Flavor Physics in the multi-Higgs doublet models
induced by the left-right symmetry

Yoshihiro Shigekami

KEK
- HUST (EHEHRKZE), Wuhan (KiZ)

Syuhei Iguro (Nagoya U.), Yu Muramatsu (CCNU), Yuji Omura (Nagoya U., KMI)
arXiv:1804:07478 [hep-ph]

EMES FHRFYEFOHEE2018 8A7H



Introduction

* Standard Model (SM) is succeeded by the discovery of the Higgs
boson in 2012

* The SM is almost consistent with experimental data

=
* There are still some problems and questions which cannot solve
in the SM framework

e fermion mass hierarchy
* charge quantization

e fine-tuning of the Higgs mass (hierarchy problem)
* massless neutrino

* no dark matter candidates

[ Physics beyond the SM is needed! ]




Introduction

* One of the interesting extensions
extra Higgs doublets - realistic Yukawa couplings

* If we introduce extra Higgs SU(2), doublets, there are some
Yukawa couplings

8 YQp Huugy + Y5Q) Hawp + -+
Vi Qi Hadpy + YQ1 Hudy + -

Y, and Y, are obtained by the linear combinations of these Yukawas

* We consider the left-right symmetric model (LR model)

can resolve the strong CP problem Babu, Mohapatra, PRD 41, 1286 (1990)



Introduction

* LR model: gauge symmetry

SU(S)C X SU(Z)L X 597(2)1% X U(l)B—L

right-handed fermions are doublets under this symmetry

[ UR I — nr right-handed neutrino
QR — d ; R —
R €R

* Higgs fields become bi-doublet fields : (2,2) under su(2), x su(2),

©=(H, H)

H,, Hy: SU(2), doublets
Yukawa coupling (e.g. quark sector)

= V0L 9 Qh+ Y20, 3 Q) 1 hue.

[ we can obtain the realistic Yukawa couplings J




Introduction

* LR model predicts multi-Higgs doublets

- many physical modes in Higgs doublets
(heavy neutral Higgs, charged Higgs, ...)

* Interesting point: heavy Higgs coupling is flavor violating one

U  IT o, ] d ' J _
YH %jQTL HU’R + YH ZJQE H dR + h.c. I:> tree-level processes
* These couplings are related to fermion masses and mixings

Y%? . linear comb. of Y Y2 ...

d 1
Y . linear comb. of Y, Y2 ...

* Then we can obtain explicit predictions from the flavor physics



Introduction

* We cons

ider the following scenario:

based on SUSY LR model - at least 4 Higgs doublets are needed

1013 GeVT LR symmetry is broken: SU(2), X U(1),, = U(1),
1 Majorana neutrino mass is very heavy
T type-l seesaw mechanism works, YV would be large
0(100) TeV+ SUSY breaking scale
heavy Higgs doublet masses are O(100) TeV
W [ Some flavor processes will be enhanced J
scale
main topic of this work
v
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SUSY LR model

S. lguro, Y. Muramatsu, Y. Omura, YS, arXiv:1804:07478 [hep-ph]



LR model

* Right-handed fermions = SU(2); doublet

Uu Uu 1% T
=), @n=(3r) z=(2) £e=(00)

* Matter contents and charge assignments

Field | SU(3)e x SU(2)r x SU(2)p x U(1)p_r
Q7 (3.2,1.1/3)
Q% (3.1.2 -1/3)
L (1,2, 1, 1)
L (1,1, 2. 1)
Dy 5 (1,2.2,0) = Bi-doublet Higgs fields
Ag (1,1, 3, —2) )
Ag (1,1, 3, 2)
A, 1.3.1.2) > to !oreak SU(2), X U(1),,
_ to induce heavy RHv masses
Ap (1,3, 1, —2)
S (1,1,1,0) )




LR model

) S u p er p Ot en tl d I : [17 — 1171 15 -+ I-’I"FS B + I1rA L

Vo= YO ® 70)°) lax i H - [C7 v Jeir [ abrpy (T D
H{.e_._,. E‘“ (JLTgluTg(gR ‘|—}ﬂ L uI“uLRj—i_éU LRTQARL.@—F& T (J_)Iﬂ TQI@

Y Y Y

Yukawa int. Majorana mass U-term
(effective)

Wsg =m(S) Tr (ArAg) +w(S)
E> LR symmetry breaking: SU(2), X U(1),, - U(1),
Wa, = (mg+m(S))Tr (ALAL) + N/ L' AL

soft LR breaking term E> A, and A, terms (irrelevant to our work)

* Wis invariant the following parity transformation:
Qr — Q55 Ly — L5*, Ap — A% Ap — AR, &, — &I, 5 — 5

- Yukawa matrices are Hermitian matrices



Yukawa couplings — SUSY LR model

* SUSY LR model: two bi-doublet chiral superfields are needed

we cannot use ® in the Superpotential which is the holomorphic function of chiral superfields
a* )i J _ ¢, = (He HS) : bi-doublet field:
ijz’ QLTQCDGJTQQR (a — 1,2) ( d)

—> 4 Higgs doublet model! (H !, H 2, H, H?)

* Yukawa couplings E}Qi@u% 4 y@?@vj:f]gu%
Y0t HYd%, + Y2Q! H2d
ZJQL d R+ Z]QL d“R

» Denote 4 Higgs doublets as H; = (H}, H2, H}, H?),
Hyp = Um/h-l- UraHa  1=1,2,3,44=1,2,3

{

SM Higgs Heavy Higgs doublets



Yukawa couplings — SUSY LR model

1 171, 2 172,,]
YijQLHuuR + }/ijQLHuuR

& H;=Upph+UsaHa

YiQL Hid) + Y7

jQ1 Hady,

~_=

* Yukawa couplings withTSM Higgs

* Relation between Y,j and YA,j

AT
Heavy Higgs Y4;,Q% Haupy + Y4,,Q% Had,

U
YAij

1

= A,

Ufa Usa
Usa Uya

Usn
—Usy,

%
_U2h
*

1h

() - (G )

.

)(

v
yd

1

)

~

J

Ah — Uthglh - U3hU2*h

Note: we can obtain Y, and Y,¢ by replacingu > vandd > e



Yukawa couplings — SUSY LR model

* Neutrino sector: there are right-handed neutrinos

- we have the Majorana mass terms: (My)ijyf%ivgg + h.c.

* Tiny neutrino masses are obtained by seesaw mechanism (type-I)

74

[ (Vemns)akmi (Venns kg = 02 Y (M), Y J

* Assume: (i) M, is the diagonal form M, —dlag(le,Mvz,l\/l 3)

(ii) YVis a hermitian matrix .

10F
5

* We can calculate the elements : N /
T X ]

of YV from observables osh

2 2
Amy,?, Amy5%, Oy, ... D



4-fermi couplings

* Integrating out the heavy scalars, we obtain

) f,F =u,d, e, v

T Aar2 7 s 2 2 2 2 )
UHMHUH —dlag(_uh,MHleHQ,MHB) H[ZU]hh+U[AHA
@ M, 2: mass matrix for Higgs doublets, U = (Urn, U1, Ura, Urs)

i A2 A2 u -
(@D = (" widoi) (Aifé A%) (?J?fgi:z) for (dndy)(d1 )

1] vt e A_2 A;c? kyl A YN
(Ch) i _(Yij yz'(sz‘j) A 2 A;d YOl for (eRer)(€fer)

|ARPALE = (M ?)as|Usnl® + (M5?)aa|Usn|* — (M 5*)3aUs,Usp — (M%) a3U5yUsn, We treat A\, (a, b=u,d)as
APALE = —(M2)saUs U, — (M) aaUs Uty + (M2)saUs, Uz + (M52 Us U, | the parameters of this model
|Ah" Ad'u Au(?

|ARPALT = (M5*)3s|Uanl* + (Mg?)aa|Usn|* — (M5?)3aUs, U — (M2)asUsyUsn + | A, 2

13



Flavor Physics



K'-meson mixing

* Effective Hamiltonian

HEH™2 = —(C9) i (dipd?) (d7,d7) + hec.

» Meson mixing = i #j, then (C{)7 = Y4 Y4A,

ﬁ;eewe

Im(ME), AMyg = 2Re(M{s)

* Observables: ek = NG

AM
( K)eXp ke = 0.94 4 0.02, o, = 0.2417 x 7
(AME)exp = 3.484(6) x 1072 MeV
1 m 2
K = K\ * dysd K 2
Mis™ = (Mi5)sm — (CF)sq X 1 (—) m Fi By
Mg + mgq
S~ " Fy =156.1(11) MeV, By = 0.9(2)
—

NP contribution from this model

* G2 »
(MS)SM = T;ZFIQ{BKWLKM%/ {)\371150(%) + )\?’UQSO((Et) + 22 135 (., xf)}

15



K'-meson mixing

* Result

0.0024

0.0022

lex|

0.0020

0.0018

0.0016 L

SM prediction (1o region ]
g ( gion) Prediction |
/ 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
200 400 600 800 1000
AyulTeV]

[ Ay = 200 TeV J

PDG (2016)

16



leptonic B meson decay

 Effective Hamiltonian
HEETY = (O (did} ) (€ ele) — Cu (@7 d)) (Fyynse®) + hc.

GE Uz 4 -z, 3z,
cH = W Z Vo Vag iy — 1 {1 _— + 1= lnz, }

- Wilson coefficients (i # j): (C{°):} = Yj";*Yk”iAgf Y ynoA g

* Branching Ratio:
r )2 o, 2
Br(B, = e4@l) = —2(m, +771(.,)2771B(;F}§q\l (1 _ (me, tm”) ) (1 _ (me, zmez) )

1287 mg, myg,

’ (1 (M, — mel)z)
mg,
’ { (Mg, + e, )?
- mp,

2
mp,

my + My

Me, + M,

RBQ C c *
x{\—«cf’)“ £ (CIoYkY — 5 O,

[{Bq de de\lk
{(CF)hy — (CF)g")

_|_ —
Me, + M,

where Rp, =

17



leptonic B, meson decay

* Result
35x10710 e — — . | :
3.0x10-10 | NAy=200TeV 1 PRL118,191801(2017)
i Vo ]
25x10-10 [ | Y2,|=0.1, 1 ]
3 20x10710}
1 [
o
Q ﬁ
@ 15x10~10}

The prediction is safe even when A ;is O(1) TeV

18



leptonic B, meson decay

* Result

B Ox40® —sg——r——t——r————————
N,,=200TeV
|Y§’2|=0.1, 1

4.5%x107°

v

4.0x1079

3.5x1079

Br(Bs—>uu)

3.0x107°
PRL 118, 191801 (2017)

25x1079

[ Ayal > 2 TeV ]

19




lepton flavor violation (LFV) — ¢, — £;£,4y,
» Effective Hamiltonian
Hg‘ﬁ,}/— (04)1{1(61%6‘2)(%6[1%)

LRV > (C) = Y YEALD + 50 VAL + yed Y " A

* Branching Ratio for u - 3e
5

BR(s — 3¢) = 2 (I(CHIE + 1(CHEP)

* Current bound (SINDRUM exp.): BR(x — 3e) < 1.0 x 10712

SINDRUM Collab., NPB 299, 1 (1988)

» Future prospect (Mu3e exp.): BR(yu — 3e) < 1 x 10716

Mu3e Collab., EPJ Web Conf. 118, 01028 (2016)

20



lepton flavor violation (LFV) — ¢ — 4,44y,

* Result

Br(u—3e)

10-12

Excluded

prospects

A

w=200TeV |

0 2
Y3/Y%3

4

(Yv11' YV33' /\ud)
—— (1,0.1, 100 TeV)
--=-(1,0.1,1TeV)
—— (1, 0.02, 100 TeV)
- — - (1,0.02, 1 TeV)

Our predictions can be covered by the future exp.
if the active neutrino is in the NO

21



Summary



summary

* We discussed SUSY LR model - the multi-Higgs doublet model
SU3)c x SU(2)p x SU(2)g x U(1)p_1, gauge group
there are 4 Higgs doublets H ', H 2, H !, H

v’ Energy scales: TeV-scale << SUSY breaking scale << LR breaking scale
- Heavy Higgs doublets have flavor violating couplings
relation between Y,; <> Y : explicit predictions

* Because of the size of YV and M,,, NP contributions are enhanced
even if M, is O(100) TeV

* Obtained bounds:

Observables bounds
€K Auw 2 200 TeV
Br(Bs — pp) |Aud| 2 2 TeV

| 2 VIVE] x 115GV, [Al] 2 V/IVE] x 384 GeV,
Agu| 2 V|V % 533 GeV
[t — e conversion A > 1Tev, /\(ue) > 2TeV

Br(K — ev) \/|A S+

olpp — et )|\f 13TeV ‘A,{;f

(ue

VIYH] x 6 TeV 2




Back up



LR model — neutrino Yukawa

- Useful relation:[ (Vemns)ismi (Venns ki = 02 Y (M,jl)kl i ]

v Yr/2 v
» Normalize the RHS with YV, > v* & 33 L

1% 174
55 My Y35
- - - & Yy
* We can solve above equations with variables, o and v
33 vt
106 100 — - , , , i
50|
105
E 104 10]
5 51 | f
< 1000 : N |
% 100 -“ 1"" ******* R /
= 1 Fig.(1 C [ . ! ‘“"”'\ \ ] . |
10 ‘u| Ig((l;)”is)e(') o) M. /| Fig.(1b) Case (i
v1 | \\‘ (|M-._;11 |=O)
o 5 0 5 10 Tl 5 0 | 5 | T
Y32/Y33

25



LR model — neutrino Yukawa

* Different Majorana mass case

I |
10° e
% V2 //’;””
5 i [My3 /Y11 ’/,"
‘_9 10 k‘ Y,
=
Se
>
=
R e S ; .
Fig.(2a) Case(ii)
-1
(IM;1=0)
1 )
-10 -5 0 5 10
108
S
[ ]
9
o 10%
=
?5
=
= 100 . -
Fig.(3a) Case(iii)
-1
(IMy31=0)
1 L L 1 " 1 L L 1 L L " " L L L " 1}
-10 -5 0 5 10

v
1

v
J|/Y

|Y(

1Y%,

v
)

Y

| Pt —’b———
. *,a'
10} .
| Y ,"
1 T il
| [ '8
} .
| 2
| \J
(0 . e s i 'J‘z X ae
0.10% '\l Fig.(2b) Case (ii)
' =9
(lez |=O)
0.01L— T S T TR
-10 -5 0 5 10
Y33/ Y11
100 . X <
50|
10 ?
5| '";‘ 7
I X \ |
H Voo
i '
u
1
Fig.(3b) Case (iii)
-1
(IMy31=0)
5 10
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lepton flavor violation (LFV) —

- Effective Lagrangian
Ll = Z(Cde)e”(qRqL)(eLﬂR) + (C{) e (qrar) (@rpL)

q=d,s

HO ) Wnur) (@Lpr) + (C1F)y, (UruL) (€RpL)

(AEZ:f))_Q (Al )_2 (V")
» 4-fermi couplings () = (v, (Vy'vi),) ( (A(u@)‘? (Aﬁie))g) (UM‘Z)
du SR

dd

LL-e conversion

1AL (A = (M7 U2 + (M) U2, — (Mi2)sUshUs, — (M52)aUsnUs,

A (AL ) (M) UnUsy, — (M) UsiUsy, + (M) s UsnUs, + (M) Usn U, +1 A0 2052
| A2 (\, ) —(M3) U Uy, — (Mi2)a2UshUsy + (M) s2Unn Uy + (M2 Usn U,

a2 (a50) 7 = + (M) U3 — (Mi)aaUsUs, — (M) U Uy,

* SINDRUM Il bound: (i Au = e Au)/ T, (1 Au) < 7 X 1013

SINDRUM I Collab., EPJC 47, 337 (2006)

* Future prospect (COMET): ~ 10-1® Level (in Al)

COMET Collab., PTEP 2013, 022C01 (2013)

27



lepton flavor violation (LFV) — p-e conversion

Br(y Au—e Au)

* Result
10_12 T T T T T T T T T T T T T T T T T
1078 |
Ay=200TeV | 1077 Nyw=200TeV |
10710} Excluded Y3,=0.1
______ _ 10-14 L
10—12 ] T ‘.... ___*_/,\dlf—"\/'m —————— qq:lf\) .
B < 1077¢
-------- e \ (NO) =
0T — ~—.. f/\%’u);mTe ERTRL
10—16 \ /\du=100-\—e\/ (NO) — 10—17 L
10-18 P R T SR RS P R S S S 10-18 R RS SRS S RS |
-4 -2 0 2 4 -4 -2 0 2 4
Y32!Y33 Y321Y33
More severe constraint on A, Future sensitivity covers
depending on YV, the 0(0.1) Yukawa couplings region

From these analyses, we obtain the lower bounds
A > 1Tev, A > 2Tev
when Y55 is 0(0.1) 28




Leptonic meson decay with active v

 Effective Hamiltonian

Hepp =

4-fermi couplings: (C9)X = (C{)EI V2 (Vearns)iw. (C19)f =

* Branching ratio

Br(B, — ev)
B?‘SM(Bq)

(Ode)kl( RUL)( Ve )

= |0 +

b
RBQ (_l/(]

Mme, (4G r/V/?2)

* BR of K—>ev can be obtained
by replacing Rg, v with Riy;

Il + a0

vulz

(A

Br(K—ev)/Br(K-ev)sm

(C,“e)’lCZ (d? ) (Z/LE’R) + h.c.

—2
du

1.025¢
1.020;
1.015?
1.010?
1.005?

1.000}

+ AL~ )YAIE + (Ag7 + Adlf )?/f"skf

—(CyEVE (Vearws )i,

'y Ve

du

AY92/yY =(100TeV)?
AS®I=100TeV
Ngg=100TeV

Aaul | Y1 | V2 [Tev) .

()



Tau decays

* T = 3/ [bounds: O(108), future: (3-5) X 10°10]

Case (ii)
NAyw=200TeV

Case (i) 10712
Ayw=200TeV

10-12

Br(toeuut)
Br(reuu™)

V Vv
Y22/Y33

* Hadronic t decay

3 m3 ’
5 - denlr |2 2 2 Moy

—> sufficiently suppress when A, and A, are large

30



SM predictions for meson mixing

. (
(ﬂ[{é)g)[ = Tor Zf[\BA .'T?Aj\[” {)\ 1150(x¢) +)\ 1250(¢) + 22 A3 S (2. rf)}
x; and \; denote -mf/z"\l f)[ and (Vorw )i (Vekan)ia
By ( 2 )2 y
(M5 )sm = 12W2}B BB ranﬂ[Uv)\Banbo(;rf)
A, = (VorM) i (VerM )tg
Solz) = 4z —11z* + 2% 3ztlogx
o\r) = - .
loop func. -0 20-a)
S(z. y) —3zy vy(4— 8y +y?)logy  wy(4—8r + %) logx
r.y) = - — ,
TS TE, ) Ay —1)*(x — y) d(x — 1) (r —v)

31



Input parameters

sin? 6y,
sin? fag (NO)
sin? By (10)
sin? #y5 (NO)
sin®#y3 (10)
d/m (NO)
5/m (10)

0.3217001% [40]

0.43079070 [40]

0.596 501 [40]
0.0215570:00099 140
0.021407000052 [40]

1.40%55 [40]

0]

L4472 4

0.2250925 gngzs [41]

m, 0.511 MeV [39]
my, 105.658 MeV [39)]
., 1776.86+0.12 MeV [39]
Ty 3.33781 x 101 MeV 1 [39]
T (441.0 4 0.8) x 105 MeV~! [39]
Am?, (7.56 £0.19) x 107> eV? [40]
|Am?,| (NO) | (2.55£0.04) x 107% eV? [40]
|Am2,| (I0) | (2.49 £0.04) x 1073 V2 [40]
my(2 GeV) 48102 MeV [39] A
mes(2 GeV) 9545 MeV [39] A
my(my,) 4.1840.03 GeV [39] I
(mf’j:jnd)(Q GeV) 27.541.0 [39] 7
me(m,) 1.27540.025 GeV [39] | My
mg(my) 1601} GeV [39] My
v 1/137.036 [39] Gp
ay(My) 0.1182(12) [39]

20 (1+0.0071
=2 +0.0076
0.1598 ¢ gp72

0.349910-0003

91.1876(21) Ge

[41]
[41]
[41]
V [39]

80.385(15) GeV [39]

1.1663787(6)x 10~

> GeV 2 [39]

References: [39] PDG

[40] P. F. de Salas, et. al., arXiv:1708.01186

[41] CKMfitter
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Input parameters

Mg
TK L

TK s

"

73

497.611(13) MeV [39]
7.78x 10 MeV—! [39]
1.36x 10" MeV~1 [39]
156.1(11) MeV [59]
0.764(10) [59]

3.484(6)x 10712 MeV [39]

(2.228(11)) x 1072 [39]
1.87(76) [60]
0.5765(65) [61]
OJJJG( 7) [62]

0.9(2) [63]

5.3663(6) GeV [39]
2.31x 10" GeV~1 [39]
2.30x 10" GeV~! [39]

5.2795(3) GeV [39]
227.7 & 6.2 MeV [59]
190.6 + 4.6 MeV [59]

1.33(6) [59]
1.26(11) [59]
0.55(1) [61]
1.15(13) [63]
1.15(13) [63]

References: [39] PDG

[59] J. Laiho et al., PRD 81 (2010) 034503

[60] J. Brod and M. Gorbahn, PRL 108 (2012) 121801

[61] A. J. Buras et al., NPB 347 (1990) 491

[62] J. Brod and M. Gorbahn, PRD 82 (2012) 094026

[63] V. Lubicz and C. Tarantino, Nuovo Cim. B 123 (2008) 674

33



Introduction

* SO(10) SUSY GUT is interesting

SU(5)

— 10 rep. ~

o= (it)

C C
Ur €R

- Sbar rep. N
2= (%)
€L
dC
____

SU(5) singlet one generation of fermion
Ve is unified into 16 rep.

|

right-handed neutrino is naturally introduced

* Yukawa couplings: only one coupling, h;

Wy = hij 161;163' 10y

10, D H,, H,

I:> Y. =Ys = YeT @ GUT scale, Mg ;

A conflict with the fermion masses and mixings

34



Introduction

* How avoid the relation?

v’ Include additional Higgs fields S0(10) = SU(S) _
v" Include additional matter fields 10=95+5
v Include higher dimensional operators
Vo
* 5bar fields mix with each other (fSM) _ Ul AUy (f(lﬁ))
fh AU} Uif() f(lO)

[ crucial point ]

* Because of this mixing, we can obtain realistic Yukawa couplings

e.g. down-type Yukawa couplings

(Ya)i; = (Ui in (Yau)rj + Eczj]

35



SO(10) GUT

* Higher dimensional operators

1

K. o !
%1&-163-161{161{ -+ %16i45A16j10H + -

- Additional Higgs
v,*916,16,1264 + V,/*"16,16,120y

~ =

can be obtained realistic fermion masses and mixings

16 © 16 =10 ® 120 © 126

36



