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parameter space of interest for electron colliders
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dark matter detection

[Cirelli, Strumia, Zupan, 2406.01705v3] Spin—independent DM detection
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dark photon & millicharged particles
dark matter

leptophilic gauge boson
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axion & axion-like particles (ALPs)




dark photon & millicharged particles




Hypercharge portal models

Hypercharge portal model for dark photon & millicharged particles

SUB3). X SUR2); x U(1)y

dark
sector

SM
sector

[Holdom 1986; Foot & He 1991; Cheung & Yuan 2007; Feldman, ZL, Nath 2007]




Hypercharge portal models

Hypercharge portal model for dark photon & millicharged particles

Uy X U(Dy

hypercharge portal
e —————————————

SUB3). X SUR2); x U(1)y

SM

dark
sector

sector

(1) kinetic mixing

(2) Stueckelberg mass mixing

[Holdom 1986; Foot & He 1991; Cheung & Yuan 2007; Feldman, ZL, Nath 2007]




Kinetic mixing & mass mixing

SUB). XSUQR2); X U(l)y X U(1l)y

1 o1 y _ € » M7 - 0
QCZ - — ZA/U/AM _ZX//H/XM + gDXﬂ)(}/’u)(—? A,W/X — T(Oﬂa + X//i+€2 A,u)

[Feldman, ZL, Nath, hep-ph/0702123, 437 cites]




Kinetic mixing & mass mixing

SUB). XSUQR2); X U(l)y X U(1l)y

|
1 U 1 U — él U M12 ~ 2
QCZ - — ZA//”/AM _ZX//H/XM + gDXﬂ)(}/’u)(—? A/u/ XHY — T(Oﬂa + X//i+€2 A,u)

[Feldman, ZL, Nath, hep-ph/0702123, 437 cites]




Kinetic mixing & mass mixing

SUB). XSUQR2); X U(l)y X U(1l)y

| |
1 1 y _ € y M7 - 0
g - — ZA//”/AM _ZX//”/XIM + gDXIM)(}/'M)(—? A,m/ XHY — 7(8/10 + XM+€2 A,u)

[Feldman, ZL, Nath, hep-ph/0702123, 437 cites]




Kinetic mixing & mass mixing

SUB). XSUQR2); X U(l)y X U(1l)y

| }
1 1 y _ € y M7 - 0
L = — ZA//”/AM _ZX//”/X’M + gDXIM)(}/'M)(—? A//w XHY — 7(6/10 + X//t+€2 A,u)

T

kinetic mixing

[Feldman, ZL, Nath, hep-ph/0702123, 437 cites]




Kinetic mixing & mass mixing

SUB). XSUQR2); X U(l)y X U(1l)y

| }
- w uv o, U M = A 2
L = — ZA/’”/A _ZX'WX + gDXIu)(}/ )(—? A//tI/X — 7(6/10 + X//t+€2 A,u)
T T
kinetic mixing mass mixing

[Feldman, ZL, Nath, hep-ph/0702123, 437 cites]




dark photon & millicharged particles

56——1A AHY lX XM X élA XHv Mlza X +é,A)?
- 4 UU _4 Uy +gD ,u)(}/ )(_? Uy _7( /,ta_l_ //t+€2 /4)

[Feldman, ZL, Nath, hep-ph/0702123, 437 cites]
[see also Fabbrichesi+, 2005.01515, Dark Photon Review]




dark photon & millicharged particles

55——1A AHY lX XM X élA XHv Mlza X +é,A)?
= = AWA" — X X 4 g Xy = A XY = —=(0,0 + X 48 Ay

e kinetic mixing €, & mass mixing ¢, are degenerate; only € ~ (€,—¢) is physical

[Feldman, ZL, Nath, hep-ph/0702123, 437 cites]
[see also Fabbrichesi+, 2005.01515, Dark Photon Review]




dark photon & millicharged particles

1 1 ) € M? }
L= = A AT X X+ 8o Xy A A X~ — (0,0 + X+ 6, A’
e kinetic mixing €, & mass mixing ¢, are degenerate; only € ~ (€,—¢) is physical

e X, becomes dark photon (often denoted as A)) if M} < M,

[Feldman, ZL, Nath, hep-ph/0702123, 437 cites]
[see also Fabbrichesi+, 2005.01515, Dark Photon Review]




dark photon & millicharged particles

1 1 . € M? i

VA ZA,MI/A/W _ZX/WX//W + gDX,u)(yM)(_? A//tl/ X — 7(%0 + X//t+€2 Aﬂ)z
e kinetic mixing €, & mass mixing ¢, are degenerate; only € ~ (€,—¢) is physical
e X, becomes dark photon (often denoted as A)) if M} < M,

e Dark photon A interactions: eleA/;f;/”f(visible) and gpA, yr" x (invisible)

[Feldman, ZL, Nath, hep-ph/0702123, 437 cites]
[see also Fabbrichesi+, 2005.01515, Dark Photon Review]




dark photon & millicharged particles

_ I i 1 Uy — U € Uy M12 ~ 2
L = — ZA'MUA _ZX/WX + gDXM)(}/ ){-7 AMVX — 7(%0 + X//t+€2 A,u)
e kinetic mixing €, & mass mixing ¢, are degenerate; only € ~ (€,—¢) is physical
e X, becomes dark photon (often denoted as A)) if M} < M,
e Dark photon A interactions: eleA/;fy”f(visible) and gpA, yr" x (invisible)

o Xﬂ is hypercharge-like if M| > M, (better probed at LHC)

[Feldman, ZL, Nath, hep-ph/0702123, 437 cites]
[see also Fabbrichesi+, 2005.01515, Dark Photon Review]




dark photon & millicharged particles

1 1 ) € M? i
g - — ZA//WA’MD —ZX/WX’MU + gDXﬂ)(}/ﬂ)(_? A//tl/ XHY — 7(%0 + X//t+€2 Aﬂ)z
e kinetic mixing €, & mass mixing ¢, are degenerate; only € ~ (€,—¢) is physical
o Xﬂ becomes dark photon (often denoted as A/;) ifM, <M,
e Dark photon A interactions: eleA/;fy”f(visible) and gpA, yr" x (invisible)
o Xﬂ is hypercharge-like if M| > M, (better probed at LHC)

o If dark photon is massive, hidden fermion y is millicharged only when €, # 0

[Feldman, ZL, Nath, hep-ph/0702123, 437 cites]
[see also Fabbrichesi+, 2005.01515, Dark Photon Review]




dark photon & millicharged particles

1 1 ) € M? i
g - — ZA//WA’MD _ZX,MI/X//W + gDX,u)(}/ﬂ)(_? A/w XHY — 7(%0 + X//t+€2 Aﬂ)z
e kinetic mixing €, & mass mixing ¢, are degenerate; only € ~ (€,—¢) is physical
o Xﬂ becomes dark photon (often denoted as A/;) ifM, <M,
e Dark photon A interactions: eleA/;fy”f(visible) and gpA, yr" x (invisible)
o Xﬂ is hypercharge-like if M| > M, (better probed at LHC)

o If dark photon is massive, hidden fermion y is millicharged only when €, # 0

e Millicharged particle y interacts with photon via eeA yy" x

[Feldman, ZL, Nath, hep-ph/0702123, 437 cites]
[see also Fabbrichesi+, 2005.01515, Dark Photon Review]




dark photon



Limits on dark photon with mass below 1 MeV

[https://cajohare.github.io/AxionLimits/]

ultralight dark photons
are DM candidates

Kinetic mixing

S G S
OOCDlCDO
—

mHz Hz kHz MHz GHz THz eV keV

101 : N nebula

—_ =
=9
o

—_
3

Dark
photon

DM

—
3

-~
-~
~
~
~
~ ,
~
() ~
-~

() ~

]» ~

|
—

Reionisati .
(Caputotal, (WIHSSEED) | oo LAMPOST

Trost et al.) pat Y‘10‘0"* FUNK /\

I
—

|
—
= W N = O© O oo

‘ T AT AT AT W S Wy S sy W Wi Wi W

|
—

Halo8copes SENSEI
SuperCDMS

Black hole DarkSide
superradiance

p—

3
p—
Q1

p—

3
p—
(@)}

XENON

p—

3
—
N

p—

3
—
o

AT A6 AD AR 4D A2 Ay A0 9 % T 6 9% & 5% 2 AN AP
107407107407 107 407107407 10 107407107407 107407107407 10 107407107407 10

Dark photon mass [eV]

11




Limits on dark photon with mass above 1 MeV

w 1072 I
_ Jw x
10 3 | | t R I.' .

1073 1072 107 1 10 102 10°
m, [GeV]

[Fabbrichesi+, 2005.01515, Dark Photon Review]
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Limits on dark photon with mass above 1 MeV

w 107
107
10~
107
107°
107’
10°°

10~
1073

MS
A48/2 B‘:"
LHCb
El Q U
2.
C
137
1072 107 1 10 102 10°
m, [GeV]

[Fabbrichesi+, 2005.01515, Dark Photon Review]

probed by eTe™ colliders
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Dark photon production @ electron colliders

Dark photon A, interactions: eleA/;fy”f(visible) and gpA, Jy" x (invisible)

Production channel

(1) radiative return
—

&
o+

A/

~

-

(2) hadron decays

7.‘.O - -

Y

~
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Dark photon visible decay branching ratio

BLRRLL AR

1OOE

L T'
101 V

E— ete”
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—— Hardron
_2I__I_I_I_I_I_IJ 1 v v aanal L 1
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Ma (GEV)
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101

[Mingxuan Du, ZL, Van Que Tran, 1912.00422]

only visible channels here

invisible ones can dominate
over the visible ones
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Dark photon signatures @ electron colliders

Two different collider signatures for dark photon

-~

visible decay (ee/uu)
(1) prompt
(2) long-lived

A/

-

invisible decay: mono-photon
e Y
X
et M
<
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Belle Il sensitivity on prompt dark photon visible decay

Belle-Il, 2207.06307, Showmass




Belle Il sensitivity on long-lived dark photon

I
Belle |l prompt T

50 ab~" '
1 ~~1‘|

Belle Il displaced

10-2 10-1 100

[Ferber, Garcia-Cely, Schmidt-Hoberg, 2202.03452]

[*/h*

[=/h~

photon + displaced vertex
e & non-e final states
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1072

10°°

104

10°°

Belle Il sensitivity on dark photon invisible decay

BaBar 53 b~

———————————————

10 ab-1e ‘ - e’
50 ab

op = 0.5, mX|= m,/3

1072 10~ 1
m,, (GeV/c?)

Belle-Il, 2207.06307, Showmass

10

A/

monochromatic photon
for on-shell dark photon

challenge: reducible BG
(see later slides)
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BESIII limits on dark photon invisible decay

102 E
B E787,E949 BESIII
g-2) favor |
10‘3 = NAG2 /\ BaBar
W | /
107% =
NA64
107
L1 11 I | | | I I .| I L1
107 107 10

107"
m, . (GeV)

BESIII, 2209.13893

14.9/fb at 4.13-4.60 GeV
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dark matter & millicharged particles




Mono-photon signature at electron colliders

21




Mono-photon signature at electron colliders

mono-photon

21




Mono-photon signhature at electron colliders

mono-photon

probe a variety of models:

e EFT DM

e |ight mediator DM

e millicharged particles
(undetectable ionization)

e invisible dark photon

21




Different sub-GeV DM models (diff mediator mass)

1

1
A2

o _ I
FW”‘W v'C —arnasxlrtvst —xfe

vV

[ZL, Zhang, 1808.00983]

Aj

\)

[Liang, ZL, Ma, Zhang, 1909.06847]

[Liang, ZL, Yang, 2111.15533]
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Different sub-GeV DM models (diff mediator mass)

Light mediator DM

[ZL, Zhang, 1808.00983]

1
mys)(f st~ et

A2

\)

Zrt (8F — glvs) x + Z,¢v" (g

[Liang, ZL, Ma, Zhang, 1909.06847]

[Liang, ZL, Yang, 2111.15533]
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Different sub-GeV DM models (diff mediator mass)

Light mediator DM

[ZL, Zhang, 1808.00983]

1
mys)(f st~ et

A2

\)

Zrt (8F — glvs) x + Z,¢v" (g

Millicharged particles €€A,,t)?}’”)(

[Liang, ZL, Ma, Zhang, 1909.06847]

[Liang, ZL, Yang, 2111.15533]
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Irreducible background for mono-photon

Irreducible BG: eTe™ — yuu

V

o V e - e

—— ——

V
7 W1 v W
A =

€Y %%

——

more challenging: reducible BG (due to limitations of the detectors)
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Reducible background @ Belle Il

$uper conducting coil
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Reducible background @ Belle Il

$uper conducting coil

2980
PEEssml e
e R [ A
940(ECL flange) ] e
7escpo) [
SVD PXD(2 layers)
310 570
~,  Small|cell chamber
R
e e -
410 || 525
- \

ECL angles

(lab frame)

124°< 0 < 314°
32.2°< 0 < 128.7°
130.7° < 6 < 155.1°

[Belle Il 1808.10567]
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Reducible background @ Belle Il

uper conducting coil
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[Belle Il 1808.10567]
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Reducible background @ Belle Il

uper conducting coil
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[Belle Il 1808.10567]

BG due to ECL gaps (gBG)

reducible BG

BG due to beam (bBG)
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DESY. Dark Sectors at Low Energy Colliders (Torben Ferber)
[from Ferber’s talk]

B: Invisible Dark Photon searches

I Belle Il

SuFer conducting coil .
G '
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DESY. Dark Sectors at Low Energy Colliders (Torben Ferber)

B: Invisible Dark Photon searches

! Belle Il
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EFT DM probed by Belle Il (50/ab) itiane, 2L, vang, 211115533,

LEP is better than Belle |l for EFT-DM Electron colliders are better than DMDD
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Light mediator DM probed by Belle Il (50/ab) (211115533

Belle Il is better than LEP for light mediator DM Electron colliders can be better than DMDD

vector-coupling only vector-coupling only
10”! | £=50 b mono—photon ] 10~ :
| L | 10|
0 I 34
1072k 0.6 GeV 5 Ge V. 10T
g, % =0,gf = E 10° Bl __
o, 3] - 5,108 :
10"k dashed: LEP — ! : ]
: N 10 :_0_40 % _
_ solid : Belle II 10 MeV P S
_4 10 “F S :
10 ¢ M S E—— _
: 10 " Fdashed:LEP ~~" gy v floot 0
| 107%6]  solid: Belle TI 5Gev _ L£=50ab
10 ~ L B R . B L S -
10° 10’ 10” 10 10° 10’ 10” 107
m, [MeV ] m, [MeV]

Zrt (8F — &lvs) x + Z0y" (80 — 8lvs) € M, = 5 GeV, 0.6 GeV, 10 MeV
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PandaX-4T limits on light DM

Heavy mediator

= (Constant W model

Light mediator

10~

10°
DM mass [MeV]

104

Search for Light Dark Matter with
259 Days of Data in PandaX-4T

[PandaX-4T, 2507.11930]
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Belle 1l vs dark matter indirect detection experiments

Electron colliders can be better than DMID

10_22 ' ' L ' L ' L L
Fermi-LAT L
Y INTEGRAL , o .
— 1077 ¢ | 5 Photons from DM annihilation
< :: V
= ' e
E 10_30 ___________ " . Ot i
R ‘ INTEGRAL
J% 10—34 - ------- 0.6 GeV Z’ (axial—ve_qﬁgr_)_ﬂﬁ‘_ﬁ
N On e Fermi-LAT
% 10_38 B OS ““““““““““““““““““““ |
““““““““““““““ Belle IT mono—y (50 ab_l) -
10_42_ L . T L
10 10’ 10” 10>
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[Liang, ZL, Yang, 2111.15533]
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millicharged particles



Millicharge in BSM can be quite “large”

Accelerators

-QDMhz>O-1
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loglo(m%/ eV)

[Jaeckel, Ringwald, 1002.0329]
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Millicharge in BSM can be quite “large”

Accelerators

( EDI\,[;IE >0.1

~ -5 |
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— 7 -
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O SN dimming !
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loglo(m){/ eV)

- probed by ete ™ colliders

[Jaeckel, Ringwald, 1002.0329]
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Millicharged particles probed by electron colliders

-= BellelIl bBG

= BESIII bBG
= STCF bBG

Belle IT bBG+gBG +

- Bellell optimized E

- STCF optimized 3

1

4

mono-photon

electron collider can probe
new parameter space

[ZL, Zhang, 1808.00983]
[Liang, ZL, Ma, Zhang, 1909.06847]
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Run 3 milliQan bar detector

Q/e

milliQan

124.7 fb~! (13.6 TeV)

101 A

Run

— (Observed

Earlier constraints

ArgoNeuT
[PRL 124, 131801 (2020)]

SENSEI
[PRL 133, 071801 (2024)]

CMS FCP 138 fb~!
[PRL 134, 131802 (2025)]

Run 2 milliQan demonstrator 37.5 fb~1!
[PRD 102, 032002 (2020)]

3 milliQan bar detector

Expected £10

10t 102
MCP mass (GeV)

[2506.02251]
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Low colliding energy is better to probe MCPs

if irreducible BG is the only important BG BESIII/STCF vs Belle Il
10°F— . . . . . —
- Pre-selection Cuts :
=
S

e
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new dark matter detection channel
at electron colliders




Previous dark matter detection channels at colliders

Most studies focus on mono-X channel with SM X produced at the primary vertex

SM —mm™ <—mmmm8m8m8 SM

DM DM




Previous dark matter detection channels at colliders

Most studies focus on mono-X channel with SM X produced at the primary vertex

SM

SM —m—mm™ <—mmmmmmm SM

DM DM




New dark matter channel at colliders

SM/

SM ——————» +— SV

./

A pair of SM particles
produced at the primary vertex
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New dark matter channel at colliders

SM

SM —————  &— §SM

SM

One SM particle interacts with
the detector to produce a pair
of DM particles

A pair of SM particles
produced at the primary vertex
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New dark matter channel at colliders

SM

SM ——————» +— SV

One SM particle interacts with
the detector to produce a pair
of DM particles

A pair of SM particles
produced at the primary vertex

fixed target in collider
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New dark matter channel @ electron colliders

p )Z,? [Liang, ZL, Yang, 2212.04252]
o e ¢cTe” > eTe”
......:':3};‘ e ¢~ deposit energy in ECL
e \j e ¢7 interact with ECL to produce DM

o e signature: ¢, e, and missing energy
(<5% e energy deposited in ECL)

ECL

KLM




New dark matter channel @ electron colliders

p )Z,? [Liang, ZL, Yang, 2212.04252]
Y e ¢cTe” > eTe”
......:':3}:‘ e ¢~ deposit energy in ECL
e \/ e ¢ interact with ECL to produce DM

e signature: ¢, e™, and missing energy
(<5% e energy deposited in ECL)

ECL

KLM ° . -
disappearing positron track




Positron interaction with ECL

€A

annihilation w/
atomic electron

bremsstrahlung w/
target nucleus

[Liang, ZL, Yang, 2212.04252]
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Background estimation

BG: e™ + ECL — y/n which escape detection

Use KLM to veto such BG

e photon BG events: ~ 13
e neutron BG events: ~ 81

[Liang, ZL, Yang, 2212.04252]
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Belle Il sensitivity on invisible dark photon

[Liang, ZL, Yang, 2212.04252]
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Belle Il sensitivity with ISR included

[Shao-Feng Ge, Jinhan Liang, ZL, Ui Min, 2505.10302]
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Leptophilic gauge boson




Anomaly free extension to the standard model

Gauged lepton flavor L, — Lj are anomaly free extensions of the standard model

[Xiao-Gang He, Girish C. Joshi, H. Lew, R.R. Volkas, Phys.Rev.D 44 (1991) 2118-2132]

signature @ electron colliders

\ from Hearty’s talk J
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Belle Il constraints on fully-invisible L, — . boson Z'

Ui + miss
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Belle Il constraints on vanilla L, — L, boson Z’

Belle 11, 0.276 fb U + miss

vanilla: only couple to SM fermions

invisible decay:
(gl CMS (95% CL) - e Belle Il
1073 ?ﬂ’f}]w" . E o NA64-e
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axion & axion-like particles




Axion & axion-like particles

Axion is proposed as a solution to the strong CP problem (QCD axion)

[Peccei & Quinn 1977]

Axion-like particles (ALPs) appears in many beyond-the-standard-model theories.

[see e.g. Ringwald 1210.5081]




axion-photon couplings



Constraints on axion-photon coupling

FIPs 2022 Wim
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Constraints on axion-photon coupling
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probed by
e e colliders
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Belle Il limits on ALPs
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Belle Il sensitivity on ALP
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BESIII limits on ALPs
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lepton flavor violating axions/
axion-like particles



Lepton flavor violating axion-like particles

Lepton flavor violating axion-like particles

d,a d,a
K Z ur =
L ofp = E _2f fngfi;/”ysfi+ E _Zf fiy”(Cgfj+ C?iijS)f"
i “ o

[Motoi Endo, Syuhei Iguro, Teppei Kitahara, 2002.05948]

[Lorenzo Calibbi, Diego Redigolo, Robert Ziegler, Jure Zupan, 2006.04795]
[Hooman Davoudiasl, Roman Marcarelli, Ethan T. Neil, 2112.04513]

[Yonglin Li, Zuowei Liu, 2501.12075]
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el flavor violating axion-like particles @ Belle Ii

i : : — + F + + F F
same sign & same-flavor lepton pairs via on-shell ALP: eTe™ — u~eTa - u~u~e*e™

[Motoi Endo, Syuhei Iguro, Teppei Kitahara, 2002.05948]
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el flavor violating axion-like particles @ Belle
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Supernova constraints on ey flavor violating ALPs

constraints from supernova cooling & low-energy supernova explosion energy

1070 ¢

muon decay experiments

Int

Lint = — 18uend€ysp+h.c.

e+ u—>a

probes new para space for SN

[Li, ZL, 2501.12075]
[Huang, ZL, 2506.16922]
[Huang, Li, ZL, 2510.22523]
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Summary

There are a variety of well-motivated new light particles that can be searched
for at electron-positron colliders:

dark photon
millicharged particles
dark matter

axion and ALPS

leptophilic boson
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BESIII limits on prompt dark photon visible decay
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SENSEI constraints on millicharged particles

m, [MeV]

SENSE]

[2305.04964]
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