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

E:} Plausibly this U(1) is spontaneously broken
IE} U(1) + new scalar

New scalar

U(1) +scalar @ Other BSM

(Maybe hidden)

New scalar + Z’' boson as relics of BSM

Typically in a similar mass scale

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

Vs

Signatures of spontaneously broken U(1)’ gauge symmetry




1. Introduction
New particles : gauge boson Z’(A’) and scalar boson @
sin €’

Z’ interact with SM particle via kinetic mixing : — E S 2R €

> Dark photon interaction £, 5~ eeQ;fy"fA, €= cosby tane

h h cosa —sina
New scalar mixes with the SM Higgs (¢) = Ocyen () Oeven = ( )

) sina  cos &

New parameters {m, m,, sina, gy, £}
ﬂ New gauge coupling

They are constrained by various experiments

v' Searches for dark photon interactions
v" New scalar boson search
v Etc.




1. Introduction

Dark photon searches are active
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1. Introduction

Constraints on new scalar

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

Interesting signals considering both dark photon and Higgs

U

Good target at LHC and future collider experiments

In this talk we consider following processes

Z/

Z/

At Z-factories




1. Introduction

et
s Future Z-factories
It can be realized by CEPC and FCC-ee

Ex) CEPC ¢ om CEPG review, 2412.19743)

Operation mode Z factory WW threshold Higgs factory

Vs (GeV) 91.2 160 240
Run time (year) 2 1 10
Instag,litani)ui 1luminosit}«' 1017 96.7 3.3
(10°*cm—=s~*, per IP)
Integrated luminosity
100 6.9 21.6
(ab™1, 2 IPs)
Event yields 4.1 x 1012 9.1 % 10% 4.3 x 108

[

0.6 x 106

1)

1012 Z boson! (Tera-2)

Very rare decay process could be tested

/

N

Luminosity / IP [ 10%* cm2s]

At Z-factories

102E

10k

—8— FCC
~e— CEPC (30 MW)
--®-- CEPC (50 MW)

ILC-Baseline (Snowmass 2021) E
—4— CLIC-Baseline (Snowmass 2021) |

» 0O(10°) larger than LEP statistics




2. Extra U(1) and Z’ boson

We consider simple setting

New U(1)’ gauge symmetry

= ;

SM singlet scalar ® 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

Scalar portal
------------ U(1)+scalar ©




2. Extra U(1) and Z’ boson

For SM + extra U(1) gauge symmetry
U(1) Gauge sector

1 174 1 LV Sin 6, LV
LD — ZBWB“ — ZXWX‘ - B, X!
U(1)y U(1) U(1) kinetic mixing

Scalar potential
V= bl e+ S (o)

- AZ‘I’ D* + Ao |H|?| D).
Scalar develops VEVs: (H(®)) = v(ve)/v/2 [> Electroweak and U(1) break

Scalar mass and mixing

h h cosf) —sinf  2X\Hovvs
(Q;) = R(a) (¢> ,[R(@) — (Siﬂ@ Son )} tan 2a = N o? — )\(I)v(%

m; = Agv® cos® a + Apv3 sin® o + 2\ e Vs sin o cos a,

(ve + & +iGg)

Sl -

Lw+h+iG))

m?b — )\@Ué cos® a + Agv?sin® a — 2\ gevvg Sin a cos a.




2. Extra U(1) and Z’ boson

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

cosec
— tan

(3)=(

e 0
e 1

)(

2,
B,

General kinetic term after the transformation

DH\IJ
—19y (T
Z-Z’ mass matrix

_5%

—m,v0 m

Mgz =

Mass eigenstates

~

3)-ro (%)

~

S%VQ\IJ)

—m V0

2Z’ = 5%/ + 'U252

_ [@H _ Z'g(TﬂLW: - c:.c:.) — ieQ\IJA;L

+ O(8°)

7, — z'gXX\I,Z;L] U

/

-

/
Xy =Xy — Y\yg—tane'
9x

)~(q,: U(1) charge of @

2 4 )
07 = 2,2 gZUQ 2 52’
gov? — 493 X202
52 _ 4gXX%"U2”U% 52
2T g2 — 4¢3 X202
0 =gxXn

(0 << 1 to suppress Z-Z' mixing)




2. Extra U(1) and Z’ boson

Gauge-Gauge-Scalar interaction

Lo = (2 ZDR M) (]

(

ﬂ For tiny Z-Z’ mixing ({ << 1)

)

(mz _52)

h
—m Zvé >

—mZvc?

52,) 2

v

]\[1 nt

h
+ v52h>

(mZ,

A1 Aio

Az
Ling = (Zp, Z,) (A12 Aoo

)&

— 2 2,,2 .2 it 7
s = i i’ (2o
Z z' ® U
2 4 .9 7
_ My Mg ¢ M) 4
= A2 Vg ¢ (m% —m3,)? <U<I> U) o+ 00
m,m%,v h
[ App = 57— <¢ - ) 5+ 0(5%). ] (

) + O(8?),

j‘> ZZ’® interaction

cosf) —sinf

~ \sinf cosf
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3. Triple dark photon at Z-factory

New signal considering both scalar and Z

Z boson decay chain :
|:> Z—7'0—2'2'7 Providing triple Z’

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

> Can be realized at CEPC, FCC-ee, efc.

In Z-factories we expect O(10'2) Z boson production (Tera-2)

> High sensitivity to Z boson decay




3. Triple dark photon at Z-factory

Decay BRs of Z —» Z’® process

Decay width

m, (% 2 SBZ/52

NZ = 7Z'¢p)=—2 | 54 + —c
( Qb) AT ( * ?)(I) a) (1 —ZZ?Z/)Q

X [(1+zz — r4)? + 82| /\I/Q(xzz,a?¢)
Tz = m%,/m% and Ty = mé/mQZ Mz,y) =14+2°+y* — 22 — 2y — 22y
Decay BR

my v ¢ X 7102

/ /
2 €
~ 0.24 % (sa + Uca) T 710°
Vo

—

BR(Z — Z'¢) ~ 1.76 x g3 X262 for Sa —0

: BR(Z — Z'¢) ~ 0.24 x s2x,62 for [sa| > v/ve

—




3. Triple dark photon at Z-factory

~

sin 2¢ =

gzv%6

2

2

mZ/

\

Decay BRs of Z — Z’® process

0 =gxXyg = —5e cos Oy tan €
10" x\ __________________ NS S m ______ :"0"'1'”G’éV ________ \ € /

\<— SInoL = O
: m =], GeV

me = 2.5my,,

m =10} GeV
o3 N Parameters on each curve give
o , | BR(Z - Z'¢$) = 10712
10 -—-smoc ....... D"OO’I"""'"": .......................... A\ — A— :

(larger BR above curves)

— sinoL = 01

v" We have sensitivity even for small  if gy is sizable
v Contribution from scalar mixing for tiny gy but not very large
% We consider a — 0 limit for simplicity
Dark photon case is promising since we can have gy = O(1)-O(0.1)

Note: mg = m» and gy = O(1)-0O(0.1) is plausible case (SM:m,>m;,0.1<g,g' <1 )




3. Triple dark photon at Z-factory

Decay BRs of scalar bosons

Decay widths of new scalar boson

m?, cos® «

T(¢p— 27" = (1—2z,)

ﬁ(ilizl) 2+

8Tv3my 4z%,

B /\?bhh
['(p — hh) = 87rm¢6<xh)’ - m?/mé and f(x) = V1 —4dx

v Decay widths for the SM particles modes also exist via H-® mixing

Decay widths of SM Higgs boson for new modes

ma, sin? o 1
I'(h— Z2'7") = <% D 12 1—22,,)°
( ) SToRim B(zz) |2+ 42%/( Zg)
)‘?baSh
F h p— 5
(h — ¢¢) 87rmh6(2¢)

v' For a—0, new scalar decays into Z’Z’ with 100% BR

v" New Higgs decay modes also vanish in the limit



3. Triple dark photon at Z-factory

The branching ratio (dark photon case)
BR(Z-Z'¢)/(gxX3)? [sina=0]

(Mp=2.5my)
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v Gray region is excluded by dark photon searches

We expect sizable number of event at Z-factories: few X 10’2 Z boson




3. Triple dark photon at Z-factory | Semdeserinen

Benchmark points
BP1: mzr = 0.1 GeV, CE = 10_5’ gx = 05’ ol N 107° w7
5 BP1 BP2
BP2 . le — 10 GGV, eeE = 10_0’ gX = 05’ 1075 ¢ " Gt L 4
Z' (dark photon) decaying into SM fermions and BRs are =~
BR(Z' —ete™) ~ 1.0 BP1

BR(Z' — ete” /utp~ /7777) ~0.15, BR(Z' — hadron) ~ 0.55 BP2

Expected number of events for BPs with 1012 Z

6/ 4¢/+had. 2¢-+had. had. had. = hadrons
BP1 ||46. 0 0 0 t=e, u
BP2 ||1.1 6.1 11. 6.6 ’

We also roughly estimate BG ot oetem — 3 x (€+07))

olete”™ =3 x (£107)) ~2.3x 107! b, :> ~ 3.7 x 107* fb (pr > 5 GeV),
olete” =2 x ((T47) + 2 jets) ~ 3.1 fh. oglete”™ = 2x (£T47) + 2 jets)

N -
Signal efficiency under p; cut ~ 0.14 PR = ot




3. Triple dark photon at Z-factory

Comparing with other future prospects (L=10° fb-1)
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Summary and Discussions

Extension of the SM with extra U(1) gauge symmetry

v' Z' boson from extra U(1)’
v We also would have new scalar boson via SSB
v Z’ and scalar boson would be similar mass scale

v' Z decay into scalar + Z’ can happen

O Triple Z' (dark photon) signal at Z-factories
v 720227’ decay chain

v’ Sensitivity to kinetic mixing > 10-° at Tera Z-factories
v Clear signals are expected in dark photon case

v’ Potential of direct BSM discovery at Tera Z-factories




Future experiments

A Scientific Mission for the 21st Century

Rende Steerenberg

HL-LHC (Runs 4-6)

LHC Run 2 2029-2041 13.6 - 14 TeV and 2x
2014-2018 13 TeV Nominal Luminosity, PU 140 - 200
100% to 2x Nom. Lumi, PU 40 Int. Lumi. 3000 fo-1
Int. Lumi.190 fb-1

di-Higgs boson production
Higgs couplings to and Higgs self coupling and
Fermions of the third precision Higgs physics!

generation (top, bottom

and taus)! Ls2 CLIC 380 GeV- 3 TeV

2018-2022

Experiments Phase-| ILC 250 GeV - 1 TeV

and accelerator

upgrades Cool Copper Collider 250 - 550 GeV
2010 2020 2030 2040 2050 2060 2070
h-____---

LS3

LS1 T miiis FCC-ee 90 - 265 GeV FCC-hh 100 TeV

2012-204 ; : "

Consolidation of LHG i HLeT el M er e

; ; upgrades

interconnections i CepC 90 - 240 GeV SppC
LHC Run 1
2009-2012 7-8 TeV LHC Run 3
75% Nom. Lumi, PU 30-40 2022-2026 13.6 TeV
Int. Lumi. 80 fb-1 2x Nom. Lumi., PU 60

Int. Lumi. 450 fb-1 Muon Collider

Discovery of the Higgs Higgs couplings to
Boson, measurements of Fermions of the second
Higgs Boson couplings to generation (muons) and
bosons (gluons, photons, more rare decays
W and 2)

LHC  Ultimate Precision ete™ Ultimate Energy (pp, x*u")

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




Constraints from exotic Higgs decay

z 1 | | | | E
% 1 1 icl 1 = ATLAS =
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y ) & “°F s=8TeV, 20.3 fb' =t 3
- 08 19.7fb™" (8 TeV) + 140 fb™' (13 TeV)_ E 07 ;_ Vs =13 TeV, 139 f5" [Je20 F
2 - CMS —— Observed ] = 0.6F E
z o7 L Median expected g = E
? 06 E [ 68% expected % 0.5 E
% ' g 1 95% expected (—l) 0.4 —f
3 0.5 = 9 3
E & 03 =
g 0.4 C — g; e
: 8 E 0.1 e ==
5 02 0 l | I I | | |
o 3 ¢ e & & o © ©
ﬁ\l; 0.1 :_ sekx& Qxé\; (@X/\ /\\\xé" Q@Q xé\( Q,Oo‘(\ \00‘(\ erCP((\
8 - ® w SR RN
Q,\)
0 2012 - 2016 2017 2018 Combination

ATLAS(2023)
CMS(2022) BR(h — invisible) < 0.107

% Higgs decay into 4 lepton S —
§ 035_ — Observed r ATLAS _E
1 ==F ---- Expected s=13TeV,139fb’1E
It appears fromh — Z’Z" — I*I'I*I Nozs i B E
f 0.2;— —
ATLAS: JHEP 03, 041 (2022) %015
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For SM + extra U(1)x gauge symmetry
U(1) Gauge sector

1 174 1 LV Sin 6/ LV
LD — ZB,“,B“ — ZXWX‘ - B, X!
U(1)y U(1) U(1) kinetic mixing

Scalar potential
AH
V = — pig|H|? — pg|®)? + 7|H|4
A

® : SM singlet scalar field

+ S|P+ Ao HI?| @,
H e+ Bies o (ve + ¢ + iGo)
— - , = —=\V (A
1+ +iG) A &

Scalar develops VEVs: (H(®)) = v(vs)/v/2 [> Electroweak and U(1)' break

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




Diagonalizing U(1) gauge sector

X, \ [ cosece O ZL,
B, )\ —tané€ 1 BN

General kinetic term after the transformation

/

‘ . . Y 9 /
D,V = [dﬂ — zg(TjLVV;L +c.c.) —ieQuA, Xy = Xuv — Yy . tan e
—ig,(Ty — s%,VQ\I,)ZM — igXX\pZ;L] 1 Xy: U(1) charge
Z-Z’ mass term 4 - )
5% = 927 5
m3, — 6%, —m V0 g7v° = 495 X305
Mzz = +O(8°) | o 4GX3E
—m v Mm%z, — 85 + v26° g 7 R — 4k X3y
Mass eigenstates 0= gxXu
7 7 . 25 (0 << 1 to suppress Z-Z' mixing)
) =R(Q) (), sin2¢=—FE—
Zy Z Mz — Mgz

[For light Z': Las7~ eeQsfy"fA, €=cosfy tane (A=Z’) Dark photon interaction ]




Scalar bosons after symmetry breaking

G+

Lw+h+iG)

Scalar fields: H = (
V2

) , @:%(%4_@4_@'(}@)

/\H?}2 /\Hqﬂ}vq)

Mass matrix for physical scalars : Afezven =

2
)\Hqﬂ}?}q) )@v@

Mass eigenvalues and eigenstates:

h h cosa — sin « 2N VU

—Or Oovern, = tan 2a =

even ~

) ) sin  cos«

2
)\HU2 — )\q)’U(I)

m,zl — \yv?cos® a + /\qw(% sin? o + 2\ g vV Sin @ cos @,

mfb = /\cpv?b cos® a + Agv? sin® a — 2Age Vs SiN o COS .

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




Decay BRs of scalar bosons

Decay widths of new scalar boson

m%, cos? o 9
I 7'7") = —£ N 12 1— 2z,
(6 22) = "l L B(og) |2+ - (1~ 205
(¢ — hh) = o B(xn)
8TMy ’ x; = m;/m7 and f(x) = /1 —4x

v Decay widths for the SM particles modes can be obtained via H-® mixing
Decay widths of SM Higgs boson for new modes

4 342
ms, 1
T(h— 27" =222 Q)12+ (1—22,)

8mvimy, 422,

Adoh
I'(h — ¢¢) = B(2),

87rmh




1. Introduction

s Search for h —» Z2’'Z’ (light dark photon case)

- 1E U I U R T e bl ! R |
&- E A TLAS gbser\l/edd ||'im-i|t
[= =13 TeV, 140157 = xpzz[: ,Iml,
\IT, 10—1 :E HAHM i % E:zecm:z;n
o = | ~——— ZdZd — 4y resolved (139 f")
p I - : JHEP 03 (2022) 041
o =
IS s I
= 3 electron ! muon
El) 10 W cLa::r?el | channel
§ 107 ' |
Y s T
e oyt
|
10—6 a1l l:l raal 1 | 1l
(a) 0.02 0.1 0.2 1 2 34 10 20
m, [GeV]
EPJC 85 (2025) 3, 335, arXiv:2407.09168 (ATLAS) &

Collimated leptons from dark photon in Higgs decay

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




