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Introduction

m [ he SM can explain almost all the exp. data

m However, there are some problems
- fermion mass hierarchy
- charge guantization

- dark matter

m [ hese are hints of physics beyond the SV
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Introduction

m Fermion mass hierarchy

X 8580 X 135
/\ /\
m,=22%55MeV  m,=128+003 GeV m,=173.1+£06 GeV
X 20 X 43
~~ ~~
my =475 MeV m, = 965 MeV my = 4.18 508 GeV
X 207 X 17
/\ /\
m,=0511 MeV m,=100658 MeV m, =1776.86x0.12 MeV

from PDG

m How obtain these hierarchy”?
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Introduction

m We consider U(1)" extended model

ﬂavored Z’ model P. Ko, Y. Omura, YS, C. Yu, PRD 95, 115040 (2017)

v all fermions have flavor dependent charges
v nhew Higgs doublets for Yukawa couplings

- can explain SM fermion mass hierarchy
m New particles
* new gauge boson, Z' (< U(1)" gauge sym.)

* physical modes in Higgs doublets

- many physical modes (e.g. charged Higgs, ..)
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Introduction

m | hese particles cause FCNC processes
- U(1)" charges are flavor dependent

- tree level processes

d; [ Y l
A ot
di [ d; Yl

E> Affect flavor physics
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Introduction

m \We focus on B physics
b > gl (R(K)) R. Aaii et al [LHCb Collab], PRL 113, 151601 (2014).

¢ A I\/IBS ‘ Experiment R(D) R(D¥) ‘
Belle 0.375 £ 0.064 £+ 0.026 [15] 0.302 £ 0.03 + 0.011 [16]
¢ B 9 XS 14 r’ BABAR 0.440 £ 0.058 £ 0.042 [13,14] | 0.332 £ 0.024 £ 0.018 [13, 14]
LHCDH 0.336 =+ 0.027 + 0.030 [99]
° R (D) N R (D*) HFAG 0.397 £ 0.040 £+ 0.028 [93] 0.316 = 0.016 + 0.010 [93]
SM prediction 0.300 4 0.008 [100-103] 0.252 £ 0.003 [104]

[13,14] JP. Lees et al [BaBar Collab.], PRL 109, 101802 (2012); PRD 88, 072012 (2013).
[15] M. Huschle et al [Belle Collab.], PRD 92, 072014 (2015).

[16] A. Abdesselam et al [Belle Collab.], arXivi1603.06711 [hep-ex].

[93] Y. Amhis et al [Heavy Flavor Averaging Group (HFAG)], arXivi1412.7515 [hep-ex].
[99] R. Aaij et al. [LHCb Collab.], PRL 115, 111803 (2015).

[100] JF. Kamenik and F. Mescia, PRD 78 014003 (2008).

[101] M. Tanaka and R. Watanabe, PRD 82, 034027 (2010).

[102] JA. Bailey et al [MILC Collab.], PRD 92 034506 (2015).

[103] H. Na et al [HPQCD Collab.], PRD 92, 054510 (2015).

[104] S. Fajfer, J.F. Kamenik, and |. Nisandzic, PRD 85, 094025 (2012).

m Can our model explain these obs.”?
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Flavored Z' Model

P. Ko, Y. Omura, YS, C. Yu, PRD 95, 115040 (2017)

m Charge assignment
é New gauge sym.

Fields  spin SU(3). SU(2)r U(l)y U(1)
e 1/2 3 2 1/6 0
Q3 1/2 3 2 1/6
as, 1/2 3 1 2/3 Ga
i, 1/2 3 1 2/3 1+ g3
di 1/2 3 1 —1/3 —q
L 1/2 1 2 —1/2 0
L4 1/2 1 2 ~1/2 ge
él, 1/2 1 1 —1 —q
s 1/2 1 1 —1 Je — (2
H' 0 1 2 1/2 q;
iy 0 1 1 0 o

a=1,2,A=2,3;i=1,2,3
v In this work, (¢1, ¢2, g3, ga) = (0, 1, 3, —1)
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Flavored Z' Model

P. Ko, Y. Omura, YS, C. Yu, PRD 95, 115040 (2017)

m Charge assignment

é New gauge sym.

Fields  spin SU(3). SU(2)r U(l)y U(1)
e 1/2 3 2 1/6 0
Q3 1/2 3 2 1/6
s 1/2 3 1 2/3 Ga
i, 1/2 3 1 2/3 1+ g3
di 1/2 3 1 —1/3 —q
L 1/2 1 2 —1/2 0
L4 1/2 1 2 ~1/2 ge
él, 1/2 1 1 —1 —q
s 1/2 1 1 —1 Je — (2
H' 0 1 2 1/2 i

3 Higgs doublets
»o 0 1 1 0 o
¥
New SM singlet scalar a=1,2,A=2,3;i=1,2,3

v |n this work, (¢1; ¢2. g3, qo) = (0, 1, 3, —1)
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Flavored Z' Model

m Scalar potential (renomarlizable level)
Vir = m3y, | Hil> + m3 |9 + A | Hil* | Hj |* + Nygo | Hi?| @[ + Ao | ®|*
— A H{Hy® — Ay HI H3®2 + H.c.
: Ay
m |ntegrate H, out © H1 - —5—2H>

mHl
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Flavored Z' Model

m Scalar potential (renomarlizable level)
Vir = m3y, | Hil> + m3 |9 + A | Hil* | Hj |* + Nygo | Hi?| @[ + Ao | ®|*
— A H{Hy® — Ay HI H3®2 + H.c.
: Ay
m |ntegrate H, out © H1 - —5—2H>

mHl

v (%) b

Higes VEVs (H2) = %COSB, (H3) = ﬁsinﬁ, (D) = 75

- For fermion mass hierarchy,

Ay

large tan 8 & small e = ——(®)
mHl

Y. Shigekami LHCb anomaly and B physics in flavored Z' models with flavored Higgs doublets 7



Fields  spin SU(3). SU(2), U(l)y U1y
Qs 1/2 3 2 1/6 0
| Q3 1/2 3 2 1/6 1
i, 1/2 3 1 2/3 a
avore ode S S SR S
d, 1/2 3 1 -1/3 —q
L 1/2 1 2 —1/2 0
LA 1/2 1 2 —-1/2 e
ek, 1/2 1 1 -1 —q
én 1/2 1 1 -1 . — @
m Yukawa terms T
P 0 1 1 0 o
_ou Al Tas A2 Tag U A3 353 1w A3 L2
VW =y, Qp H Ul + yp, Q7 HoUGy, + ys3Qp H Uy, + ys3pQ7 H g,
d A 1 5 d A3 17270
+ Y@ H dy + y5,Q7 H dy
+ o5 LY H 6, + S p LAH?e2 + H.c. a=1,2A=273;i=1,2,3
m Fermion Yukawa couplings
u nth S B
y11€ Y1z 0 COS [ A
YY) = Uu Uu ] €= 21 (@) ~ 001
( ij) = | y2€ ¥y O cos [ ) miyy
0 y30€ Yss sin 3
d .d .d ,
€ Y11 Y12 Y13 € yn 00
d — ARG €
(Vi) =cosB | e vh vh vh |, (Yi5) =cosB | 1 0 5 U5s
d .d .d e e
1 Y31 Y32 Yss 1 0 Y3 Uss

|:> ms/my = O(e), me/m, = O(e)
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Flavored Z' Model

m Fermion masses

yle yis O cos 3
(Vi) = | wie ysn O cos 3
U wlineE wihs sin 3
€ yih Yis yis € yn 0 0
d sra P € e
(Vi) =cosB e | | 48 y8y u8s |+ (Vi) =cosB | 1 0 y5 yss
1 Y81 Ys2 Ys3 1 0 Y32 Y53
3 I I
|::> \f = (U])'diag(m1, mi, mi)Us (I =u, d, e)

each elements.

((U)ss] 22 1, |(Uf)as| = O(e), [(U)s] = Ofe)
2 N Important for

; ) ) ) flavor physics
[(Ug)ss| = 1, [(Ug)2s| = O(e), [(Ug)2z| > [(Ug)s|.
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Flavored Z' Model

m Yukawa couplings with charged Higgs

—Ly, = (Y2)i H™ diuly + (V)i H uldy + (YE)iHY v el + Hee.

k
(YY) = —muvﬁ(VCKM)Zinj
.?
(Y2)s; = —(Vokm)ss /2 tan 3

—tan
Gy = | UL —tanf Uyt
tan 3 ij

= —tan38;; + (tanﬁ + tai B) (GR)ij

(GR)is = (Ur)ia(Ug)js
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Flavored Z' Model

m Yukawa couplings with charged Higgs

—Ly, = (Y2)i H™ diuly + (V)i H uldy + (YE)iHY v el + Hee.

" mh/2 .
g = = » (Vexm) 3G
NG,
(Y)s; = —(Verm)is mgV2 tan 5
—tan
a.. = | v — tan 3 yut d.
ij R 1 R J
tan 8 ij "
’ (Y{)i;
= —tanf8d;; + (tanﬁ + m) (GR)ij ______ H:I:

Flavor-violating  (Gr)ii = (Ur)is(Ug)js
U;
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Flavored Z' Model

m / couplings
iNnteraction basis (G @ B €)= (05 T 8 =1
Lz = 9’2; (@i’}“@i + qigy g + (1 + ql)&;ﬂ’t i+ (1+ C]%)ﬁ})’ﬂ#&%)

g Zf (QPL 4,-YHLA L qld.r N,u,d? - qlpR,}ﬂu ~1 + (q‘? o Qz)f)di” “éé)

‘@‘ \%YI = (Up) diag(m{, ms, m3)Ug (I =u, d, e)

mass basis

Ln =42, {(Jﬂ)” up Y ul, + (98)idi " &), + (gh)iuiy ul, — qdiy"dy }

+ 97, {qe (ETY*pe + T2y 7) + (90) iy vl — aekv el + (g — a2 )Gm“e‘q}
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Flavored Z' Model

m /' couplings

i [ i 1, 925 43, 4o 0,1, 3, —1
interaction basis (41, @2, 45, 42) = ( )

_ ot (A3 A3 PYIPES! ~ M e
Ly =92, (QL’? Q3 + qaky*ag + (1 + q)aZy a% + (1 + g3)@8n U-R)

> TAMTA N T s A A
+4'Z, (qeLA'Y”L — qudiy*ds — ek eR + (. — @)én r“PR)
-@‘ 75)/1 = (UH)idiag(m?, mi, md)UL (I =u, d, e)
mass basis

_ ! 7 ~H 7T o d o i~
qZ ‘*’L” ?1L+‘7” d; ‘ﬂf\ uR q1dRﬂ, d }

+ g7 {qe (" pr + ToyHTL) + @ Ll — qrekytel + (g — g )Gm“cﬁ}

Flavor-violating couplings

Y. Shigekami LHCb anomaly and B physics in flavored Z' models with flavored Higgs doublets 11




Flavored Z' Model

m /' couplings

(gg ij = (U}j 23(Ug);3:

)i )

)ii = (U)s(UE)5s = (Vexa) (92w (Voxm) s fi
(98)i; = Ur)iear(Ur) k.

)i (

(gz ij — qﬁ{ UL)ek UL 7k} — qe{ o (Vgh-le)iS(VgMNs);s}-

\%W = (U})idiag(m?, mb, m§)UL (I =1, d, e)

[(UR)ss] = 1, [(Uf)2s] = Oe), [(U)1s] = OCe)
|

m [he size of each g; (Ul = 1, [(U)as] = O

O(e), [(Ug)2s| > |(Ug)asl-
(97)sb = O(€), (9)ar = O(e), (97)sa = O(€%),
(98)i5 = (92)i5, (g8)et = g3 X O(€), [(gh)et] > 1(gR)utl, |(97)ucl-
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Flavor Physics




Flavor Physics Involving b

m Flavor-violating processes
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Flavor Physics Involving b

m Flavor-violating processes

> e

b > sl, AF=2
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Flavor Physics Involving b >W<

m b~ gl
P e | — = }
Her = —gsm [CQ(SL’}"pr)(Z’}”) + Cio(3vubr) (v y51) + Hec.]
e e 9’2 4G , ¢
912
Cl =Cf = ———(9%)sb (2qe — q2)
2gsmM2,
o exp. bounds
. g .
Clo = Cy (97 )sb a2 —0.29(—0.34) < C%/CSM < —0.013(0.053)

—0.19(—0.29) < C1/CSM < 0.088 (0.15)

T. Hurth, F. Mahmoudi, and S. Neshatpour, NPB 909, 737 (2016)

/12

Hﬁ”—fF = C'J( L’%udj )(dL'Y d; ): Clj — W(Q(I{)w(g[{)w
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b = sll & AF=2 :
02F 02— T T
k » qe=_3
0.1; 0.1 ]
<= 0.0F = 00¢
! i b9 h
=01 : -0.1
_02 I TR L R L el e S S _02 I I . (O . e S S
10 20 30 40 50 10 20 30 40 50
Mz/g'[TeV] Mz/g'[TeV]

Allowed region for red: Cg#, cyan: C o4, green: B,-Bbar mixing

~019(=029) < Cfp/C” = 0.088(0.15) S. Aoki et al, EPJC 77,112 (2017)
T. Hurth, F. Mahmoudi, and S. Neshatpour, NPB 909, 737 (2016) Y. Amhis et al [HFAG], arXivi1412.7515 [hep-ex].
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b > sll & AF=2 process Z’

d;
02 I | T SRt et T
’> qe=_3
8l T .(J'fQ d
Cy =Cg = _W(UL)H?) (2 — q2) |
<= 0.0f
3/0 L
~0.1] : 4
_0.2‘.‘\\.|.. ...... il _0.2.\\...\1A‘1.“1.,.‘
10 20 30 40 50 10 20 30 40 50
My/g'[TeV] Mz/g'[TeV]

Allowed region for red: Cg#, cyan: C o4, green: B,-Bbar mixing

—0.29(=0.34) < C¥/CM < —0.013 (0.053)

) Amg = 17.757 £ 0.021 ps—!
—0.19 (—0.29) < Cly/OTM < 0.088 (0.15)

S. Aoki et al, EPJC 77, 112 (2017).
T. Hurth, F. Mahmoudi, and S. Neshatpour, NPB 909, 737 (2016) Y. Amhis et al [HFAG], arXivi1412.7515 [hep-ex].
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b > sll & AF=2 process Z’

0.2

0.2 T T T Y ——— T
’> qe=_3

Cl = = —- g* . (Ui)-"'b (29, — q2)
Z.C’S_\IJIZ:

0.1}

0.0

(gdl,)sb

0.01 < [(97)se| S00

. |
o1/ (4 = O ; -
ms/my = O(¢), me/m, = O(e) |
|
_02 T . L e s o Lt L i s il il ‘1 _02’: I fip “Y I - L R (et ITEn TahE
10 20 30 40 50 10 20 30 40 50
Mz/g[TeV] Mz/g[TeV]

Allowed region for red: Cg#, cyan: C o4, green: B,-Bbar mixing

~019(=029) < Cfp/C” = 0.088(0.15) S. Aoki et al, EPJC 77,112 (2017)
T. Hurth, F. Mahmoudi, and S. Neshatpour, NPB 909, 737 (2016) Y. Amhis et al [HFAG], arXivi1412.7515 [hep-ex].
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Flavor Physics Involving b,

m B> X7 ., AG
HYT5 = \/fv Vi (C7O7 + C50%)

e
O = —my(500"'bg)F,,, Os = o b(SLt 0" br)Ge

1672 1672 e
kav (1) my va
G3:G4:Cs k) b 7ks i tan B O
or= ("5 )mvg HGHCr ) + (10 ) s Gtan SO @)
my mk Vin Vi (1) my\ VinVy (2)
Cg = i 711G i C i 5 Gt Cg™ (z;
8 — ( ) ‘/;‘b‘/tls lei "7 8 (ZL’ ) + ( .V;‘b‘/té anﬁ (ﬂ: )
1
Gi;j = —tan 86, + (tan B+ —— | (G%)y; ‘ { ‘
i an 3 8, ( an /3 tan5> (G W (y) = z [ —82°+32% + 12z — 7+ (182° — 12z) Inx
(E8)y = TR U = (@ — 1) ’
£2)($) _ T —52° + 8 —3+ (6z —4)Inz
| Y=g 1) ’
LOOD Integra]S- W — z [—23+622 -3z —2—6zlnz
8 (‘L) — 24 (/L . 1) )
@, T —224+4x -3 —2Inx
Cs™(x) = 4 { (x —1)3 '
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di ¢

o (A) ((G%)uts (G%)ier (C%)ees (G%)u) = (1 — (G%)ce, 0.03, 1073, 0)
o (B) ((G%)s: (G%)ter (C%)cer (C%)un) = (1 — (G%)ees —0.3, 0.1, 0)

5.0

: ) (G"R)e=—0.3 case;

=
X
&
e ==z
7
aa]
@

Br(B-.X,y)x10*

oL’ 7, 1 . . . ! . . . 1 . . . ] 2.0 . . I . . ! . . . | . | ) ]
200 400 600 800 1000 20 400 600 800 1000

my.|GeV] my.|GeV]

cyan band: experimental results (HFAG, arXiv:1412.7515)
gray line: tan 8= 50, (GUYg), = -103 (> for R(DY))

Note: coupling of charged Higgs

> NG
(V) s ~ —mt@\/_ Gt — mev/2

*
‘/cs Gct

Y. Shigekami LHCb anomaly and B physics in flavored Z' models with flavored Higgs doublets 17




Br(B — D™ 1v)
Br(B — D®]v)

m RD &RDY) RDW) =

ch ch ch Crcb 2
R(D) = Rsy | 1+ 1.5 Re (Lb-ﬁ) i
Céu C§u

Har ™ = C&u(Crvubr) (T ve) + CR (rbr) (Trvr) + CF (Crbr) (TrvL)
cb cb ch b
R(D*) = Ry (1 +0.12 Re (OHOL) +o.05|CE=CL

2
ch C(;h ) ’
SM SM
A. Crivellin, et al. PRD 86, 054014 (2012)

Cgifw = 2VCb/112,

Cﬁb MMy

Vie mpm-(Gg)j.

= tan® 5 —
. b 2 2 2 )
SM & our model coef.. Cstt  Mh, — Vep miy, cos? 8
Cg myMmsr . o
ch = = 9 tan 5.
SM My,

Y. Shigekami LHCb anomaly and B physics in flavored Z' models with flavored Higgs doublets 18



R(D) & R(D?)

o (A) ((GRus (Ghier (GRees (GhIuw) = (1 = (Gec; 0.03, 1077, 0) (tan 8= 10)
o (B) ((G%)u, (G%)ier (G%)eer (Gh)uw) = (1 — (G%)ee, —0.3, 0.1, 0) (tan S=5)

uj [

045 — —
I Br(B — D®rv) ]
()Y —
f MD)_&wﬁDwa _ ‘
q Belle: PRD 92, 072014 (2015);
0.40 - arXivi1603.06711 [hep-ex].
BABAR:PRL 109, 101802 (2012);
PRD 88, 072012 (2013).
HFAG: arXivi1412.7515 [hep-ex].
0.35+ LHCb: PRL 115, 111803 (2015).
g SM pred.: PRD 92, 054510 (2015);
PRD 85, 094025 (2012).
= —0
0.30 [
i (B) i
I (A) 1.0 03-
0.25 1 1.0 771H+[T€V]
0.3 1.0 :
0.20_\\ll\\l\ll\lll\l\\ll\\l\lll\ll\l\\ll\\l_
0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
R(D)

Ellipse = 1 o results for the Bell (blue), BABAR (black), HFAG (red)
cyan band: LHCb 1 o result

Y. Shigekami LHCb anomaly and B physics in flavored Z' models with flavored Higgs doublets 19



?LJ' [

R(D) & R(D")

o (A) ((GRus (Ghier (GRees (GhIuw) = (1 = (Gec; 0.03, 1077, 0) (tan 8= 10)
o (B) ((G%)u, (G%)ier (G%)eer (Gh)uw) = (1 — (G%)ee, —0.3, 0.1, 0) (tan S=5)

o4 ——FF+——— 71—
I Br(B = D™7v)
() —
f R(D™) = Br(B — DWy) _ ‘
O 40 : S0 lfz?l]a PRM 9’) ﬁ7’)o*lA (PNA F)) ]
. 7' R)et= case] Xl
_ . L (G'Ra=0.03 case} B
tan =50, (G, =-1073 AN {219,
0.35+ Z 3s) —— 15).
g - i;%o — O} F5)}
- 1012).
E : \\ 25F m“f’g\S ]
030_ 2007 . . L
B
i (A) 1.0 B)
0.25 jO : 1.0 1.0 H?H+[T€V]
0.20_‘"""""""""'H'""""""é;,o,
0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 o ]
R(D)

P S W
400 600 800 1000
my[GeV]

Ellipse = 1 o results for the Bell (blue), BABAR (black), HFAG (red)
cyan band: LHCb 1 o result
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Summary




Summary

m We consider U(1)" extended model

Nnew Higgs doublets = can explain fermion masses

m | here are flavor-violating couplings:.

d; fj

z EI) Tree-level FCNCs

wj f

0 fooué on B Dhysié:s mediated by Z" and H~

b 2> sll & AF=2 : can explain simultaneously
B> X.r - my.> 500 (300) GeV, tanB3=10 (D)

R(D) & R(D : hard to explain
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Buck up




Comment

m N this model, (t,c)-element becomes large

[ (Ghre ~ O(0.01) ]

if the sensitivity of LHC is improved,
this model can be tested via t 2 ch channel

Ty

tan 5(G )i {sin(a — B)h + cos(aw — B)H — iA} trer + Hoc.
v

Note: if sin(a-B)<0.1, our model is safe for the LHC bound
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Extra matters

Fields  Spin SU(3). SU(2), U(1)y U1y
QO 1/2 3 2 1/6 1
o, 12 3 2 1/6 0
" 1/2 3 1 2/3 1
Ay 12 3 1 2/3 0
uy 1/2 3 1 2/3 14+ g5
uy 12 3 1 2/3 0
R, 12 1 2 —1/2 %
L, 12 1 2 ~1/2 0
R 12 1 2 —1/2 %
12 1 2 ~1/2 0
W12 1 1 1 g — 1
W 1/2 1 1 -1 0
I 1/2 1 1 -1 q. — 1
oo1)2 1 1 —1 0
@, 0 1 1 e
o, 0 1 1 o —1

Table 4: The extra chiral fermions for the anomaly-free conditions with (¢, g2) = (0, 1).
The bold entries “3” (“27) show the fundamental representation of SU(3) (SU(2)) and
“1” shows singlet under SU(3) or SU(2).
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Yukawa couplings

m Yukawa couplings ©S=h,H, A

—Ly = (Y&)i;Subuly + (Y& hdy djy + (YE) i Hel el
+ (Y2 H diudy, + (Y8, HY uldl, + (V) HY Vel + He.
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Flavor Physics Involving b

B iNput parameters  f#om PDG [73]

O{S(J\/fz)

0.1193(16) [73] A | 0.22537(61) [73]
1.1663787(6)x10=> GeV =2 [73] || A | 0.81410:923 73]
4.1840.03 GeV [73] p | 0.117(21) [73]
16073 GeV [73] 7 | 0.353(13) [73]
1.27540.025 GeV [73]
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