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1. Introduction

The standard model (SM) of particle physics is successful
Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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The SM is based on gauge symmetry SU(3).xSU(2) xU(1)y

However there should be beyond the SM (BSM) physics




1. Introduction

There are some experimental anomalies that can be hints of new physics
CDF Il W bosom mass
my = (80.433 £ 0.0064;5; £ 0.0069sys;) GeV  (CDFII corraboration, 2022)

SM prediction: 80.357 + 0.006 GeV  (PDG)
CDF Il W boson mass is deviated from the SM prediction by 70

Muon anomalous dipole magnetic moment (muon g-2)

No2 e as™ =(11659208.9+54x33)x107™"
AL g2 +— g a,"" =(11659204.0+5.1x1.9)x107"
< 420 > 3 exp Y _ 10
Aa, =aS® —a" =(25.1=5.9)x10
T ——+
Standard Model E:s:rrlar;:nt Combined resu|t (4.20. deviation)

175 180 185 190 195 200 205 210 215

a,x10° ~1165900 Muon g-2 collaboration, PRL126 (2021)

They can be explained by extending the SM



1. Introduction

One simple extension of the SM

:> A model with extra U(1) gauge symmetry

€ The SM is based on gauge symmetry

> The BSM would be also described by gauge symmetry

@ It restricts interactions :
good for phenomenological model building

» Controlling interactions by symmetry

» It provide new neutral gauge boson: Z’ boson

» U(1) breaking scalar VEV — Higgs physics

» Explaining experimental anomalies: muon g-2, W boson mass
> Etc.




1. Introduction

An extra U(1) would appear from higher scale

€ From grand unified theory (GUT)

SO(10) D SU3)x SU(2), x SU2), xU(1), , D SUB)x SU(2), xU(1), xU(1), ,
E, D S0(10)xU(1), D SUBG)xU(), xU(),

€ From other gauge extended theories

€ From string theory

¢ Etc.

In ~TeV scale we may just see the SM + extra U(1) gauge symmetry




1. Introduction

@fundamental physic in high energyD

[Dark matter]% b

N ( Extra U(1) (+ exotic particles)]\

L Breaking scale ~ TeV — O(100) GeV

~

The SM
Lower energy physics ﬂ

[Phenomenology: Higgs, flavor, collider physics ]

o J




1. Introduction

Phenomenology of a new model: Z’

Zboson <{——> | SM particles |

Interaction

\

Experimentally tested and models should satisfy constraints

Models can be excluded/confirmed in future experiments

OFor heavy Z' case (TeV scale or higher)
» Direct test at collider experiments: LHC, CEPC, ILC, etc.
» Indirect test by scattering process:
» Constraint from flavor physics: e.g. flavor dependent Z'
OFor light Z' case (less than GeV scale)
» It can be tested by low energy experiments

» Direct production at lower energy collider: like Bell || experiment etc.




1. Introduction

Phenomenology a new model: exotic signals

In a model we often have exotic particles

\ g

Some exotic signatures can be induced

For example, to explain muon g-2 we may need
lepton flavor dependent interactions

:: > Flavor violating signal can be induced

Tera-Z factory at CEPC is good opportunity to test such signal
If flavor violation affect Z-interactions (1012 Z production)

In this talk, | would like to show such an example
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2. A model with leptophobic U(1)

Structure of the model (K.Nagao, TN, H.Okada, arXiv: 2206.15256)

Q| ug | dp| LL| €r | Nr | NL | EL | ER | H | 1 | #2
SUB)e|l 3| 3|31 | 1|1 |1 1|1 |1]1]|1
SU2)fl 211|211 ]|1]|1]1]|2]1]1
Uly | s | 2 |-3|-3|-1| 0|0 |-1|-1]|35]0]0
ULgr| O 1 |10 0|1 [0 |0 |-1]1]|-1|-3

New fermions New scalars

% Gauge anomalies are canceled between the SM fermion and new ones

% Gauge symmetry is broken by scalar VEVs

*

SM leptons are not charged under new U(1)

*

We don't have Yukawa interaction L, e H




2. A model with leptophobic U(1)
Lagrangian of the model
— Ly = (Yo)Li HER + (yE)aatr EL Ef + (mpe)an Ef g
+ () LEHNY + (Un)aa o1 NENE + (Mn, )as NENE + hec.,

V =piloi|* — w3lpal? — pi [ HI? + M| H|* + Mfea|* + Xofopa|* — pa(pipaa + hec.)
+ Xl |21 H? + M2’ | HI? + Aslea |2

Scalar fields
I + ] \, i / .‘V,
I — w _ Vgt Tty
- v4r4iz ’ P12 = \/5 ’
V2

» Neutral scalar can mix: we consider r-r’; mixing

» We take mixing angle 0 to be free parameter On

» SM Higgs mass: m,,, heavy Higgs mass m




2. A model with leptophobic U(1)

Neutral gauge boson mass

New U(1) and electroweak symmetry breaking by scalar VEVs

S

Z-Z’ mass matrix after symmetry breaking

2 !

Mzopmz' = A4

(97 +92)v*  —2V/gf + 939"’

| —2V/gi + 39" 4g%(v? + 7))

! } Diagonalization: Vm%_ , V' = Diag(m%,m} )

2

V ~

—S8z Cz

2 2 2 2 2 2
my ~ mZSM(l — €5), myz, ~ my (1 + €7€3),

., 07y =—tan~
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2. A model with leptophobic U(1)

Charged lepton mass

T T
é—L M, €rR | _ é_L 0 mek €R |
E; Er Er mee Mg Er

meEmZE mep Mg ] Mot M [m};emge m}e]\f[E ]
, g Mg =

MeMs' =
Mgm!, M +mp.M},

MegmEg. ]V[% + szmeE

mep = yv/vV2, Mg = ypv'/V2.

SM chargedd lepton masses are obtained by diagonalizing the mass matrix

j‘> (er(r), ELr)) = Viw)lLr)

Unitary matrix

The mixing between lepton and heavy lepton modifies gauge interaction




2. A model with leptophobic U(1)

Modification of Z-lepton interactions

Due to lepton mixing, we obtain

3
g2 1 - " Y o o
CW [<_§ Z VLm VLaj + 5‘2""02'1) {Li”f“ébj + Siy0ij €R..:"1'“£Rj Zy

a=1

Z-interaction associated with left-handed charged lepton is modified

Note: we have flavor violating interaction (lepton FCNC)

> Lepton flavor violating Z boson decay

It would be tested by Z-factory : Tera-Z/CEPC




2. A model with leptophobic U(1)

Neutrino mass in the model

In our model neutrino mass can be obtain via Yukawa terms

(y0)as LEHNE + (yn)aart NENSE + (Mn, ) NENS? + hec.

After spontaneous symmetry breaking, mass matrix is induced

0 mp O In the basis of (I/E,NRM TE)

My=|m5 0 M
g o mp = vyp/ V2 and M = ynvy/ V2.
0 M My,

—> my, ~mpM My, (MT)"'m},.

Inverse seesaw mechanism is realized
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3. Phenomenology of the model

Explanation of W mass anomaly by Z-Z’ mixing

Z-Z’ mixing modify relation between Z and W masses

I:> Shift of T parameter

It can be interpreted as shift of W boson mass

S

CDF Il W boson mass can be fitted

Here we consider fitting in terms of T parameter:

0.09 < AT <0.14.

The range of new physics contribution to T for fitting data including CDF I




3. Phenomenology of the model

Explanation of W mass anomaly by Z-Z’ mixing

We obtain modification of T-parameter

2 r2 12

2 L 2 2 v 4m2 ,
AT — 1 'mZSM my N €5 |:> AT ~ g _ w g
. 2 . :
aem st.u aem

2 2 2
aem le g-zaem le

To resolve W bosom mass anomaly

0.09<AT <014 —» 20TeVg 7 (= uh) <31 TeV
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3. Phenomenology of the model

Constraints from Z—ll decay

Mixing between lepton and heavy lepton modify Z interaction

Decay widths of Z to charged lepton pair is

2

3
1 Z i
_5 VgiGVLaj + S%"Oz]
a=1

2
[(Z — 6;0;) ~ 24?0 -z [

+ sy 50}
BRs are deviated from the SM

(Z — gz'gj) —I'(Z — fz['j)s.-w
I

for i =j,

BR(Z — 'gié‘_j) = tot
1—‘Z

fori#j, LFVZdecay




3. Phenomenology of the model

Muon g-2 and LFV processes

Relevant Lagrangian in mass basis

Lirv = (Yagcs — 6)hloPrls + (Yagsg + Yagcy) HloPrls + h.c.,

Y38
1
Yaﬂ = E Z Z (Vg)a,a(yE)arb(VR)b+3,ﬂa
V2

(Vg )Q,a+3(yE)aa(VR)a+3,ﬁ3'

I, / E, E, Mo Bk Dominant contribution




3. Phenomenology of the model

Muon g-2 and LFV processes

Analytic formula

12%203(1
(47r)4m§BG%

BR(lg — lay) =~ (lar,|> + lar.,|?),

Aay, ~ —(;nTﬂ)z(ang + @Ry, ),

01,0y ~ —5 (Ve — Vdy0) Di, (Vco — Vys0)F (b, D,
— L 50+ V4,c0) D (Vs + Vipen) s, D),

aR,, ~ —%(YQPCO - ?ap39)DEp(ngco — Y/;oﬁso)F(hl: Dg,)
a %(Yapsﬂ + Yapcs) Di, (Yopso + Ypsco) F(ha, D, ),

m2
md, — 4m2, D% +3D% — 2m. (m?, —2D% ) In [ﬁz_]

F(mhi, DE.o) =~

(mj,, — D, )?

021 ~ 1, 031 ~ 01784, 032 ~ 01736. h]_ — h, h2 =H

?




3. Phenomenology of the model

Numerical analysis

Free parameters: {(¥¢)ab, (VE)aa; (MEe)ab, SIN O, mp }

|:> Searching solution to explain muon g-2
scanning

Constraints:

BR(u —ey) <42x107", BR(T = puy) <44x107%, BR(T = ey) <33x107°
ABR(Z — e*eT) < £4.2 x 107° | ABR(Z — p*u¥) < £6.6 x 107° |

ABR(Z — 7%77) < 483 x107° , BR(Z — e*uT) < 7.5 x 1077,

BR(Z — e*77) <98 x107% , BR(Z — p*77) <1.2x 1075 .




3. Phenomenology of the model

Benchmark point

Tnput Output
ol /GeV 934 [mE,,mE,, mE,]/GeV 655, 690, 694]
mp /GeV 945 Aay, 2.11 x 107°
"y 0950 BR(u — ev) 3.59 x 1013
BR(T — 7) 9.91 x 10~
[(e)11, (e)12, (ye)13] [—0.000512, 0.00520, 0.00236]
BR(T — py) 2.22 x 108
[(ye)21, ()22, (ye)23] [—0.000105, 0.000624, 0.0643] ABR(Z — e o) L5 % 109
[(ye)s1, (ye)s2, (ye)ss)] [0.000148, 0.0145, 0.0647] ABR(Z — j ) 611 x 107
[(meE)11, (MeE)12, (MeE)13]/GeV [0.674, 16.8, 5.92] ABR(Z — 777F) ~3.82 x 105
[(meE)21, (MeE)22, (MeE)23]/GeV [—16.2, —46.3, 22.3] ABR(Z — eu¥) 6.27 x 1017
[(meE)31, (MeE)32, (MeE)33]/GeV [—12.2, 69.5, 19.8] ABR(Z — e*77) 3.83 x 10714
[(ye)11, (E)22, (UE)3s] [-3.26, 343, —341] ABR(Z = j*7T) 3641077

“ We can get sizable muon g-2 while satisfying LFV constraints




3. Phenomenology of the model

Z’ signature at the LHC

pp —=>2'— EE,jj,NN

Extra fermions decays into SM fermion + Higgs boson

E, — Cih, B 2 Am2 2
rZ — ff) =2 Ncmzf\/l— i (1— mf)

2 2
Ny — vih,v; Z, ;W, 127 m7y, m,

Signal of Z’ at collider experiments:

> Dijet, lepton+Higgs, letpton+W, Z/h + missing energy




3. Phenomenology of the model

Current constraints (from dijet mode)

(Taken from B.A.Dobrescu, F.Yu, arXiv: 2112.05392)
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Our gauge coupling explaining W boson mass anomaly is below the constraint




3. Phenomenology of the model

Cross sections for Z’ signature at the LHC 14 TeV

100 ! ! T T T T T T T T T T T T T

Central value is used

o(pp-Z")BR(Z'-XX) [fb]

mz [TeV]

v Gauge coupling is chosen to get best fit value of AT for W mass anomaly




3. Phenomenology of the model

Modification of leptonic Z boson decay

Predictions in our benchmark point

ABR(Z — e*eT) —1.55 x 107°
ABR(Z — p*puT) —6.11 x 1077
ABR(Z — 7%7F) —3.82x 1075
ABR(Z — e*u¥) 6.27 x 10717
ABR(Z — e*7F) 3.83 x 1014
ABR(Z — p*1F) 3.64 x 10711

Prospect of sensitivity at tera-Z factory of CEPC (102 Z)

BR(Z — pe)cepe < 3 % 107° [1/V/N scaling], 7 x 1072 [1/N scaling],
BR(Z — 7€)cepc < 2 x 107° [1/V/N scaling], 4 x 107" [1/N scaling], (CEPC-CDR vol.2)
BR(Z — T)cepe < 2 x 1078 [1/+/N scaling], 5 x 107! [1/N scaling],

It would be possible to test Tu mode at tera-Z/CEPC

Also precision measurement of 1*1- could find a deviation



Summary

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

v Z’ boson from extra U(1)
v' Z’' boson can induce interesting phenomenology

v Extra U(1) model may explain experimental anomalies

O A model with leptophobic U(1)

v Explaining muon g-2
v CDF W boson anomaly is also explained

v' LFV and collider physics




Gauge anomaly free conditions

In constructing an extra U(1), gauge symmetric model
charge assignment of fermion contents should be anomaly free

AVAVAVAVAV
>AAM E(TF[YZTVJT;C]R — TF[ZY-']T]{ ]L) =()
f
AVAVAVAVAV T. : generator of gauge group

e

SUB)J2U(t)y  [SU(2)2U(1),
) —  [U)LRUM)  U()RU(),

[U(1)x]®  [gravity]? U(1)x

—

Conditions in addition to the SM gauge anomaly free conditions




