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Higgs Is a window to new physics.
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Hints for new physics?

muon g-2
06, — aEXP 3z aﬁM = (26.1 £ 8.0)! Q5 3.30 excess
Hagiwara et al, 1105.31409.
h-> ut
4 -

CMS: Br(h — ur) = 0.8479-9907  1502.07400 [PLE 2.40 excess
0.37

Atlas: Br(h — p1) = (0.53 £ 0.51)% 1604.07730

N )

We discuss baryogenesis, g-2, h->ut in a 2 Higgs doublets model
(2ZHDM)with lepton 3avor violation (LFV).
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2 Higgs doublet model (2HDM)

iy

L

ggs potential:
Vo(®1, Bs) = m2®1 Dy + m2dldy — (m2d!dy + hc.) =
- %(@1@)2 - %@;@2)2 + A3(D101) (BID2) + Ny (B] Do) (P11 D)
+ [%(@1%)2 + {A6(<I>J{<I>1) + A7(<1>§<1>2)}(c1>1<1>2) - h.c} , -

Hi

A

IN

m3, A5, Ag, A7 € C

pelds:  ®:() = b i=1,2
ggs Pelds: %)= ( (4 o)+ dne) )0 =12

ssumption:CP is NOT violated by the Higgs potential and VEVSs.

2
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pLItS: Sin(ﬁ i a)? tanﬁ? Mg, mMa, M=+, M2 35 sin 3 cos B’ )\6’7




2 Higgs doublet model (2HDM)

Lepton Yukawa couplings (Higgs basis):

i - w0
—,Cy — liL(qu)l = qu)g)ijejR - h.c.
i, 1 :
D € 0;iS8_cq e g ailaie Sl
L \/§ RN \/5103 B _ JR
+e Yi s i legb e o A+ h.c
EL = 0iCHG iiSB—a | €5 | €iLPij€j G
k L_\/§ icB \/510]5 _JR \@LPJJR .

- LFV comes from the off-diagonal entries of  ps;.

- pij are generally complex. pi;; € €C <zCPV
<z Baryogenesis!!
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2 Higgs doublet model (2HDM)

Lepton Yukawa couplings (Higgs basis):
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nN->ut and muon g-2

In 2HDM, 1t Is easy to accommodate both h-> pr and

muon g-2. [Y. Omura, E.S., K.Tobe, JHEP052015028, PRD94,05501Q2016)]
 h- 2 2 2
h-> O M (|pur 2 + |pru )5,
Br(h % pr) = B, — AN
1671y
\/|p,u7'|2—|—‘p7',u|2 ~ 0.26 ( 0.01 ) \/Br(h‘—>lu7_)
2 T e o
e > a0
/muon Q-2 dau= o e IS R O TS S 5
1
h,/f{_,il e mym-Re(purpru) f(r) ~In- — g
e = e 1672 %
Mg ot : SESEHY | czﬁ_af(rh) s s%_af(rH) A
i %pm ' me i m?
.

\I\Ieeds: pur=P+u"'0 and nonzero mass differences in (M n,My,Ma) &
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nN->ut and muon g-2

[Y. Omura, E.S., K. Tobe, JHEP052015028, PRD94, 0550192016)]

myg = 390 GeV, myg+ =my  my =350 GeV
1 E

08
0.6 F

04 F

BR(h—ut)[%]

02 F

- U-T [3avor violation can explain both h-> pT and g-2.



Baryogenesis



Electroweak baryogenesis

[Kuzmin, Rubakov, Shaposhnikov, PLB155,36 (O85)

SakharovGs conditions

~ )
- B violation: anomalous (sphaleron) process ! 0+ »  (3q; + 1)
i=1,2,3 (LH fermions)

| chiral gauge interaction!
.~ CP violation: KM phase and/or other sources in beyond the SM!

- Out of equilibrium : 1% order EW phase transition (EWPT ) with
expanding bubble walls

. J
symmetric phase (®) =0
T 5 T
R S B &\ 7z
broken phase ‘ el N
- <(I)> 7é 0 L —\>\ )4/— Q

FS;{} <ddigh it ? X ¥ ‘ N

e N

BAU can arise by the growing bubbles.



Fg) < H

B-changing rate In the broken phase Is -«

-

r<”>

~ (prefactor)e

—Feon/T

~

J

Espn is proportional to the

-

\_

Esph O (T)

~

£

what we need IS

large Higgs VEV after the EWPT
=» EWPT has to be Ostrong” 1% order!!

Higgs VEV  AB - 3AN«

vacuum

Ncs=0

UO T <1s

IR A 2 P L T e S B
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¢ |GeV]




Fg) < H

-

1 (T) 1 (prefactor)e’ B (DT < H (T)! 1.66 G T2/mp

~

J

%
Espn(T) = 4mv(T)E /g2 (922 SU(2) gauge coupling),
a4 )
vl o - sy
- — > AE 42.97 + log corrections = "¢ o
& DRSS

- dominant effect: sphaleron energy.

For 2HDM with alignment limit:

E — gSM =]

@tree level

For a band structure effect on

\§

v(T)

I

]

~N

J

[ B, !

see [K.Funakubo, K.Fuyuto, E.S., arXiv:1612.05431
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1st-order phase transition

AT AT
i = Dl T 0d T e
L Verr & D 0)¥ e die s e e
_ 2E T Ve 2E
: Ve = I | ekt as B
f T Tc T
2 - Heavy Higgs loops can enhance E.
T>Tc
b 2 2 N
; T=Tc I A M= + A
O_
? T<Tc
A R B T s & M2 S X
0 50 100 150 200 250 300 —\3/2Tp3 ( ,for Me < o8
¢ (GeV) Vest 2
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) b foreNES S N
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1st-order phase transition

AT AT

i = P2 — T2 o —ET - o=
L Verr = D 0)¥ e die s e e
_ 2E T Ve 2E

: Ve = I | Mok o B

f T Tc T

2 - Heavy Higgs loops can enhance E.

T>Tc

3 9 R ST

< T=Tc MU S A M= + A

0
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||||| = 2\ 3/2 X
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1st-order phase transition

A A
g IS S e, R i il A= 20 el 2
8 Veff—D(T/ hief—Elo dipel & 0wy
| V(A 2E
liciaii

- Heavy Higgs loops can enhance E.

2 i 2 \ 2

e S 3/2 =
i85 o 150 200 250 300 b { N R (1-|-M2) for M4 <)o
eff 2

¢ (GeV) Ap?

—|M]°T (14—5‘@2)3/2 for M2 > \p?
M2 ) ~ SO ;



1st-order phase transition

A A
i D & ) Sl e G 2/ el 2
vert Vet = [D(T 12)p] - BT H Al e e
| V(A 2E
ey iar

- Heavy Higgs loops can enhance E.
m?:H,A,Hi = M? + M\

e S 3/2 =
i85 o 150 200 250 300 b { N R (1-|-M2) for M4 <)o
eff 2

¢ (GeV) Ap?

—|M]°T (14—5‘@2)3/2 for M2 > \p?
M2 ) ~ SO ;



1st-order phase transition

Vet = [D(T? — T3)p] — ET? H“F Y _—

¢ (GeV)

o o ok aw we {i3/2w3(1+ )T for M2 < A2
eff 2>

et 3 Ap 212 DSl
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1st-order phase transition

A A
i D & ) Sl e A= 20 el 2
vert Vet = [D(T 12)p] - BT H Al e e
| V(A 2E
ey iar

- Heavy Higgs loops can enhance E.

2 i 2 \ 2

] non-decoupling h
o % o o @ w0 {A3/2T¢3(1+ )T, for M2 < Ap?,
eff 2>

¢ (GeV)

t 3 Ap /2 2 N
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1st-order phase transition

A A
i D & ) Sl e A= 20 el 2
vert Vet = [D(T 12)p] - BT H Al e e
| V(A 2E
ey iar

- Heavy Higgs loops can enhance E.

2 i 2 \ 2

] non-decoupling h
o % o o @ w0 {A3/2T¢3(1+M2) . for M2 < g2,
eff 2>

¢ (GeV) Ap?

M2

5 2\ 3/2 =
—|M|3T (1—|— 15 ) L foRslfd = ot
decoupling



1st-order phase transition

s 25 e & 31 4 €r2 2 N2 2

Veff ‘/eff o D(T TO)SO% ET%O ! 4 ¥ Tj_c 4 ¥ (SO UC)
| V(A 2E
e aaion:

- Heavy Higgs loops can enhance E.

2 i 2 \ 2

] non-decoupling h
OIS | PR o S i e S Y, [ L [ ) LRt T e e €3 2 X
0 50 100 150 200 250 300 > { —)\3/2T903 (1 + 4 ) o for Mie < P
off 2

¢ (GeV) 5 2@23/2 i
—|M|3T (1—|— 1\}02) o fonelfZ i A2
decoupling

Non-decoupling heavy Higgs bosons play a central role in enhancing E.



EW

benchmark point:

(Br(h-> UT):O.84%\

- g-2 favored region

Ma = MYy
for Re( prupur)>0.

- EWBG-viable region

BG and LFV

[C-W. Chiang, K.Fuyuto, E.S., arXiv:1607.07316(PLB)]

ma = mg+, M =100 GeV, tan =1, cg_, = 0.006

|p7'u| o= |pu7|7 ¢T,LL = ¢,LL’7’ i 77/47 )\6,7 =1 BI’(I’L =) ,uT) = (0.84 %

A0 e T :

k VolT c> 1.17 J
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EWBG and LFV

[C-W. Chiang, K.Fuyuto, E.S., arXiv:1607.07316(PLB)]

iyl ma = mg+, M =100 GeV, tan =1, cg_, = 0.006
benchmark point:; et e :OWW) _0.84 %

450
(Br(h-> uT):O.84%\

- g-2 favored region

Ma = MYy
for Re( prupur)>0.

- EWBG-viable region
K Vch> T X7 J
my, [GeV]

Combined: 300 GeV = my = ma = 450 GeV




Anhn IN the 2HDM

[update of Kanemura, Okada, E.S., PLB606,(2005)361]

450 — T T
AR = s 0070 el e J
4 Sstrong 15'-order EWPT ...
§ 300 s ey R e 4
s Q A
-
- Non-decoupling heavy 150 -
Higgs loop can modify Annn. 100 | ()t S
50 - m, = 125 GeV 3
: : 0 I | | | | | |
- Even if hVV and hff couplings 0 20 40 60 80 100 120 140
are SM-like, 0 Annr>(15-20)% M [GeV]




Baryon number density

We evaluate BAU using closed-time-path formalism.
—EY — l_iL (qu)l -+ qu)g)ijejR - h.c.

e " vi(y)
| m q 7QLPV
/ ,uR, TR \\ Re FCPC
TL TL  VEV insertion method

SEPV(X) = Tm | (V1) (V)3 [v2(X)Bux B(X), G = o7

After solving coupled diffusion equations,

SCPV

ne ~ K Kp coefbcient
i ToRe




Baryon number density

We evaluate BAU using closed-time-path formalism.
—EY — l_iL (qu)l -+ qu)g)ijejR - h.c.

e " vi(y)
| m q 7(_3L1:’\/'
/ /LR, TR \\ Re FCPC
TL TL  VEV insertion method

SV (X) ={Im (Y1) (12)3; [0 (08 BX), 5=

After solving coupled diffusion equations,

SCPV

ne ~ K Kp coefbcient
i ore




BAU-related CPV In the broken phase

VEN(Yieg + Yasg)VE = Yp = diag(ye, yu, yr),
Vi (—Yisg + Yacs) Vi = p

T-U case

— I |0)nu0a), | = I [(VEYR Vs (VERVEDE

SimpliPed case: Guo etal, 1609.09849.

((Yti)ee )
il — 0 0 0 e tan g =nler = OV s R 20 s
e

b Im[(Yl)w(Yz)iu} = —y-Im(pr7), pur =0.

To explain muon g-2, both p+y and pyr must be nonzero.



BAU-related CPV In the broken phase
VT (Yicg + Yas3)VE = Yp = diag(ye, Yu yr),
VET(—Ylsg + Yocp)VE =p

T-U case

— I |0)nu0a), | = I [(VEYR Vs (VERVEDE

SimpliPed case: Guo etal, 1609.09849.

((Yti)ee )
il — 0 0 0 e tan g =nler = OV s R 20 s
e

—  Im|(Y)ru(Y2)s| = —wIm(prs), (pur =0.)

To explain muon g-2, both p+y and pyr must be nonzero.




Ramdom scan

Yukawa couplings (Y1)
are randomly scanned.

Leading effectonY g: !
Prr

Subleading effect: |
Pty and PuT .

qOO

Yukawa textures with  pur" 0!
can give visible effectsonY .

180 |
160 [
140 |
120 |

100

[Tal=I1 4

80 |
60 |
40 F

20




Benchmark

mpg = 350 GeV, ma = my+ = 400 GeV, cg_o = 0.006, |p,r| = |pryl
¢T/J il ¢MT %t 7T/47 Orr = 7-‘-/2

W Yol Y5 = 0.5 1.0
SM _ I ]
V2m /v 0 0 : f
= 0 RS e Rl b o
0 8.91% > 10 S B3 Tl '
150 ot e, 2 S0
VE="0 #0.365i #0.931i%, ve="0 #0945 #0.327i% —
. 0 #0.931 0.365 < 0 #0.327 0.945 0.3

2HDM with LFV explains
h->!" , muon g-2, and BAU.




T->y

; v my=350 GeV, m, = my+=400 GeV, c;_,=0.006, Arg(py)= Arg(p,,)=90"

1 [ I I I I I I I I I I I I I I I I I I I I I I I I

h,H, A : ¢TT o ¢tt =0 :
e —:
5 ; - \ Y /OTT,tt/ R -

2, // y I ]

T  Pry u
0.4 |- XQ/% &
current bound: : s

g [ ){\ﬂ\ ]
Br(7t — py) <4.4 x 10 ecia o\ .

K. Hayasaka et al. [Belle Collaboration], PLB666 (2008) 16; ! 2 _. Sl e s R
B. Aubert et al. [BaBar Collaboration], PRL104 (2010) 021802. o0 0.2 0.4 0.6 0.8 1

lp

Cancellation between 1- and 2-loop diagrams can happen.



electron EDM

i J
D ; 3.0x10% ecm

current eEDM bound:

d.| < 8.7%x107%° e cm

¢TT

We take Pecie 0

Future eEDM experiment can probe the EWBG-viable region.



electron EDM

¢TT

current eEDM bound:

d.| < 8.7%x107%° e cm

We take Pecie 0

Future eEDM experiment can probe the EWBG-viable region.



muon EDM is induced by 1-loop diagram.

muon EDM ..

7 : )

Pur V% Pru
-

fdu M _C%_af(rh) S%—af(TH) f(TA)_\
= Im(pprprp.) 2 | 2 2
‘6‘ 327’(2 my ey m 4
1
& [
E ATg(PurPru)00u;  ry=m2/md, f(r)=In=-%. ¢

— duz—3x102zecm><<

current muon EDM bound:

Arg(pu'rpT,u) = 0ay,
1 3 x 10—9

d,| <1.9x 107" e cm
G. W. Bennett et al. PRD80,052008 (2009).



A -> 1T

In our EWBG scenario,

- | prul=|pur|=0.1-0.6,!
2 pTT =(0.8-0.9.!
- ptt\:O.5.

-> sizable Br(A-> TT)

e.g.
@1 < BR(A > 77) ~0.82 pb
~70%

-> tension with data!

ATLAS-CONF-2016-085

. | | | | | | | | | | | | | | |
=4 ATLAS Preliminary — Observed
= 10 HA " 11,95%CLlimits =~ Expectec -
= C {s=13TeV, &13.3fb" 0% .
< - gluon-gluon fusion [ ]2015,3.2 b (Obs.) -
i
E _
oC R
o 19 E
H K ]
& - ]
107 > E
[ had had (Exp) O ESSea
1 00/2 = ! o’ had (EXP:) E
I R TR T T N NN AN SN SR SO A SN S S NN NN N N
200 400 600 800 1000 1200

m, [GeV]



A -> 1T

ATLAS-CONF-2016-085

] g IA'II'LAI\S|Pr|elir|ninlar3|/ | |—IOt|>selrve|c| |

In our EWBG scenario, = 10 HA " 11,95%CLlimits -~ Expectec E
i - Is=13TeV, &13.3 b 0% ]
% 2 o 2 | <\,: - gluon-gluon fusion [ 12015,3.2 b (Obs.) ]
| Prul=lPu[=0.1-0.6,! = _
3 pTT =0.8-0.9.! % 1‘:1—\ —
- |pu|=0.5. & N
-> sizable Br(A->TT) 0% \ _:
e.g. § ______________ :
Ugg—)A X BR(A % TT) = 082 pb - - had had (Exp) ~~~~~~~~~~~~~~~~~~
~7O% 10% = Iep had (Exp) E
- | | | | | | | | | | | | | | | | | | | -

-> tension with datal 200 400 600 800 1000 1200

m, [GeV]



In our EWBG scenario,

- | prul=|pur|=0.1-0.6,!

pTT =(0.8-0.9.1
ptt\:O.5.

-> sizable Br(A-> TT)

e.g.

8  XBR(A S 77) ~

A -> 1T

ATLAS-CONF-2016-085

~70%

-> tension with data!

. | | | | | | | | | | |
=4 ATLAS Preliminary — Observed
= 10 HA " 11,95%CLlimits =~ Expectec -
= C {s=13TeV, &13.3fb" 0% .
< - gluon-gluon fusion [ ]2015,3.2 b (Obs.) -
E ()
ool
wa E
H K ]
& - N
TR E
0.82 pb - By e ——
hadlhaq \—/F*~/ T SSs—— S = - L _
0,
10/25_ _-!Iep!had _E
- o Ny ey T
200 400 600 800 1000 1200

m, [GeV]



A -> 1T

ATLAS-CONF-2016-085

3 g IA'II'LAI\S|Pr|elir|ninlar3|/ | |—IOt|>selrve|c| |

In our EWBG scenario, = 10 HA " 11,95%CLlimits -~ Expectec E
= - {s=13TeV, &13.3 b™ +0% .
53 wiE : - gluon-gluon fusion [ 2015,3.2fb™ (Obs.)
- | prul=[pur|=0.1-0.6,! % 0 i
gD =0.8-0.9.] % 18 —
- |pu|=0.5. & N
-> sizable Br(A-> TT) or R _
e.g. L || TS :
Ogg—A X BR(A B 7_7_) ~10.82 pb - - L Exp) e e——
~70% 1()%)5— _-!Iep!  ad (Exp.) E
o Ny oy by T

-> tension with data! 200 400 600 800 1000 1200

m, [GeV]
way-out: Br(A->TT) can be reduced if other p couplings are nonzero.

Pie < 1.5, per < 0.1 [Atunkaynak, Hou, Kao, Kohda, MacKoy, 1506.00651 [PLB]]



Summary

We have discussed EWBG with LFV in the general 2ZHDM. !

Strong 1%-order EWPT and muon g-2 favored region:
300 GeV = my = ma for Re( prupur)>0.

BAU can be explained if |p+r|=0.8-0.9, |ptu|=|pur|=0.1-0.6,
|p+|=0.5.!

gg->A->TT IS how In tension with the LHC data
-> ptc:‘D(l)




Backup



Constraint on pu-t coupling

1502.0/7400

CMS 19.7 fb™ (8 TeV)
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Projected limit on the total HH yield (events)

hhh coupling at LHC
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Access to Annn Of 2HDM at the LHC is challenging.
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Higgs couplings measurements@ILC
ILC white paper, 1310.0763

| ILC(250) ILC(500) ILC(1000) ILC(LumUp)
s (GeV) 250 250+500 250+500+1000  250+500+1000
L (fb' 1) 250 250+500 250+500+1000 1150+1600+2500
T 18 % 8.4 % 4.0 % 2.4 %
gg 6.4 % 2.3 % 1.6 % 0.9 %
WW 4.8 % 1.1 % 1.1 % 0.6 %
727 1.3 % 1.0 % 1.0 % 0.5 %

t@ P 14 % 3.1 % 1.9 %
b8 5.3 % 1.6 % 1.3 % 0.7 %

R e 5.7 % 2.3 % 1.6 % 0.9 %

Co 6.8 % 2.8 % 1.8 % 1.0 %
TRV} 91% 91% 16 % 10 %

"1 (h) 12 % 4.9 % 4.5 % 2.3 %
hhh P 83 % 21 % 13 %
BR(invis) < 09% < 0.9% < 09 % < 0.4 %
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