
A triple Z’ signal 
via light scalar interaction in Z-factories

Takaaki Nomura (Sichuan University)

2025-08-19 SI2025 @ Yeosu, Korea

Reference: PRD 111 (2025) 095012, arXiv:2412.06302

Collaborated with Kei Yagyu (Tokyo U. of Science)



Introduction
Beyond the SM sector would contain a new U(1) gauge symmetry

The SM sector U(1)’+scalar Φ Other BSM
(Maybe hidden)

New scalar

Z’

New scalar + Z’ boson as relics of BSM

It would be more natural to consider scalar and Z’ at the same time

Signatures of spontaneously broken U(1)’ gauge symmetry

Plausibly this U(1) is spontaneously broken 
U(1) + new scalar

Typically in a similar mass scale



ü Searches for dark photon interactions

ü New scalar boson search

ü Etc.

New parameters {mZ’, mφ, sinα, gX, ε’}

They are constrained by various experiments

1. Introduction

New particles : gauge boson Z’(A’) and scalar boson Φ

Z’ interact with SM particle via kinetic mixing :

Dark photon interaction

New scalar mixes with the SM Higgs

New gauge coupling



1. Introduction

Dark photon searches are active

ü Kinetic mixing parameter can be tested

ü Many constrains and future prospects

Figs from 2005.01515

§ Bremsstrahlung of DP
§ DP from meson decay
§ DP in s-channel
§ etc



Constraints on new scalar

Light scalar boson can be induced from meson decay via Higgs mixing

From arXiv: 2305.16169

M→M’φ （via Higgs mixing）

1. Introduction



1. Introduction

Interesting signals considering both dark photon and Higgs

Good target at LHC and future collider experiments

In this talk we consider following processes

e+

e-

At Z-factories



1. Introduction

It can be realized by CEPC and FCC-ee

Ex) CEPC

1012 Z boson! (Tera-Z) Ø O(105) larger than LEP statistics

(from CEPC review, 2412.19743)

e+

e-

At Z-factories

vFuture Z-factories

Very rare decay process could be tested



2. Extra U(1) and Z’ boson
We consider simple setting

New U(1)’ gauge symmetry

+
SM singlet scalar Φ with non-zero U(1)’ charge

The scalar field develops a vacuum expectation value (VEV) to break U(1)’

It is the simplest field contents for spontaneously broken local U(1)’ scenario

The SM sector U(1)’+scalar Φ
Scalar portal

Z’ portal



2. Extra U(1) and Z’ boson

For SM + extra U(1)’ gauge symmetry

U(1)Y U(1)’ U(1) kinetic mixing

U(1) Gauge sector

Scalar potential

Scalar develops VEVs: Electroweak and U(1)’ break

Scalar mass and mixing



2. Extra U(1) and Z’ boson

Kinetic term of U(1) gauge fields can be diagonalized by

General kinetic term after the transformation

Xψ: U(1)’ charge of ψ~

Z-Z’ mass matrix

Mass eigenstates
(δ << 1 to suppress Z-Z’ mixing)



2. Extra U(1) and Z’ boson

Gauge-Gauge-Scalar interaction

For tiny Z-Z’ mixing (ζ << 1)

ZZ’Φ interaction



New signal considering both scalar and Z’ 

Z boson decay chain :

Providing triple Z’ 

It is a good target at Z-factories (e+e- collision with                )

Can be realized at CEPC, FCC-ee, etc.

In Z-factories we expect O(1012) Z boson production (Tera-Z)

High sensitivity to Z boson decay

3. Triple dark photon at Z-factory



Decay BRs of Z → Z’Φ process

Decay width

Decay BR

for

for

3. Triple dark photon at Z-factory

ε



Decay BRs of Z → Z’Φ process

ü We have sensitivity even for small ζ if gX is sizable

ü Contribution from scalar mixing for tiny gX but not very large

Dark photon case is promising since we can have gX = O(1)-O(0.1)

Note: mΦ ≥ mZ’ and gX = O(1)-O(0.1) is plausible case (SM: mh ≥ mZ , 0.1 < g,g’ < 1  )

v We consider α → 0 limit for simplicity

3. Triple dark photon at Z-factory

Parameters	on each curve give
𝐵𝑅 𝑍 → 𝑍!𝜙 = 10"#$

𝑚% = 2.5 𝑚&!

(larger BR above curves)

ε



Decay BRs of scalar bosons

Decay widths of new scalar boson 

Decay widths of SM Higgs boson for new modes 

ü Decay widths for the SM particles modes also exist via H-Φ mixing

ü For α→0, new scalar decays into Z’Z’ with 100% BR

ü New Higgs decay modes also vanish in the limit

3. Triple dark photon at Z-factory



The branching ratio (dark photon case)

ü Gray region is excluded by dark photon searches

We expect sizable number of event at Z-factories: few×1012 Z boson

(mΦ=2.5mZ’)

3. Triple dark photon at Z-factory



Benchmark points

Z’ (dark photon) decaying into SM fermions and BRs are

Expected number of events for BPs with 1012 Z

had. = hadrons
ℓ = e, μ

BP1

BP2

We also roughly estimate BG

X X
BP1 BP2

3. Triple dark photon at Z-factory

pT cut

Signal efficiency under pT cut ~ 0.14



3. Triple dark photon at Z-factory

Comparing with other future prospects (L=105 fb-1)

We can explore extra parameter region
around GeV ~ several 10 GeV dark photon 

(If mZ > mZ’ + mΦ)

Figs from 2005.01515



Summary and Discussions

p Triple Z’ (dark photon) signal at Z-factories

Extension of the SM with extra U(1)’ gauge symmetry
ü Z’ boson from extra U(1)’

ü We also would have new scalar boson via SSB

ü Z’ and scalar boson would be similar mass scale

ü Z decay into scalar + Z’ can happen 

ü Z→Z’Φ→Z’Z’Z’ decay chain

ü Sensitivity to kinetic mixing > 10-5 at Tera Z-factories 

ü Clear signals are expected in dark photon case 

ü Potential of direct BSM discovery at Tera Z-factories



(From slides of talk by Marumi Kado at ICHEP 2024)

Future experiments



Constraints from exotic Higgs decay

v Higgs invisible decay

CMS(2022)
ATLAS(2023)

v Higgs decay into 4 lepton

It appears from h → Z’Z’ → l+l-l+l-

ATLAS: JHEP 03, 041 (2022)
CMS: EPJC 82, 290 (2022)



For SM + extra U(1)X gauge symmetry

U(1)Y U(1)’ U(1) kinetic mixing

U(1) Gauge sector

Scalar potential

Φ : SM singlet scalar field

Scalar develops VEVs: Electroweak and U(1)’ break

New particles : neutral gauge boson Z’ & scalar boson Φ



Diagonalizing U(1) gauge sector

General kinetic term after the transformation

Xψ: U(1)’ charge~

Z-Z’ mass term

Mass eigenstates
(δ << 1 to suppress Z-Z’ mixing)

For light Z’: (A’=Z’) Dark photon interaction



Scalar bosons after symmetry breaking

Mass matrix for physical scalars :

Mass eigenvalues and eigenstates:

Scalar fields :

h : SM-like Higgs boson,   Φ : new scalar boson



Decay BRs of scalar bosons

Decay widths of new scalar boson 

Decay widths of SM Higgs boson for new modes 

ü Decay widths for the SM particles modes can be obtained via H-Φ mixing



1. Introduction

v Search for h → Z’Z’ (light dark photon case)

Collimated leptons from dark photon in Higgs decay

This kind of process appears considering both Z’ and dark Higgs 

EPJC 85 (2025) 3, 335, arXiv:2407.09168 (ATLAS)


