime1_mass_broad, signal (before cut) aprime2_mass_broad, signal (before cut) aprime1_pt, signal (before cut) aprime2_pt, signal (before cut)
e
=3
o
=
[a]
[+4]
(]
—
)
e
)]
(=]
2 Z 22 w0 P Z % 7
T T T T T ) w0 e a0 Tho0 Tt 140 160 180
" nvu o ae aprime1_mass_broad, signal (after cut) aprime2_mass_broad, signal (after cut) aprime1_pt, signal (after cut)
@ a0 -

+ I3 E -
3 a 1E E
o 101 10t 25000
= 120 E
o . b -
(=] wE E 15000
j . E 10
g e a0

0 0 7

E E 0L
< 0 E ' . 50

2 B @ e B 0 0 o 180 180 & o 20 40 8 8 100 120 10 160 180 200 £ 700 7 > 2 W C3 C 700 20

<S/B improvement>

Before BDT cut 410,625 369,938
After BDT cut 408,957 765 534.6
S/B improvement - - 486.0
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(2034~, Japan)

ILC -

= Case lll. ILC at\/s = 1000 GeV, m ;s = 450 GeV

\nlem;ncna\ Linear Collider Eoni
@ Generation level Signal 1,000,000
Background 913,321
M, + -+, - - M + - +- T u+u—
pruutu M+, wtru Pruty Pryty
Invariant Mass of 4muon Mass of Mother 1 Mass of Mother 2 pT of Mother 1 pT of Mother 2
X0 x10° 10° -
aof: ouol = 1000/ 0 o, E i
ok E I ol wm o [ N\\
| E L W,
600 800— 800 — w000F- ", s 4000 ,_‘
£ r E ! W, f \
o sl wol oo / A oo
4001 ,' 5 Ay
300F 00— 00— 20000 e \\ 2000 / \
r r P/ N \
E 200/ 200+ 1000— W \ 1000 v 4
100 1000 GeV L [ ' i \ £
$s075na oo om0 os0 oo oto faao 0% 1o 1050 S a T ae ae e aseasa ass ase R T T R R R R R o O o
- o Invariant Mass of 4muon 450 Gev 450 Gev
: 500 N
> o ]
o ;
[ ol
o0 E
-~ o]
(8]
© -
(aa] ;
R R R T R RN
1000 GeV
Signal 741,382
Background 496,638
M, +,- +,- M+ - - +,-
pru—uty wtu Pryty Pryty
MA'A] MA2) pTIA'M] pTAZ2)
x10”. =
w0 10 o 30000/~ ‘ 30000
E o -
e wl wf E
“E E 20000 20000
120 1k E
o ssoof. a0
80/ 10° F
sonenf- o)
o £ 5
40, m,
E £ sl som
of / , , E ;i
8 g wp A A g 700000 (AL N e i ean s e e S o PR I,
R R Y S B Y Sy M A QUL gy X R R e

1000 GeV 450 GeV 450 GeV s



ILC (2034~, Japan) .
® TMVA .
P @
<Number of train and test data> <BDT responses> <Cut efficiencies> o

Intemational Linear Collder

% O [0 signal (tdst sample) | ' | | « Signal (training sample) | 3 Signal efficiency ——— Signalpurity
N f d t ~ T . L 3 M i Signal efficiency*purity
0.0 ata % s g (test samp . g ple) ] Background efficiency S/{S+B
v E Smirnov test: signal ility = 0117 (0.488) 7 = [ 1 8
s LE = £ 1 — 30 §
& E =
. - E 3 3 F - —30 ©
Train 370,691 248319 = & e N\ 7 N\ s
= = > 4 dos 2
sE FE VL X i
= 4§ E E k|
Test 370,691 248,319 g EER T % Em
1 1 a4 = g £ 06 v |
= 12 I + - ]
E 35 k|
sf s - \ \\ el
Total 741,381 496,368 g EER Y 0.00 :
1 1 e L A\C A A4 |
2F E : \ \\ =
E Jje r |
= 2 02 s
E 38 F 1
0 Faala? fiis 7o 5 L B
Y - ‘ y y 0 L e P o
06 04 02 ° °BZDT res gr‘:se 06 04 02 0 0.2 0.4
P Cut value applied on BDT output
M+ ,-,+,- M + - M+, - - -
pru—utu wru uwtu Pryty Pry+y
o 4muon iny_mass, signal (belors cuf) , eprime_mass broad, signal(eforecu aprime2_mass_broad, signal (before cut) aprime1_pt, signal (before cut aprime2_pt, signal (before cut)
- F g o000 —
S 100/~ s E E
= F & oo o 1000
e o wf o ol o
r [ 70000~ E E
8 - w0 soonol- 1oE tooon}
) r wf soon0f- s0o0— so00—
'5 a0l E 40000 5000/ 8000
92 F a0 300005 aom0l 4000
o e ) — z
] C 3 Do 10000 e O 00
i s T E b e e oostiiS )
S aro a6 e U0 VOUNTUNE ST | WIS INTIT | R e w0 w0 o e By,
o A RooPlot of "x2" - aprime1_mass_broad, signal (after cut) aprime2_mass_broad, signal (arter cut) aprime1_pt, signal (after cut) aprime2_pt, signal (after cut)
5 ol K - 16000 £
= B =t 3 e 3
€ 0 F E E E
a ° ‘ ‘m; w? 12000:7 o0t~
F o000 E
E i sof- o000 o000 o000
) © af soooo- aooo— w000
- a E 3 000 soo0f—
] o w000 E E
E E w0
& zn wf 200 *F F
< 10000 20001 2000~
I L AT %0 o0 a0 a0 B6 e 7o @0 90 T - T N e = = e e e e e a0

<S/B improvement>

Before BDT cut 370,691 248,319 1.5
After BDT cut 369,881 856 432.1

S/B improvement - - 288.1 "



(G S/B & Detector efficiency

* S/Bimproved a factor of 100~10000

Performed the same procedure to other cases

Detector efficiency through high-purity signal events

Accelerator/Detector Vs [GeV] myr [GeV] S/B improvement Detector efficiency [%]
91 25 847.3 924+0.2
CEPC/CEPC 160 75 680.6 943+0.2
240 100 658.0 94.1+03
91 25 11781.2 87.7+0.1
160 75 876.3 79.1+£0.1
FCC-ce/IDEA
250 100 1455.8 83.5+£0.1
350 150 486.0 81.8+0.1
250 100 713.6 71.0+0.3
ILC/ILD 500 200 709.6 73.3+£04
1000 450 288.1 74.0+£0.2
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2.ete” > A'Aywithd » u u-
= Case |: CEPC at+/s = 240 GeV, m 4 = 100 GeV

(2030~, IHEP/China)

@ Generation level

Signal
Background

1,000,000

1,000,000

Circular Electron-Positron Collider

Image copyright IHEP.

240 GeV

100 GeV

100 GeV

[ _ M+ - . .
pruutuTy M+, utu Pruty Pryty
. Invariant Mass of 4muon + photon ” Mass of Mother 1 . Mass of Mother 2 pT of Mother 1 pT of Mother 2
f‘ 1000 P 20000E o aomf N
so0r— J r £ 18000 R 18000 I N
E e ool o000k “ To000F- ™
“F F e hY a0 | hY
E wl F ) o | k
E o0 x E y
a0 L u E \
E b N 10000~ g Ny
o o - *, o k
£ [ E o/
100 2001~ 200 a0
: 240Gev ; g
0w mwe ww w0 sk a2z ws e e das o iors e S es e Tess oo des qor iors “© o i o &) W w 20
-c . Invariant Mass of 4muon + photon 100 Gev 100 Gev
c S |
> b
o N
a0l
[<T) F
= 200
U E
(¢} 100/~
o E o ‘
T I T T
240 GeV
Signal 339,161
Background 341,995
M, +,- +,- _ M+, - - +,-
prp—utuTy M+, uwtu Pru+y Pruty
M[A'A'gamma] M[A'] M[A2) PT[A'] PT(A2]
x10° 10"
oo b -
o o e
50000 1001 1001
o0 - b
- o 3
20000 w0 o
10000 p wf i a0
L / E %
(R T R BT TR T R R TN P e T 00 e e w0 T 20 20



G TMVA

<Number of train and test data>

I e Nt

Before BDT cut

o)
=
o
(-
[a]
=]
-
£
<

Train 169,580

Test

169,580

Total 339,161

@ After BDT cut

Events / (U)

Mo+t iy

4 muon + gamma inv_mass, signal (before cut)

250

A RooPlot of "x2"

[N M M L R L

(2030~, IHEP/China)

Circular Electron-Positron Collider Image copyright IHEP
<BDT responses> <Cut efficiencies>
3 i Signal (test Sample] T'a" Slgnal (trhining Aample)| — Signal efficiency I g:g::: 2:‘::2{,‘“.“,“,
= 12 17! g (test samp . a ple) _ Background efficiency S/iS+B R
2 I Smimov test: signal ility = 0.92 (0.847) 2 C g
€ 10 5 1r ~ = 30 8
T £ ' £
r = C /. \ 3
170,997 o Si R /
F S
' - Back. Ig. s 5 \\
6 S £ 06 S 20
170,997 : § 8 ( R
C 3 L ;
4 — : 0.4 \ 5 .04
341,995 M \
u “r N s
ok P YRR PR P P A, TANE R
-03 -02 -01 0 01 02 03 05 04 03 02 01 0 01 02 03 04
BDT response Cut value applied on BDT output
Mll+ll_ Mﬂ+ﬂ_ pTﬂ+#_ pT# w
aprime1_mass_broad, signal (before cut) aprime2_mass_broad, signal (before cut) aprime1_pt, signal (before cut) aprime2_pt, signal (before cut)

LA
8 100 120 140 160

aprime1_pt, signal (after cut)

aprime1_mass_broad, signal (after cut) aprime2_mass_broad, signal (after cut)
0w 10
10
E 10
s
E 100
s
F i
105 |
E.. L 1 1 L ) | L | ! 1 L L L %0 TG T
2 4 6 80 100 120 140 160 T80 = 0T a0 e B0 00 T 0 10 180 2

<S/B improvement>
___
Before BDT cut 169,580 170,997

After BDT cut 168,879 238 709.6
S/B improvement - - 709.6 22



= Case ll: FCC-ee at+/s =350 GeV, m 4 = 150 GeV

@ Generation level

Myt =ty

Signal

Background

M+~

1,000,000

1,000,000

M+ -

Pry+,-

(2038~, CERN/Switzerland)

Future Circular Collider Image copyright CERN
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(3 TMVA output

<Number of train and test data>

et T

Train
Test
Total

153,227
153,227
306,454

@ After BDT cut

Before BDT cut

After BDT cut

Events /(U5

Mo+ =ty

4 muon + gamma inv_mass, signal (before cut)

A RooPlot of "x2"

15000/~

10000~

A
R

178,970 -
178,970
357,941

M+ -

aprime1_mass_broad, signal (before cut)

<BDT responses>

T T T T T
[ AR RN R R R

_i ISig‘llal‘('dst Isalrlu:ille) T éigr‘lal I(lra'inihg Isﬂﬁ\pi&) T
] (test . g ini p
test: signal g p ility = 0.012 (0.948)
v

0.

M+~

aprime2_mass_broad, signal (before cut)

SETIRRETI STRTIRRUTI SERTIATATI SERTIRTRRINTTIE:

2 0.4
BDT response

7

L. I L
50 100 150 200 250

aprime1_mass_broad, signal (arter cut)

A n L L
50 100 150 200 250

aprime2_mass_broad, signal (after cut)

L I L
50 100 150 200 250

<S/B improvement>

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

Efficiency (Purity)

(2038~, CERN/Switzerland)

Future Circular Collider

Image copyright CERN

<Cut efficiencies>

Signal efficiency

——— Signal purity

- Signal efficiency*purity

Background efficiency S/{S+B
[ 8
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L 30 ©
F v £
[ P4 5
0.8 o 255
C !
1S 4
L { \\ 20

0.6
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04l \
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s
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Lo i bdn Lo e Brna Ll
pery
o

s s o2 0 oz oa
Cut value applied on BDT output
PTyt - Pryty-

aprime1_pt, signal (before cut)

w e e

apnime 1_pl, signai (aner cuy

aprime2_pt, signal (before cut)

% 7% Jixixi 7 4
0 20 40 60 8 100 120 140 160

aprime2_pt, signal (after cut)
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= Case lll. ILC aty/s = 1000 GeV, m 4 = 400 GeV

@ Generation level
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(2034~, Japan)

ILC -

(3 TMVA output / =
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(5 S/B & Detector efficiency

* Performed the same procedure to other cases
* S/Bimproved a factor of 100~1000
* Detector efficiency through high-purity signal events

Accelerator/Detector Vs [GeV) m,r [GeV] S/B improvement Detector efficiency [%)]
91 25 731.0 324+09
CEPC/CEPC 160 75 717.1 19.5+0.5
240 100 709.6 33.8+0.5
91 25 409.2 30.3+0.1
160 75 1328.9 16.2+0.1
FCC-ee/IDEA
250 100 3694.7 31.0+0.1
350 150 404.6 30.5+0.1
250 100 727.9 54+06
ILC/ILD 500 200 532.0 104+0.2
1000 400 350.9 15.4+0.1




VI. Summary



= Summary

* To reduce the SM background

e Studied the ‘double dark photon modes’ at the future e+e-
colliders based on machine learning

* S/B improved a factor of 100~10000
* Detector efficiencies through high-purity signal events

* Will help the search for the dark photons
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The configuration for the dark photon mass scan

* We scanned the dark photon mass from 1.0 GeV to 500 GeV to find the
highest cross-section.
* We used the KISTI-5 supercomputer for efficient scanning.

Configuration etem - A'A ete” - A'A'y
Event generator MadGraphS5 ver. 2.6.6
Model The simplified model

Machine KISTI-5 supercomputer
Number of events 10,000 10,000

Vs [GeV] 91, 160, 240, 250, 350, 500, 1000 91, 160, 240, 250, 350, 500, 1000

1.0,2.5,5.0, 7.5, 10, 1.0,2.5,5.0,7.5, 10,
my [GeV] 25, 50, 75, 100, 150, 200, 25, 50, 75, 100, 150, 200,
250, 300, 350, 400, 450, 500 250, 300, 350, 400, 450, 500
Decay width [GeV] 6.7 x 107 6.7 x 107

Coupling constants

0.1 0.1
(glvll'glvzz )
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Dark photon selection

 The dark photon was reconstructed using the condition of the least dark
photon mass difference.

Flowchart of dark photon selection based on stand-alone frame

v

Read Delphes
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2

Define histograms

2

Set number of events for loop
and then select only four muon events

\

Set muon_1, 2 : plus, muon_3, 4 : minus
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histograms Fake-like
ApMys s histograms
A’z: Mu;',u; fake Alz Mu;r”;

fake A3:M 1,




More on reconstruction level
@ Reconstruction level (1IM) e"e™ — A’A’, CEPC+/s = 240 GeV, m,» = 100 GeV
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@ Reconstruction level (1IM) e"e™ — A'A'y, CEPC /s = 240 GeV, m,» = 100 GeV
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More on machine learning results
(® BDT: input variables ete™ —» A’A’y, FCC-ee \/s = 250 GeV, m, = 100 GeV

O BDT 20 input variables

Muons Photon & Dark photon

Input variable: PhotonPt Input variable: PhotonEta

Input variable: MuonPt1 Input variable: MuonPt2
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(3 BDT: optimal cute™ e~ —» A’A’y, FCC-ee /s = 250 GeV, m, = 100 GeV

 BDT results figures

Optimal cut: 0.09
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(3 BDT: Correlation Matrix

O Correlation Matrix of signal and background

Correlation Matrix (signal)

PhotonE
PhotonPhi
PhotonEta
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MuonPhi4
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Parameters of Delphes configuration cards

Accelerator/ CEPC/ FCC-ee/ ILC/
Detector CEPC IDEA ILD
Magnetic field (B)
Radius [m] 1.81 2.25 1.8
Half-length [m] 2.35 2.5 24
B [T] 3.5 2.0 35
Muon
Tracking efficiency n In] <3.0 In] <3.0 In| <24
Tracking efficiency py [GeV] 20.1 - =0.1
Tracking efficiency E [GeV] - 203 -
Efficiency 7 Inl <3.0 Inl <3.0 Inl <2.4
Efficiency pr [GeV] - - =10.0
Efficiency E [GeV] 220 >2.0 -
Isolation DeltaRMaX <05 <05 <05
Isolation PTMin =05 >0.5 >0.5
Photon
Efficiency n Inl <3.0 Inl <3.0 Inl <25
Efficiency pr [GeV] - - =10.0
Efficiency E [GeV] =20 >2.0 -
Isolation DeltaRMaX <05 <0.5 <0.5

Isolation PTMin >0.5 >0.5 >0.5




Signal Feynman diagrams (A’A’)

¢ Total 2 diagrams

page 1/1
2 6 2 4
mu mu
e- e
1 1
U MU+ X mu+
5 3
ye+ ye+
mu 4 mu 6
y1 y1
e+ MU+ e+ mu-+
1 3 1 5
diagram 1 DMV=4, QCD=0, QED=0 diagram 2 DMV=4, QCD=0, QED=0
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Signal Feynman diagrams (A’A’gamma)

s Total 6 diagrams

page 1A

diagram 1 DMVad, OCDuts, QEDa1 diagram 2 DMVad, OCDuty, QEDw1

diagram 3 DMVad, OCDwiy, QEDa1 diagram 4 DMVad, OCDwly, QEDa1

diagrams DMYad, OCDui, QEDw1 diagramé DMVad, OCDul, QEDw1

Dvag @ me made by MadGraphs_aMC@NLO



Background Feynman diagrams (A'A’

*»* Total 48 diagrams

page 277

page 117

3
diagram 7 . QED=4 diagram 8 QCD=0, QED=4
diagram 1 QCD=0, QED=4 diagram 2 QCD=0. QED=4
4
3
diagram QCD=0, QED=4 diagram 10 QCD=0, QED=4
diagram 3 QCD=0. QED=4 diagram 4 QCD=0. QED=4
4
3

diagram QCD=0, QED=4 diagram 12 QCD=0. QED=4

diagram 5 QCD=0. QED=4 diagram 6 QCD=0. QED=4

Di de by MadGraph§_aMC@NLO
agrams made by MadGrapht_eMC@ Diagrams made by MadGraph5_sMC@NLO

diagram

diagram

diagram

. QED=4

QCD=0, QED=4

QCD=0, QED=4

diagram 14

diagram 16

diagram 18

Diagrams made by MadGraph5_aMC@NLO

page 37

QCD=0. QED=4

QCD=0, QED=4

QCD=0, QED=4
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page 417

diagram 19 QcD=0, QED=4 diagram 20 QcD=0. QED=4

diagram 21 QCD=0, QED=4 ciagram 22 QCD=0, QED=4

diagram 23 QcD=0, QED=4 diagram 24 QCD=0. QED=4

Diagrams made by MadGraph5_sMC@NLO

7

diagram 25

diagram 27

diagram 20

Qaco=

Qci

QED=4

QED=4

QED=4

diagram 26

diagram 28

ciagram 30

Diagrams made by MadGraph5_aMC@NLO
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dagram 47

"

page 517
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Background Feynman diagrams (A’A’'gamma)

¢ Total 336 diagrams (Parts)

page 266 Fage o

dagam 7 OCD-0, QED=5 dagams QCD-0, QED=5 dagam 1 QCD -0, OED-S dagamz QCD-0, OED-S

dagama QCD -0, QED -5 dagram 10 QCD -0, QED -5 dagam3 CCD-0, OED-5 dagam 4 CCD-0, OED-5

dagram 11 QCD -0, OED -5 dagam 12 QCD -0, OED -5 dagam s QOCD-0, OED -5 dagamé GCD-0, GED -5

Diagrams made by MadGraphs_aMC@NLO
Diagmrme made by MadGraphs_aMC@NLO
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More on the simplified model

The simplified model

Less complete

Dipole
Interactions

“Sketches of models”

More
complete

Dark Matter
Effective Field Theories

Minimal

Simplified
Dark Matter
Models

Contact
Interactions

Complete
Dark Matter
Models

Universal
Extra
Dimensions

Little
Higgs

J. Abdallah et al. / Physics of the Dark Universe 9—104%915) 8-23



More on the dark photon

= Dark portals between SM and DS depending on
mediator

* Axion, ALP ...

» Sterile neutrinos, ...

Knowns

Standard Model of Elementary Particles

threo generations of matter  interactions | force carriers.
nnnnnnnnnnnnnnnn

-

N

Standard Model

~

Vector portal (kinetic mixing, spin 1)
» Dark photon A, Dark Z, ...

Pseudo-sclar portal (spin 0)

Scalar portal (Higgs portal, spin 0)
» Dark Higgs, Dark scalar, ...

Neutrino portal (Fermion portal, spin %2)

Mediator particles

Dark photon (spin=1)

)

o

Dark Sector

J

Unknowns

Dark matter
Dark photon



Cross-section study of the signal processes

Feynman diagrams of Double dark photon mode
ete” - A'A ete - A'Ay

ISR photon mode Non-ISR photon mode

Cross-section depending on CM energy
ete 5 AAWthA - p' W ere s A A ywithA - p'
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Cross-section study of the background processes

= Dominant Feynman diagrams

et e —>_M+ w ot !_l_ e

I
. 7 v
E PN g
z ¥ N #
» T
et I
Z interaction Y-y interaction
with ISR y
"o
oy et

Z-Z interaction Z-Z interaction
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= Cross-section depending on CM energy
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CPU time (A'A’

e+e- -> A'A’ @ Events generation
Event generation Signal Background
M CM energy [Ge] . . . xsection [pb . Machine(Que . . .
ode V] A' mass [GeV]| Walltime |Machine(Queue)| PBS JOB Id| Target Results ] Walltime ) PBS Job Id | Events/run | Multi runs iseed Target Results  [xsection [pb]

El 25 1000000 | 1000000 | 727100 24m 1s norm_skl | 13297352 500 20 120 | 00000] 1000000

160 75 1000000 | 1.000.000 1225000 1h 45m 16s norm_skl 13297354 500 20 1~21 1,000,000 921471

240 100 1000000 | 1000000 1280000 1h 36m 20s norm_skl 13297356 500 20 1~22 1.000.000 972739

e+e- — A'A, A" > H+YY Nurion(norm_skl -

N 250 100 22m 4s ) 13615979 1,000,000 | 1.000000 1226000 2h 20m 6s norm_skl 13297358 500 20 1~23 1,000,000 981396

350 150 1000000 | 1.000.000 1306000 1h 40m 46s norm_skl 13297359 500 20 1~24 1,000,000 967667

500 200 1,000,000 | 1.000000 1226000 3h 4m 54s norm_skI 13297361 500 20 1~25 1,000,000 990118

1000 450 1,000,000 | 1.000000 1312000 3h 28m 24s norm_skl 13297363 500 20 1~26 1,000,000 913321

@ Delphes simulation ® TMVA @ Histograms (fitting)
Accelerator/Deteotor CM energy [GeV] A' mass [GeV] |Wall time (sig)] Wall time (bkg) Machine Wall time Machine Wall time Machine
91 25 8m 44s 6m 59s 582s 34s
CEPC 160 75 12m 30s 7m 51s 889s 36s
240 100 12m 32s 8m 47s 986s 36s
91 25 11m 24s 8m 39s 531s 36s
160 75 11m 19s 9m 43s 762s 37s
FCC-ee hepph hepph hepph
250 100 11m 24s 10m 48s PP 950s PP 38s PP

350 150 12m 41s 10m 38s 869s 37s
250 100 9m 37s 8m 32s 730s 36s
ILC 500 200 9m 46s 8m 54s 790s 36s
1000 450 9m 51s 8m 16s 712s 36s
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CPU time (A’A’gamma)

Event generation Signal
Mode CM energy [GeV]|A' mass [GeV] Walltime Machine(Queue) PBS JOB Id Target Results xsection [pb]
91 25 1,000,000 1,000,000 727100
160 75 1,000,000 1,000,000 1225000
240 100 1,000,000 1,000,000 1280000
e+e- — A'A'y, A' — p+p- 250 100 22m 4s Nurion(norm_skl) 13615979 1,000,000 1,000,000 1226000
350 150 1,000,000 1,000,000 1306000
500 200 1,000,000 1,000,000 1226000
1000 400 1,000,000 1,000,000 1312000
Background
Walltime Mac:lljrs(Qu FES OJIOb ! Evenr:s/ru Multi runs Cores Nodes(jobs) iseed Target Results xsection [pb]
11:57:14 norm_skl 1.3E+07 500 20 10 10 1~20 1,000,000 1,000,000
5:09:21 norm_skl 1.3E+07 500 20 10 10 1~21 1,000,000 921,471
5:42:28 norm_skl 1.3E+07 500 20 10 10 1~22 1,000,000 972,739
norm_skl 1.3E+07 500 20 10 10 1~23 1,000,000 981,396
9:08:11 norm_skl 1.3E+07 500 20 10 10 1~24 1,000,000 967,667
13:25:45 norm_skl 1.3E+07 500 20 10 10 1~25 1,000,000 990,118
norm_skl 1.3E+07 500 20 10 10 1~26 1,000,000 913,321
@ Delphes simulation ® TMVA @ Histograms (fitting)
Accelerator/Deteotor CM energy [GeV] A' mass [GeV] | Wall time (sig) | Wall time (bkg) Machine Wall time Machine Wall time Machine
91 25 10m 10s 7m 43s 236s 41s
CEPC 160 75 12m 39s 9m 12s 309s 40s
240 100 12m 3s 9m 58s 740s 45s
91 25 12m 32s 9m 52s 213s 39s
Fcc 160 75 12m Os 11m 31s h h 261s h h 41s h h
e 250 100 12m 18s 12m 3s PP 423s PP 43s PP
350 150 12m 27s 12m 16s 448s 42s
250 100 10m 9s 9m 6s 73s 39s
ILC 500 200 10m 26s 9m 23s 141s 41s
1000 400 10m 21s 9m 36s 213s 41s
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