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1. Introduction

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

three generations of matter
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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
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Some issues suggesting BSM physics

O Existence of dark matter in our Universe

Atoms

**Rotation of spiral galaxies 4%

Dark

“*Formation of Large scale structure Nate

Dark
Energy
68.3%

++CMB anisotropy : WMAP, Planck

TODAY

m) Q, 4’ =0.1188+0.0010 Planck (2015)
ONon-zero neutrino mass
+*We need a mechanism to generate neutrino mass

s+Also smallness of the mass should be explained

0Some indication related to flavor
*Anomalous muon magnetic moment (muon g-2)

‘*Lepton non-universality in B-meson decay observations
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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 a gauge symmetry

@ It restricts interactions :
good for phenomenological model building

» Forbid neutrino mass at tree level

» Stabilizing dark matter

» Application to flavor structure

» U(1) breaking scalar VEV — Higgs physics
> Etc.
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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
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@fundamental physic in high energ@

[Dark matter]% b

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

(I'he SM L Breaking scale ~ TeV — O(100) GeV

Lower energy physic;% ﬂ x

[Flavor physics] [Neutrlno mass nggs sector]

o /)




1. Introduction

Gauge anomaly free conditions

In constructing a consistent 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
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Possibilities of anomaly free U(1) model
Flavor dependent charge assignment

Simple case: UM, UM, UQ),,

Two generation of leptons has opposite U(1) charge

# Anomaly cancellation between generations

Light Z' boson has been discussed in this framework

# In particular U(1) ,; is motivated by muon g-2

He, Joshi, Lew, Volkas PRD 43 (1991)

He, Lew, Volkas PRD 50 (1994) 7!

Aa =Aa"® -Aa" =(27.1x7.3)x107" §

' ! ! (1802.02995) ;ﬂm H\
12 2_2 (
g'" 2m, x"(1-x) K ’ /
Aa, = —f dx —— > g g
8"  x'm, +(1-x)my,

o
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Possibilities of anomaly free U(1) model
More general anomaly free flavor dependent case

U()y:X =Y c;(B-L),+A(L,-L,)+B(L,~L,)+C(L,-L,)

EX) U(1 )X: X = Bi — Xe Le _ Xp I—p — X; I—T (i=1,2,3)
Anomaly free for x,+x,+x, =1

Both lepton and quark flavor dependent U(1)

> Applications to flavor physics
> Explanation of b—supy anomalies
» Neutrino mass structure is constrained
::> ] » Specific signature at collider experiments
» Muon g-2 explanation
» Eftc.

Talk by Yoshihiro Shigekami
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Recent interesting observations on B decay via b—sl*I~
% Observation of some anomalies in B—>KOI*I-

-e-LHCb -m-BaBar -—a—Belle

e e A e e - 20—
T LHCb 1 5 LHCb | < | .
1F SM from DHMV -] 1-5;— — L5F T
O}++ ; I } | “]: |
E —+= ] : SMo g oL
C —+= —— _+T; ] I E_

F E *3F _ 0.5 ® LiCh ]
_::— E . 1 . . HCb W BaBar
0:‘ T ; T llIOl - ‘ll" - GOHll5lll‘10‘.ll15l”‘20ll [J(]-'[H'Cl: """"""" B(:H'

2 . 2 4 2 [GeVc4 0 5 10 15 20
P! LGV R o ] R q* [GeV?/c!]
5 K K*
LHCb, JHEP 1602 (2016) 104 LHCb, PRL 113 (2014) 151601 LHCb, JHEP 1708 (2017) 055
+ +, 4+, - ¥4 =
g <BRB —=K'ww’) o _BRB—=Kuw) o
* BR(B*—K'e'e " BR(B—K'e'e (Reen) ™ =
(B"—=K"¢e’e (B—K e'e

(Re) ™ =0.846" 0% 0os 1.1GeV? < g <6 GeV?
' ' [R. Aaij et al [LHCb] PRL 122, 191801 (2019)]
0.660%) 05 £0.024  (2m,)* <q* <1.1GeV?

SM exp
R.. =1, (R.. =
( K ) ( K ) 0.685% 160 £0.047 1.1GeV? <q® <6 GeV?
~2.5 o deviation from the SM LHCb, JHEP 1708 (2017) 055
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O Angular distribution in B—K*u*y- (K*—K1r)
[S. Descotes-Genon et al, JHEP 1301, 048 (2013); LHCb JHEP 1602, 104]
The deviation in anqular distribution
1 da4r+r) 9

= g — § 1_ F -2 ; F 2 i
d(I‘+I‘)/dq2 dqg d0 31 [4( L) S 0}\ + [ COS 01‘
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L
in I*l" rest frame —|-%AFB sin? Ok cos 6 + Sy sin 20k sin 6; sin ¢

®d : between Il +Sg sin 20k sin 26; sin ¢ + So sin® @k sin® 4 sin qu')] :
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0F = .
. S, i I SN
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< The relevant effective interaction terms

G P2 {C{,CY - Wilson coefficients
Hl 5_ F e *

: 2 th‘/ts
T2 (4m)
X [Ci (Ky“PLb)(l_yul) + (Ci )'(Ky“PRb)(l_yul) +C (iy“PLb)(l_yMysl) + (Cf0 )‘(Ey“PRb)(l_yMysl)]

Global fit for b—sl*lI~ observables assuming NP

— Rk & Rg- 1o — Rg- 1o ,
b— spp 1o 0 — Rk &Rg-10 flavio
159 — global 1, 20 R =1 .~ ‘
b—sup lo -
2519 — global 1a, 20
1.0
Z2 05
O y
o
&
0.0 1 —
05
—0.5
0.0
T T T T T T T T T T T T
-15 ~1.0 —0.5 0.0 0.5 -30 -25 -20 -15 —10 —05 00
b b
Chom Chsm

Aebischer et. al. 1903.10434
« Indication to BSM from global fit: Cg ~—1
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< Model with extra U(1) gauge symmetry

The effective interactions can be induced via Z’ exchange at tree level

\)

JT gsbg‘u

CM(Z') ~
’ L2V.ViaG, m>
th " ts F Z'

b u

v Flavor violating coupling in quark sector

» SM quarks have flavor dependent charge under extra local U(1)
e.g. [A. Crivellin, G. D’Ambrosio, J. Heeck, PRD 91, 075006 (2015)]

» SM quarks mix with exotic quark with local U(1) charge
e.g. [W. Altmannshofer, S. Gori, M. Pospelov, I. Yavin, PRD 89, 095033 (2014)]

» Loop induced Z'qq’ interaction via exotic particles
e.g. Seunwon Baek arXiv:1707.04573
v' Lepton flavor non-universality

» U(1),, (-like) gauge symmetry works
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< Model with extra U(1) gauge symmetry

The effective interactions can be induced via Z’ exchange at tree level

\)

b

JT gsbg‘u

(jM(ZU ~
’ L2V.ViaG, m>
th " ts F Z'

u

N

\

In this talk we discuss flavor dependent U(1)
for both quark and lepton sector

D15)]

Uy,

=X, Ly —x Ly (P.Ko, T.N, C.Yu JHEP 1904, 1902.06107)/

e.g. Seunwon Baek arXiv:1707.04573

v' Lepton flavor non-universality

» U(1),, (-like) gauge symmetry works

(2014)]
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2-Amodel - Model with SU(3)xSU(2), xU(1)yxU(1)y

SM fermions + right-handed neutrino under U(1)y

Fermions|| Q% | u% | d% | Q3 |tr |br | L} | L2 | L3 |er |ur | TR | vh | VE | vy
SUB)ec | 3 |3 (3|3 |3(3(1 |11 |1 1|11 1/1
SU)f| 2|1|1}2|1|12}2 2111|111
owy | 4[5 ]-4[ 4|3 [-4[-4[-4]-4[-1]-1[-1] o]0 o
UDx || 0| 0|0 | 5 |%5]|35|0 |—zu|—2r| O |—zp|—2,| O |—24|—2/

Anomaly cancellation condition: X, +X, =1

. 1 4
We fix the charge as x, =-—, x =—
3 3
Fields || @1 | @2 | 1 | 2 || X
su@yull 2 12111 Scalar + DM candidate (Dirac fermion)
Uy || 3 |3 |0]0]0O Two-Higgs doublet + two singlet scalars
U(l)X _% 0 % 1 % VEVs: <(D1,2> =V, /\/5, <(p1’2> = V(Pm /\/5,




2. A model

O Interactions in the model

Yukawa interactions of quarks

—Lq :Z/?jQz‘L‘i’wm +yL Qi ®adjn + Y42 Qar, Pot g + Y33 Qa1 Pobr
+ 74:Qar ®1uir + §5QiL ®1br + hec.,
Z’ interaction with fermion

LD-g, (xuﬁy“u +X, TV T+ VPV, + X VY PV, +x VY BV, + X VY Py, )Z‘a

gx— a ' gx_ a '
+ 22 vt + 22 by b7
3 14 «T 73 14 a

This is in flavor basis

Flavor changing Z' interaction appears in mass basis




2. A model

Quark mass and Flavor changing interactions

—Lq =y§‘jQz‘L‘i’2u]'R + y;ijQiL(I)deR + Y4 Qar Potp + y53 Q3 Pobp
+ 74%:Qar, Pruip + §5Qir, ®1br + h.c.,

. ( voyy vy, 0 \ { 0 0 0\
MY = E V2Yy V25 0 + 0 0 0 (bud)yy = T5%01/V2
l Vo 0wty ) \(@a €2 0
. U2y‘111 U2y‘112 0 00 (&)13
Mé = 7 voydy vaydy 0 + | 00 ()23
0 0 vyl 00 0

Mass matrices are diagonalized by Unitary transformation
U, — ULML’ Up — URMR dL — DLdL’ dR — DRdR
The mass matrices can be approximated (for small €)

UL,R =~ I, DR =, DL = VCKM

e.g. [A. Crivellin, G. D’Ambrosio, J. Heeck, PRD 91, 075006 (2015)]




2. A model

Quark mass and Flavor changing interactions

In flavor basis

T

u 0 0 O u d 0 0 O d
LDg, c |y 0 0 O c | Z'+gy| 5 |y 0 0O s | Z',
3 0 0 1 t b 0 0 1 b

In mass basis
uL g ULuL’ uR g URMR dL g DLdL’ dR g DRdR

UL,R =~ I, DR =~ I, DL = VCKM

g;(t 4t2), + 2 (o PudgT% + dan* PrdpT% ) Z,

Z>-< (IthP VeV thth\ (0 0 0\
P9~ | VgVt Vil VpVie |, TR~ 1000

ViV VisViy Vi \oo1




2. A model

Neutrino mass
O Lepton Yukawa interactions
—L D yeyLarear®s + vy Larvar®s + #5oL1Lpur®1 + %, Lorvir®:
+ MuTpviR + Y120 T prore] + Y235pvapes + h.c.,

Dirac mass Majorana mass
((MD)11 \ ( (My)11 (Myp)12 0 \
‘ Mp = | (Mp)21 (Mp)22 = | (Myz)n 0 (Myp)23
\ 0 0 .MD 33} \ 0 (M, )32 0 /
(MD)aa = Loy v (Mp)o1 = 1 . v
D)aa = \/Eyaa 2, D)21 = \/inI 1,
1 1
(Myg)in =M, (Myg)iz21) = ﬁymvw, (Myp)2332) = EYQBU(PQ'
Type-| seesaw
~ —MpM,, M} yp
‘ (Mp)3, (Mp)u1(Mp)z _ (Mp)n(Mp)ss(Mypha
(Myg)n (MuR)ll (My )11(1\1{3)32
_ (Mp)11(Mp)ax (Mp)3, (Mp)asz(Mp)ao D)21(MVR)12>
- (Myp)n (My )1 (My )32 (Myp)11(Mp)22
_ (Mp)11(Mp)ss(Mvg)i2 (Mp)ss(Mp)a22 (1 . (MD)21(MVR)12> (Mp)3s(Mvg)i,
(Myp)11(My g )32 (Myp )32 (Myp)11(Mp)22 (Myg)11(Myg)3s



2. A model

Charged lepton mass and LFV interactions

O Charged lepton mass matrix

) Y1v2 Ypv1 O m$; dmiy 0
M = — 0 oty 0 = 0 ms 0
/2 Ya2V2 . 22 g

It can be diagonalized as (dm << m)

m., 0 0 —€ 0
0 m, 0 | =VEM(VR)', Vi=1l Vi=|e 10| ¢— §me /m§

12 22
0 0 m, 001

O Lepton flavor violating Z’ interactions

I (0 0 0\ | (o 0 0\|
9x 7 e € _QX—
Lo -l [VELO -1 0\ Vi Ptz — Sty 10 10 Prt;Z,,
0 0 4} y 004/,
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3. Phenomenology

Co(M) from Z’ exchange

2 -
Tugy VinVie ,_ ~
AHew = == 3);712; = (59" Pob) (ayup) + hec.,

S —
- (o ( f/gF C:f:th t’é) (57" PLb)(Ayup) + hec.,

T 2
3m%, \ Graem

Cy(Z))
14— T
I -145 )
1 2 ; -" r" ," o" |
. —1.28 » -0.75
. 2 = e K "c
ACE = 219X V2 : A6 |
b R /. ,’0 _
' 3771%, GF Qem l'Of ',':." ‘;' o |

. 2 : ',:'l' "'o '/,0 :
gX 2 1 Tev 0.8 r ,'::’ "" 'o" 7
~ 0.174 x z, . :

0.1 My &% ]
0.6+ )

We can obtain required C, 04 Fi ]

IR
’:‘0 2y

0.2

1(2)o region from global fit in 1704.0534

71000 2000 3000 4000 5000

-1.28(-1.45) < C)" =-0.94(-0.75) my[GeV]
.




3. Phenomenology

Constraint from B, — B, bar mixing

¢+ Effective Hamiltonian

H,;; = Cy(5v*Pub)(57,Prb) + Ch(5Prb)(5Pgb)

1 g2r d / —1 n \2
C; = =X _(T%)? Cy = (I's)
1 9 ngZI ( sb ) n=§,;—1,A 2771727
From Z’ exchange From scalar boson exchange (I',, : Yukawa coupling)
~ Amp
Rp, = ——==
Be Am%ﬁ"f
2 (VaV,5)? . :
~ g.X( tb2 ts) (82 % 1075 Tev—Z)—l
- - ng/
. 200 GeV)? (200 GeV)?
- [0.12 cos’(a — B) tan? B + 0.19 tan* 3 (( 28 ) - ( 26 ) )]
mH mA

It is compared with experimental bound: 0.83 < Rg_ < 0.99
P. Arnan, L. Hofer, F. Mescia, A. Crivellin, JHEP 1704, 043 (2017)




3. Phenomenology

Constraint from B, — B, bar mixing

v" When we obtain C¢(Z’) ~ -1, Ry, deviate from experimental bound

v’ Scalar contributions are necessary for compensation

Required scalar mass region
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3. Phenomenology

LFV processes via Z' interactions

2 A

Ou—ey
u U u ¢ u e e e
dominant L%z %7
2,3 y y

emﬂ

Fpey = 16n lar|”,

eegym,,

ap = —/ dedydz6(1 —z —y — 2) 22(1 +y)

(22 —z) + zz + y + 2]m2 + 2m3,

14472

Ou — e conversion
4GF

Eeff - /5 Z CVL e’YQPL,U'NA/aN + C AL e“aPL,U,N’)’a /5N]
_ps
320 m ) Cpp("") _Cpp(nn) (2) \/5693( |th|2
BR(p — e) = —F ‘C{'}”LV(W +Cpv® 216G rm?,
cap

Y. Kuno and Y. Okada, Rev. Mod. Phys. 73, 151 (2001) [hep-ph/9909265).




3. Phenomenology

LFV processes via Z' interactions
BR(u—ey)

BR(u—e)[Al]

my =2.0TeV

logje|

~25
002 04 06 08 10
8x
A n 61 8x
Nucleus 7N Ve V [eapt [10°sec™]
27Al 0.0161 | 0.0173 0.7054
197 Au 0.0974 | 0.146 13.07

R. Kitano, M. Koike and Y. Okada, Phys. Rev. D 66, 096002 (2002) Erratum: [Phys. Rev. D
76, 059902 (2007)| [hep-ph/0203110].




3. Phenomenology

Z’ production at the LHC

[ATLAS Collaboration] JHEP 1710, 182 (2017)
[CMS Collaboration] JHEP 1702, 048 (2017)

0.01 1 0.1 .
: g
= a LHC limit
~ o
*’T 0.001 8 }- 0.01 -
§Z LHC limit N
= £
5 1074 5 0.001 i

gx=0.1 d
0. 0.9
1.2
10—5““\““\“‘\“‘\\““ 10—4““\““\“‘\“““
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
myz [GeV] myz [GeV]

v Z' is produced via Z'-quark coupling
v" Dominant decay mode is tau pair mode

v The strongest bound is from mu pair mode




3. Phenomenology

Dark matter relic density in the model

We focus on Z’ interaction of DM

5
LDlggXZMXY“x

(Higgs portal interaction is highly constrained by direct detection constraint)

Relic density is determined by annihilation processes:

X*X%Z'efSM‘]T:gM,HA,H-FH_, X*X%Z'Z'




3. Phenomenology

Behavior of relic density of DM
10

0.1

Qh?

0.01

my =1.5TeV
0.001 - .

1074 —E=nn 1006 1200
500 1000 1500 2000
my

» Small relic density for m,. ~ 2 my due to resonant effect

> We get allowed parameter region requiring Qh?~0.12




3. Phenomenology

Parameter region accommodating with observed relic density

gx

7000

1.35

1.20

1.05

40.90

10.75

40.60

D.45

0.30

D15

000 1500 2000 2500 3000
my [GeV]

0.11 < Qh? 0.13 only

7000

gx

!

.",. o

500

1000 1500 2000 2500 3000
my [GeV]

Relic density + ACg ~ -1

1.35

1.20

41.05

40.80

10.75

v Non resonant region is rather preferred including ACg ~ -1 requirement

v The region is consistent with collider constraint for m,. > 1000 GeV




Summary and Discussions

O A model with flavor dependent gauge symmetry
v' Introducing U(1)g3 _x, Ly _xrLr 9auge symmetry
v" DM candidate is introduced: Dirac fermion with fractional U(1) charge

v Neutrino mass matrix from type-l seesaw mechanism

O Z' and DM physics
v B—KOI*I- anomalies can be explained by Z’ interaction
v" Flavor constraints are considered
v' Z production at the LHC

v" DM relic density is explained by Z’ interaction
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Higgs potential

V=p(®]®ap} +h.c.) + pif; |01 + pds|Baf” — 122, 1 |* + 122, |ipl?
A Ao
+ §1|‘I’1|4 + El‘l’zl4 + X3| @1 2| @2|% + Ag| @I Do |2 + Ay |1 ] + Ap| 2]

+ 2010 91120117 + Aoy [ D2?[01]° + Ay 0| @1 [*[02]° 4 Ao | B2’ |02|* + Agyialpn [P 2]
— Ax (Pl + h.c.) (I1.11)

1 <¢1’2> =V, /\/5

Varrpn =mi|®;|° + mj|®,* — (m%(lf{db + h.c.)

A A
+ 2H@ 1+ 220" + Mgl @1 2| Bal? + Na[ D],

1 1
2 2 2 2 2 _
Mi(2) =Hi1(22) T 5’\‘1’1(%‘?1 Uy T+ 5’\‘91(2)902%2: Mg = E#%l

Two-Higgs doublet type scalar potential




Yukawa interactions with Two-Higgs doublets

cosae p cos(a—pf) = -~ ([ cosa  cos(a B)
- — u —d h
by (’Usmﬁm v2sin B ¢ )URh - (’USin,Bm fsm[i’ °R
sin a _ sin(a—fB) ; - ([ sina sin(a — )
—= £ H—d, | ——mpb — cd ) dpH
(vsmﬁ \/_sinB ¢ )uR t (vSin,Bmd Vv2sin B ¢ K

D

m 1 ~
— A+id d_ _ d>d A
v (U tan 3 \/—sm )uR L (vtanﬁ \/58i11,86 R

- B V2 1 ~ +
[ (vtanﬁ DV_smﬁ(f))dL-l_uL (vtanﬂvmé)_sinﬁvgd)dR]H

+ h.c., (V.1)

00 —VigVe
2™ o0 vy,
cosf3 v Tt

00 1— |Vl




