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Outline

 Introduction to dark matter

« CEPC HCAL as a photon far detector for photon-portal long-lived
particles

* Belle Il as a fixed-target experiment for dark photon searches

 Summary



Dark matter evidences
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Mono-X channel at collider
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X :y.jet.t,b,H,ZIW-  y: Birkedal+ 2004, Fox+ 2011...

q,e A Jet: Feng+ 2005, Bai+ 2010...
f: Andrea+ 2011, Agram+ 2013...
b: Lin+ 2013, Izaguirre+ 2014...
g,e” X

7/ W: Petriello+ 2008, Bell+ 2012...
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Interactions between DM and SM

ENERGY DISTRIBUTION
OF THE UNIVERSE

Abdullah et al., Nucl.Phys.B 1020 (2025) 117148

Portals: (SM SINGLET) X (DS SINGLET)
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Dark sector EFT
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LLP searches at colllders

: Decay mto Charged partlcles
displaced dijet, displaced dilepton...
(vertex detector, tracker)
negligible backgrounds

— charged : — BSM
-== neutral HSCP d1§placed — lepton
dilepton ) quark jet
x — anything
disappearing displaced
track lepton
* -------

= | https://tikz.net/bsm_longlived/ |

-

displaced
dijet

4 displaced
‘\ photon

4

i

displaced
vertex

displaced
conversion

|

t In general, displaced charged particles have cleaner backgrounds thandlsplaced
 photons, thanks to the higher position resolution of the vertex detector and the tracker.
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Decay mto neutral partlcles iw
displaced photon (non-pointing photon)

(Multi-layer ECAL) *
more backgrounds
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CEPC HCAL as a photon far detector




Large backgrounds for displaced mono-photon at future Higgs factories

CEPC reference detector | Fardetector?

ECAL
I e = =— A . .J
HHH mm e — -
| MAGNET ] More than 10! ete™ — viy events W|th
| | ‘ E,>1 GeV N
for CEPC Z-mode with the
j‘ ete” - X Xy, X{ = X7 l

| X;: heavier dark sector particle (long-lived) |

X5 lighter dark sector particle or SM
neutrino

mons face Iargebackg rounds \
at future HlQQS fte o 1




HCAL barrel as a photon far detector

 ete > Xl X,, X — Xzy
' Xl heavier dark sector partlcle

Muon chamber as a shield tor beam-
related backgrounds and cosmic rays
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HCAL barrel as a photon far detector

ECAL

ECAL as a shield for neutral particles
MAGNET | from the primary vertex




Why CEPC HCAL?

(1) High-Granularity HCAL with small radiation length per layer
(2) Much cleaner environment than the hadron colliders
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CMS collaboration, PRL. 127 (2021) 26, 261804
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PS-HCAL or GS-HCAL?

S HCAL E;nin =2'XE.,t=L/X,

A

Upper cover: 2 mm

& PCB+ASIC chips: 3.2 mm Detector PS-HCAL GS-HCAL

I N scintillator cell: 3.2 mm

Bottom cover: 2 mm

27.2 :
- Main corlnponents per 50 8 mm Fe 11(()%.;3 mmgg
Fe Absorber: 16.8 mm ayer .« Mm
t
(radiation length per 1.21 1.44
GS'HCAL Iayer)

Upper cover: 2 mm

_ PCB+ASIC chips: 3.2 mm Crltlcal energy ~207 Mev ~‘| 57 Mev
Scintillator cell: 10.2 mm

27.2
mm
Bottom cover: 2 mm Energy threshold for

: 1.37 GeV 2.30 GeV

=
|
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\CEPC Ref-TDR

[
i
i

)

We require that the photon can induce energy dosii in at least five Iyes.

11



PS-HCAL or GS-HCAL?

27.2

mm

GS-HCAL 0

PS-HCAL

'CEPC Ref-TDR |

AN

Upper cover: 2 mm

v

Sampling fraction ~31%

PCB+ASIC chips: 3.2 mm

Scintillator cell: 10.2 mm 27.2
mm
Bottom cover: 2 mm
v

Sampling fraction ~1.6%

mick GS cell desirg;;—’;hempnfract f |
HCAL can be increased by a fator of ~20 compared to that of “

|

We take the GS-HCAL as the b;nchmark detector For fro L ﬁ

l

—

Upper cover: 2 mm

PCB+ASIC chips: 3.2 mm

Scintillator cell: 3.2 mm
Bottom cover: 2 mm

Fe Absorber: 16.8 mm




Main SM Backgrounds

MUON CHAMBER

HCAL

ECAL

W
= | —— T .

MAGNET

Ni. ~ 10°

The EM showers initiated by photons differ signi?ic from those rodd hon }
It is expecteg that nlegral Qadron backgrounds can be futrsuppred y PFA.
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Axion portal operator

F—— S—

| @Cl}/,B — gB ClF/wB

a. axion like particle

F,,: the field-strength tensor of the dark photon y’

B,,; the hypercharge field-strength tensor _

_ _ = — —

€+

Generation process

Decay process
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CEPC sensitivities on the axion portal operator

PSR ] Inner radius of the
signatures| - |

Q_Convert_ionai[ EQAL mono:

3 ije HCAL mono-photon

| provides exceptional sensitivity to LLPs
with decay lengths between ~1 and

1077t PN ’ _ 10° meters and achieves the best
; gBBqugua, mg = 0.85 LV O\\ ‘\\ % ‘\~\ ; | S o ln
| CEPC, Z—mode, 100/ab CAN o sensitivity when Ly = Ry;.
10—8_‘ / AN o - — —_— —
1073 1072 10~ 10° 10!
m~[GeV]

Jiang, Li, JL, arXiv: 2510.26649 15



Disappearing positron track signature at Belle Il
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Large missing energy search at NA64 experimet

NA64 Collaboration, PRL 123, 121801 (2019)

MU4

—

The calorimeter can simultaneously measure|
the energy and serve as the target. |

MU3
MU2 HCAL4
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Belle |l detectors

LT | 1
Endcap | Barrel KLM

KLM

Endcap

KLM

* U
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BN | 5
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; Bl { / N
J — ¥ 7
|||||||||||||||||||||||||||||||||||||||||
4 (m)

& =50/ab,y/s = 10.58 GeV

CDC:
opr/pr ~ 0.4 % for pr, ~ 3 GeV

ECL:
16 X, Csl crystals,

op/E=1.6%for E ~ 8 GeV

KLM:

Alternating sandwich of iron plates
and active detector elements (RPC
and scintillator strips)

Belle II physics book, 1808.10567



Belle |l detectors

Endcap ‘Barrel KLM | élfl\lfljlcllalgl KLM:
KLM ——— KLM [ > No significant activity at KLM
(111 e w11

— = TOP —l‘r
S = N ECL:

— 4 GeV deposited energy

|IIII|IIII|IIII|IIII|IIII|IIII||III|IIII|
4 (m)
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Tt CDC:
A charged track with p = 4 GeV




Disappearing positron track signature

Annihilation Bremsstrahlung
¥ ¥ e’ X
mm | >‘<
Endcap Barrel KLM Endcap | ... >
KLM ; — LoKLM et
\ L 58 el I et
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12 Atomic electron in the ECL
S— ——
— SR T
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N i » DMs are generated in collisions

between the positron and the atomic

(‘)Illé.|IIIIlIIII|IIII:|2l|II|IIII-LIIII|IIII‘|”m) eleCtrOn In the ECAL.

>
Bhabha scattering: 6 X 10!! positrons o0



Disappearing positron track signature

IR e | e
KLM = | - KLM
”””m"m = . |INHH (1) Positron: a clear track in the CDC, very
R — .l | ] little energy deposited in the ECL *
_— P \e | | —
m—h 4—%% | (2) Electron: a clear track in the CDCGC, full
. %_ . 2\[22\ S 1 -~ |energy deposited in the ECL

——

—

(3) No tracks or clusters in the KLM

—

\III I|||| III'IIII‘I L1111 || HERNN
0 1 2 3 4 (m)

~ We treat Belle Il as a positron fixed target
experiment with the ECL as L
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SM Backgrounds
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Constraints on the dark photon model
Lt = A eQrefr' f+ g, 77" 1)

1077 — . —

Bremsstrahlung
dominates

—p( Annihilation dominates

Belle li _ | |
mono-photon - [————— Leading constraint
107°F My = my/3 L=50ab "
10 50 100 V2mE,.

03 my [MeV] JL, Liu, Yang, JHEP 05 (2024) 273



Summary: two exotic channels
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CEPC HCAL barrel as a photon far
detector for long-lived particles

MUON CHAMBER

ECAL

MAGNET

N2 | IIlIIIlIiIiI

Endcap/A’ Barrel KLM | _+Endcap
T | Solenoid | ’ Mrby
(1 Lil A
__h\ T
é_ ,

||‘|||||||| | |IIII|I|I|| III|IIII|III||IIII|IIII||III| “|||||||||||

Belle |l as a fixed-target experiment: |
disappearing positron track signature

24






The HCAL serving as a photon far detector

27.2
mm

27.2

Scintillator cell: 10.2 mm d CEPC Ref-TDR \
Bottom cover: 2 mm

14
cm

PS-HCAL

Upper cover: 2 mm

PCB+ASIC chips: 3.2 mm

D N scintillator cell: 3.2 mm

Bottom cover: 2 mm

Fe Absorber: 16.8 mm

v

GS-HCAL

M | Upper cover: 2 mm

R pcB+ASIC chips: 3.2 mm

v

Muon detector too thick
+ e scintillator: 1 cm /

Foam: 3 cm

_ e

v

|

min __ ¢ —
EST =2 XE,t=LIX,
Detector | PS-HCAL | GS-HCAL viuon
detector
Main
13.8 mm Fe
components per| 20.8 mm Fe 10.2 mm GS 10 cm Fe
layer
t
(radiation length 1.21 1.44 5.68
per layer)
Critical energy | ~20.7 MeV ~15.7 MeV ~20.7 MeV
Energy
threshold for 1.37 GeV 2.30 GeV 7332 TeV
five layers

Only HCAL can be used to detect photons, either GS-HCAL or PSHCAL prowded that -
energy Is deposited in at least five active layers. |



Backgrounds

ECAL

* Photon backgrounds Pl,=e /9% =78 x107°

* Neutrino backgrounds | | " Penetrate the ECAL barrel
: and subsequently deposit

* Neutral hadron backgrounds energy in the HCAL barrel. |

] MAGNET

Nj,~10 |
£-mode,

- eTeT -y _ e
The dominant SM backgrounds for the HCAL mono-photon signature originate from neutral particles 1

|

I

- such as single photons, neutrinos, or neutral hadrons produced at the primary vertex without any
accompanying detectable particles.

These neutral particles evade detection in the inner tracker and ECAL, and subsequently deposit }
energy in the HCAL barrel. *

27
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Neutrino and neutral hadron Backgrounds

Neutrino backgrounds Neutral hadron backgrounds

» MUON CHAMBER

MUON CHAMBER

HCAL n / KL *

HCAL

ECAL

ECAL

&
N —— T

MAGNET

MAGNET

- The EM showers initiated by photons differ significantly

from those produced by hadrons. |

It is expected that neutral hadron backgrounds can be
further suppressed by PFA.




Sensitivity estimation

Optimistic estimation

(Particle flow algorithms can effectively distinguish neutron
hadrons and photons in the HCAL)

Ngg ~ 10, Ngg ~ 1,

Conservative estimation

(Other potential backgrounds)
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CEPC sensitivities on the axion portal operator
10

| 8B Fh a,m, = 0.1 GeV
CEPC, Z—mode, 100/ab

102

" The HCAL mono-photon signature shows bet:ersii about one re N
magnitude when 0.1 S r, < 0.97,

ny/

but loses sensitivity when 7, 2 0.97 due to the photon energy threshold of the HCAL.
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CEPC sensitivities on neutrino dlpole portal operator

1
| (La N )HB”‘”
f — J 5 HU
| O, np = dpt10,,NB
X [ N: sterile neutrino
- N < H
’ H': Higgs doublet
1077 — Y (' ‘ .
dpB"' V10, Nk < N % B/w: hypercharge field-strength tensor
- | CEPC, Z—mode, 100/ab \\/_0-6.‘\ /g,j;/}:'
‘ ‘ s
10_8—1 I PR T T N B O O L 1 11111:?1/ \l I SR T T N B B ! 3 F dc m
1073 102 10! 10° NI g BTN
T my|GeV]
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Three mono-photon signatures

Lp < Rycar

Lp > Rycar

I

1L Three mono-photon S|gnatures give complementary senS|t|V|t|es on photon portaIL |
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- Simulate 10% e* T =] eventschh |
' pT > 1GeV, p]”3 < 10 GeV, and AR,; > 0.4

S

J MUON CHAMBER l

Neutral hadron Backgrounds

T e — — =

| Veto events If there are trakcswrch o

P > () 1 GeV or photons W|th E > O 1 GeV

o Select events with

one neutron or K; within the HCAL barrel.
Only one event is found (large uncertainty).

1
Nia * =~ 7o5 X 03 X £ x Pl = 858
Thmnduced by photon; differ edly from those of hadrons.
Hence, with full exploitation of the high granularity and high sampling fraction of the GS-
HCAL neutral hadron backgrounds can be effectlvelysuppressed o
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Positron flux from Bhabha scattering

e e
! dog ~ ma® (3 + cos” 0%)°
dcos@* 25 (14 cos@*)2’

e e

2y N,. ~ 6 x 10" (£ = 50/ab)
/\\

for the ECL barrel region



New channel constraints on dark photon model

Lt = A eQrefr' f+ g, 77" 1)
A/; : dark photon
y : Dirac dark matter
f: SM fermion with charge O

€, 8, : coupling constants



