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Introduction

* Standard Model (SM): gauge Gy, = SU(3)- X SU(2) X U(1),
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Introduction

* We should solve and explain some mysteries
ex. neutrino masses: massless in SM (no right-handed neutrinos)

@ { Extended model is needed ]

* Neutrino masses are confirmed in some experiments

Key: neutrino oscillation
2 2
, ms. —m
P(v, > v,) X sin? (’ -1 72 L)

41F

* Super-Kamiokande = Neutrinos are oscillated!

b
Nobel Prize (2015): T. Kajita, A. B. McDonald SF
@
* Tiny neutrino masses
Parameter best-fit 30
[ Z m, <0.12 eV } Am3, 1075 eV 2] 7.37 6.93 — 7.96
Am3 (gq) [1072 €V 2] 2.56 (2.54) 2.45 — 2.69 (2.42 — 2.66)
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Introduction

One of the interesting models = B-L model
charges: +1 (+1/3) for Baryons (quarks), -1 for Leptons

New U(1) gauge sym. | Qu

UR dR LL €ER VR
U(1) Ul)p_r | +1/3 +1/3 +1/3 -1 -1 -1

% d.o.f 3 X2 3 3 2 1 1
~ - Note:
N U(1)g..3 also cancels
-6X1/3+3X1/3+43X1/3-2X(-1)+1%X(-1)=1

u@y U ~— __
—

6 X 1/3+3 X 1/343 X 1/3-2 X (-1)+1 X (-1)+1 X (-1) = 0

RHv is needed for gauge anomaly

Figure from Peskin, Schroeder

It appears from some high-energy theories
ex. Grand Unified Theory: SO(10) & Gg,, X U(1)g,



Introduction

e New terms with RHv

o~ N,
L=Lsy+YLHvg + é@V%VR
X ®: new scalar (charge 2)
<HO%> # 0 = Dirac mass term, m \

<®> # 0 = Majorana mass term, M
0 m

m M

Seesaw mechanism:

m

T
* New gauge boson: Z’

interactions with fermions: £z = gp_1, K—) qy"q + (1)87%] Z,

d d

|:> Contributes to some predictions

tree-level process
Y. Shigekami (HUST) 17 4



Introduction

* u couples to new gauge particles 2 (g-2),

Hamiltonian: H = —pu-B —d - E g: charge, m: mass, s: spin
. - ( q )
- Magnetic moment: UL = ( 2— S
m
g—2
"0 = T - a, =0 (tree level)

1-loop QED: a, = a/(2m) )

SM prediction: M = (11659182.04 & 3.56) x 10~

7
i | [3.70deviation! ]

» Experimental result: o = (11659208.9 +6.3) x 10"




Introduction

* New physics explanation: B-L model, L,-L; model|, ...

* There is favored parameter space in light Z' mass region

0.1-

M, ~ 10-400 MeV & g’ ~ (3-15) X 104

0.01 -

107 main focus of this work

Ll Lol Lol 1

Lol Lol 1 A.lnll,i
0.01 0.1 1 10 102 103

m, (GeV)
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Introduction

* Our setup: 2"¥ and 3 generations have U(1);, charges

Z’ interactions: L7/ = ng_L Z cjw“inL

i=2,3

* In mass basis,

/ elements of diagonalizing matrix for Yukawas

dB—L _
Ly =32 ), Catr'nZ,
a,b=1,2,3

- Flavor Violating Couplings (FVCs)

* New contributions:t > qZ, P, > P,Z' (Z' - wv)

[ light Z’ = decays to v J

tree-level process!

Y. Shigekami (HUST)
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Model details

* We consider Gg, X U(1)g.
« 24 and 3 generations are charged under U(1)g
e Contents (i =2, 3):

need for realization of CKM

— right-handed neutrinos

spin | SU(2)r, | U(l)y (B—L)ur

Q; 1/2 2 1/6 1/3
upi | 1/2 1 2/3 1/3
dR.i 1/2 1 —~1/3 1/3
Up 1/2 1 2/3 1/3
Ur 1/2 1 2/3 1/3
F 0 1 0 1/3
L; 1/2 2 ~1/2 —1
CR.i 1/2 1 —1 —1
Npi | 1/2 1 0 —1
H 0 2 1/2 0
) 0 1 0 2

tiny v mass via seesaw mechanism

— (®) breaks U(1)g,

Y. Shigekami (HUST)



Model details

* Yukawa couplings for quarks
—LDY!Q Hup1 + Y§Q; Hup; + Y1Q  Hdg,1 + YjQ;Hdg ;
- No Yukawas between 15t and the other generations: Ci

* Vector-like quarks: Integrate out
—Ly = ﬂ[(rﬁLUR + A[[f;’ULU-R.Z’ + AlUL'll,Rl./_" + )\iaiHUR + h.c.

= (25 ViQuHuny + VAQ Hdn +YiQ,Hdn, |

a=1,2,3;i=2,3

* |f we introduce doublet flavons with U(1);, charge +1/3,

—> vector-like quarks are not needed

Y. Shigekami (HUST) 9



Model details

e 7’ couplings of quarks

dB—L r~7 — —
3 Q' Qi+ W r iy U, + d' RV dR ] Z),

—L7 D

— II Z‘]qR

Ug, W,: diagonalizing matrices for Yukawa

! | mass basis from flavor one: ¢/ = Uiq] and ¢},

JB—L _
g Y o q . A4 7l ) ) :
—£Z’ -3 di" (VU '544”) qJle : Flavor violating couplings (FVCs)
UNa (U1 + (WHa (W),
VI(JI _ % Z [(U(}L)z‘k(Uq)kj + (IJ[YJ)iI:(H’vq)A-j] _ (5ij _ ( q) l( )U ":)( 1) l( )l]‘
k=23 ) Note: our FVCs are related to
1 ) UNa (U — (WHa (W) ]
AL =5 [UDwU)r — (WHa(Wo)iy] = CAIICEOE 2( W)y (1, /)-element of U, and W,

k=23

Different type of quark FCNC:

» Singlet flavon case = only up sector

Y11 Yo Y13 y(ﬁ (()1 ?l Y11 Yla Yl 951 (c)l 2
Yo=1v21 Y22 Y|, Ya= 0 y3 Yys3 Y, = 0 w3 Y33, Ya= ?J%ll y(ziz 933
0 3 3 Ys1 Y32 UYss

Y Y  YSs 0 v% v Yl Yl

» Doublet flavon case = up and down sectors

10
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Model details

The size of FVCs: depend on gg, and U, W,

gg 2 determine from (g-2),

U, - size from CKM matrix:

‘/ud ‘/Yus Vrub 1 )\ >\3
Ve =UlUs= | Vig Ve Vi | ~ [ X 1 A2

Vie Vie Vay A2 1

No cancellation means
(bru)(z’u.u’(j- (Uvd)s’d.d’s S, )\ (Uu)("f.t’(::- (U( )S’b.b’s f, >\2 (lju)t’u,u’l‘- (brd)b’(l.d’b 5 >\3

and diagonal element ~ 1

For W, there are no concrete bound, butif U, ~ W,,
similar inequalities are applied



(9-2),



(g-z)u

* Our scenario has the possibility to solve (g-2), deviation

current result:

Aay, = aS® — o)™ = (27.06 £ 7.26) x 107"

Z’ coupling with leptons:

[ ) — 1 — M — — N /
—L 1 _L(]B—L(:“’A/'L L+ T /'L T+ Yy /'L Yy + Vr /‘ I/T)Zlu

When My is light, Aa, can be calculated by

Aa, = g%_—L /l LSRR dx
=5 ), PR

In light mass region there are other constraints
neutrino trident production, e*te- - 4u, BBN, ...



(g-z)u

* Neutrino trident production

ruled out the mass range My = 400 MeV o s corsot pora)

-
YYY

s ete 2 dulete > Z'utu, 7' - uru)
ruled out the mass range Mz 2 2m,, ~ 210 MeV with g’ ~ 0(103)

* BBN (Big Ban Nucleosynthesis): light 2 > effective relativistic d.o.f
ruled out the mass range Mz < O(1) MeV

e e-v scattering (Borexino)

even when e doesn’t couple to Z’ at tree level, it does at loop level
the bound is depend on model, especially kinetic mixing x



(g-z)u

* Bounds on Z’ mass and coupling

5x1073

narrow, but favored region here

[ Hereafter, we set M, =30 MeV and gz, = 5.5 X 104 ]

I T | IIIII‘

10-2 10-1 1
Mz [GeV]

Y. Shigekami (HUST) 14
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Singlet and doublet flavon models

* t > qgZ decay

m L/ (1 —ay)* . o
[t 42) = ML )2 { (142, = 20+ S5 ) ()l + L)

—12/zRe (91 gt (g2)50)

3 u 2 2
My / 1/2‘(9L>qf| + |(9%) qt]
—\
327r ( Ugs ) x\[é/ whenx, K 1,x K1

xg=mi/m;, ' = Mz /mi and MNaz,y,z) =2” +y* + 2° — 20y — 2yz — 2zx

, JB— , /IB—L
* FVCs: (gp) = 225V + A%) = = Z2L (WD)

3
u y -4 u u - X/~ Ve
(gi)i; = T (VY — ALY = —Z2L(WHa (W),

3

* The results are proportional to|gs-.|*/M% when Mz < O(10) GeV

Y. Shigekami (HUST) 15



Singlet and doublet flavon models

+ Result of t > ¢ Z’ decay [t —> Wb is dominant mode in top quark decay ]

Mz = 30 MeV, gg_, = 5.5x107*

107%| 1
— <104
N s
3 10
4

10~

10-°

104 0.001 0.010 0.100

* ] '3 ~ 32
Note: our Z‘ decays mainly to v-pair (Uu)y c(Uu)uwt <8%X10 A

- no concrete bounds... - Consistent with the CKM matrix!

Y. Shigekami (HUST) 16



Doublet flavon model

Up sector: predictions are not changed

FCNC in down sector, especially focus on v-pair in final state
Z’>vv

Meson decay suchas B — Kvv and K — 7wrv

these processes are tree level ones

dy ) dj;

Since Z’ is light, it is produced through meson decay directly
- BR(B — KZ'")xBR(Z" — vv) and BR(K — 7nZ")xBR(Z' — vv)
=1 =1

Y. Shigekami (HUST) 17



Doublet flavon model

Branching ratios

. a8+ (05 2 Nmpr. mps. My)3% ¢ i L2

BR(B+ N ]X+Z/) _ |(JL)J : (/R)bl ( ?+2 I;Jr Z) 'f*']\"'(;\[é/)} !
647 Mz myp, g+ i

[(92)as + (gi)as]® ANmgcs me, Mz )*2 1 s s
G4 Mzmis T+ A

ML (VZ)) 1 M1 > M2 form factor at M,

2
BR(K* — 7 2') = (Mg,)}

(Vi + A5 = _JBg_L (Ui (Ua)s;:

‘ YB-L (1 d _ YB-L (11,
(9)iy = =5~ (Vi) = Af) = === (WD (Wa)y,

Masses and decay widths:

myc+| 493.677(16) MeV |7+ |1.2380(20) x 1075 s
mp, | 497.611(13) MeV | 7g, | 5.116(21) x 10~ % s
mpt | 5279.32(14) MeV ||75: | 1.638(4) x 10712
m+ |139.57061(24) MeV
myo | 134.9770(5) MeV

Y. Shigekami (HUST) 18




Doublet flavon model

e Constraint: ABR(BT — K vi)e, = (0.357572) x 1077

BR(K+ — 7+2') < 1.0 x 1071 for Mz = 30 MeV

 Results
1.5'"\""\""rvw\|fl\\\wlr 1-5““\““\““““\““\““
I \ / R \ /
- 1.0 ] "c_> 1.0
T | = |
1 N |
& DOl
T T 0.5
- T SO S Y A — ¢
&= X
Mz =30 MeV | L Mz =30 MeV |
—3| . ‘—‘2‘ - I—‘1‘ - IO‘ . ‘Ilé - ‘3 —15—10—0500 . ‘0.5‘ . ‘1.0‘ . ‘1.5
(@f)sb+(gR)sb [107"°] (97)as+(gR)as [107"°]

095107 < (g + (ohal <20%107° | ghhas + (gl < 011 x 1077 |

Y. Shigekami (HUST) 19



Doublet flavon model

e Summary of bounds:

[0.95 x 10710 < |(g8)e + (gh)e] < 2.1 % 10—10] [ (97 )as + (g )as| < 0.11 x 107 ]

-~ X 3/(5.5%10%) (= 3/gs.)

[ 52x 1077 < |(U)% (U] < 1.1 x107°% [(Ug)% 4(Ug)ars| < 6.2 x 10710 ]

e Taking unitary condition into account, [(Us)wal* + [(Ua)as|* + |(Ua)asl* = 1
allowed patterns are

(Ug)ardl (Ug)ars| (Uq)ar|
<107 ~ 1 ~ O(107°)
<107 ~0(10°)  ~1

Cannot be O(1) I:> Inconsistent with CKM structure!

Y. Shigekami (HUST) 20
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Summary

 We consider B-L extended model
2"d and 3" generations are charged under U(1);,

 We should introduce some flavon (singlet, double)

* |In singlet flavon case, only up sector has FVCs of Z’, and
FCNC top decay is interesting:
BR(t - ¢ Z’) ~ O(10*), which consistent with CKM bounds

* In doublet flavon case, down sector also have FVCs of Z’, so
strong bound from meson decay with v-pair:
excluded unless highly tuned cancellation between g,? and g

* We can expect that our scenario (especially singlet case) can
be tested by future experiments
(g-2),, v physics: NA64, DUNE, ...; top FCNC: CLIC, FCC, ...
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(9-2),

* Experimental results so far:

Experiment Years Polarity a, x 10 Precision [ppm]
CERN I 1961 pt 11450 000(220 000) 4300
CERN II 1962-1968 pt 11661 600(3100) 270

CERN IIT 1974-1976 upt 11659 100(110) 10

CERN IIT 1975-1976 p~ 11659 360(120) 10
BNL 1997 pt 11659 251(150) 13
BNL 1998 pt 11659 191(59) 5
BNL 1999 pt 11659 202(15) 1.3
BNL 2000 pt 11659 204(9) 0.73
BNL 2001 u— 11659214(9) 0.72

Average 11659 208.0(6.3) 0.54

Y. Shigekami (HUST)



Model details

* Yukawa couplings for quarks
—LDY!Q Hup1 + Y§Q; Hup; + Y1Q  Hdg,1 + YjQ;Hdg ;
- No Yukawas between 15t and the other generations: Ci

* Vector-like quarks: Integrate out
—Ly = ﬂ[UULUR + ﬂ[Uz'ULURi + AlUL'lLRJJT" + )\z’@jHUR + h.c.

- j\[[}aj\[g}b j\[(;"b

— ‘ ~N 17 Cab = : }/z :)\i—-
Lerr D Capligi, 0" Pruy, + Yy Qi H Pruy + h.c. ™ M7 eV

My = Mvg/V2 1a=1,2,3;i=2,3

choose canonical basis by up — W,ur

[—ﬁ D Ya%@aﬁu}z,b +Y(1Q,Hdr + Y;‘?@inR’j}

Y. Shigekami (HUST) 23



Model details

 Comparison between singlet and doublet flavons

- Yukawas in singlet case

Y11 Yo Y13 yil1 2 2
Yo=1¥31 Y% ys3|, Ya=1| 0 Y Yas
Y31 Yo Y33 0 w3 Y33

1 0 0 1 0 0
diagonalizing matrices for Y,: Ua = (0 cos 0 sin95> , Wa= (0 cosfd  —sinf
0

sinf?  cos 04 0 sinf?  cosf?

|:> —L7 D gBS_L [EL,WMCZ/L,@' +ER,i7Mle,i} Z,;
dgB—L

3

%

[EL’Z")/’LLCZL,Z' +33,i7“d3,i} Z;L No FVCs

* Only up sector has FVCs of 7’



Model details

 Comparison between singlet and doublet flavons
- Yukawas in doublet case

yih oyl ul ygl 00
Yu=1| 0 w3 yi3|, Ya= y%il 1932 3/33
0 Y3y ¥s3 Ys1 Y32 Yss

diagonalizing matrices for Y,: arbitrary 3 X 3 unitary matrices

gB—L —7
> Lz D 5 [ty + AR dy,] Z,

dgB—L

_>

FL,a(U;Ud)aw“dL,b + dr.o(WIWD) " dR b Z,

* Both up and down sectors have FVCs of Z’

Note: in both cases, there are no FVCs in charged leptons sector



Model details

e Comments on scalar sector

- singlet flavon case

‘DNFP — |l)“(I)|2 D %j\[glzillzl,u
E> M2, = g%_; 1/91 i Jtz”) ~ 0(0.01CGeV)? — O(0.1GeV)?

* gg should be O(107) for (g-2),,, then v, < 30 — 300 GeV
> My, = >\1'l’f/\/§ ~ 100 GeV

e

M,

Yi, = )\iT can be large enough to accommodate CKM when M, ~ 0(1034) GeV
Iy

- doublet flavon case - enough for CKM:
(M) = Viivur /V2 5D Vur/Un S 1



Model details

 Comments on gauge sector

- singlet flavon case = no mass mixing

since there is no scalar which have both SM and U(1)g_ charges

- doublet flavon case = H,, contributes to Z and Z’ mass

, 0 gy (14 7ur) —g9yg2(1 +7ur) %ngB—LTW
Mg = 1 —29Y92(1 + Tur) 923(1 + Tur) _§ngB_LT“T
39Y9B—-LTur —3929B-LTpr QQB—L (57%7 + ].6’)”¢)
P % and 7, = % in (B, W3, Z’) basis

* Because of the size of g, and M,, we ignore mass mixing
we also choose r,, < 1 without loss of realization of M, ~ O(10) MeV

* In addition, there is kinetic mixing: £ D —%F‘“’ZL,,

X ~ 0O(104-10) in our scenario



Kinetic mixing

* Kinetic mixing term can be writtenas £ O —§F“”Z;l,,

 x is estimated by calculation of vacuum polarization diagram

_ €YB-L 6 ms — k*x(1 — x)
X~ "53 ZQfQ ' / dvx(l —x)In -

In doublet flavon model, yx is

92 9 3 3
\ = _egpop [ meminym;
- 1872 msmy My we assume x =0 @ My

for singlet flavon case, simply set M, =

If M,=1TeV, x =4.6 X 10> with g5 =5.5%X10%



Singlet flavon model

e Commentont - uZ decay

the difference only comes from x,:

ms
Lt — qZ') ~ 3‘)"
327

A1y, o2 R + 1)
s g A\[é,

=1

* We obtain (almost) same result for t - u Z’ decay
Mz = 30 MeV, gg_, = 5.5x10~*

<10*

10~ - Consistent with the CKM matrix!

10~4 0.001 0.010 0.100
Y. Shigekami (HUST) (UU)Z' u(Uu)u't < 8 X 10_3 ~ }\3'2
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Doublet flavon model

* Constraints:BR(K™ — 777") < 1.0 x 107!Y for Mz = 30 MeV
BR(Kp — m'00)exp < 3.0 x 1077

e Results
1.5 T T T T T T T T T T T T T T T T T T T T T T T T T T T T 57 T
: \ / — 4;
I 1 i
1.0 2 !
L 4 : 3
> r
°> :
K ol i
0.5 '[. I GN bRund [Y. Grossman and Y. Nir, P} 398, 163 (1997)]]
X | 1
@ 1"
L ]
0.0 g 0; ]
Mz' =30 MeV | I Mz =30 MeV |
—1.5 - —10 - —05 - ‘0.0‘ - ‘0.5‘ - ‘1.0‘ - ‘1.5 -04 -0.2 0.0 0.2 0.4
(97)as+(@R)as [107"°] Im(g{)as+m(gR)as [107"2]

f‘> (9L )as + (gR)as) < 0.11 x 107,
| T (g% )as + Im(g%)as| < 0.28 x 1072 (0.20 x 107** (GN bound))

Y. Shigekami (HUST) 30



