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Outline

Motivation

Electroweak baryogenesis (EWBG) in a nutshell

EWBG with lepton flavor violation

Does a band structure affect (B+L)-changing processes?
e (B+L)-changing process in high-E collisions

* (B+L)-changing process at high-T

Summary
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problems after the Higgs discovery
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Electroweak baryogenesis

[Kuzmin, Rubakov, Shaposhnikov, PLB155,36 ('85) ]

Sakharovs conditions

& =

+ B violation: anomalous (sphaleron) process 0+« » (3¢}, +13)
i=1,2,3 (LH fermions)

* chiral gauge interaction
+ CP violation: KM phase and/or other sources in beyond the SM

+ Out of equilibrium: 15" order EW phase transition (EWPT) with
expanding bubble walls
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BAU can arise by the growing bubbles.
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Relevant particles are light (<1TeV)

How do we test this scenario?
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B-changing rate in the broken phase is =nergy
sphaleron
3
F(b) ~ (prefactor)e™Feen/T .
; J ./ EET,
Esph IS proportional to the Higgs VEV : AB = 3Ancs e
o %)
Esph X U(T)
= J

what we need is

large Higgs VEV after the EWPT

I () < H(1p)
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Fg) < H

B-changing rate in the broken phase is

sph

sphaleron

instanton

4
F(b) ~ (prefactor)e ™ Feon/T
- J
Esph IS proportional to the Higgs VEV _1
& )
FEoon x v(T)
N\ J

what we need is

large Higgs VEV after the EWPT
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Current status of EWBG



Current status of EWBG
'~ SM EWBG was excluded. 3

.- No 15'-order PT for my=125 GeV.
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Electroweak baryogenesis with lepton flavor violation

Cheng-Wei Chiang *“9, Kaori Fuyuto®, Eibun Senaha*"*

C.-W. Chiang (Natl Taiwan U), K. Fuyuto (UMass-Amherst), E.S., 1607.07316 [PLB]



Higgs decay with LFV
r 0.39 \

CMS: Br(h — ur) = (0.847732)%  1502.07400 [PLB] 2.4 0 excess

@flas: Br(h — pu1) = (0.53 £ 0.51)% 1604.07730 .

What does lepton flavor-violating (LFV) Higgs tell us?

2 Higgs doublets model (2HDM) is one of the simplest solutions.
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EWBG with LFV

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

. : ma = mg+, M =100 GeV, tan =1, cg_, = 0.006
benchmark point: T 1=To0), 6., + ¢ = 7/4, Aoz =0 Fagen=t i
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my, [GeV]

Combined: 300 GeV = my= ma = 450 GeV
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(B+L)-changing process and
a band structure



B+L violation

- (B+L) is violated by a chiral anomaly in EW theories.

Energy
Vacuum transition (instanton) $edit el
[+ Hooft, PRL37,8 (1976), PRD14,3432 (1976)]
Oinstanton = g~ 2Simstanton _ o —4m/aw ~, 1()—162 _/instanton\
i 0 1 Ncs

Transition rate at finite-E

instanton-based [Ringwald, NPB330,(1990)1, Espinosa, NPB343 (1990)310]
4

o(E) ~ exp (iF(E)> B — (Bl

- But, instanton-based calculation is not valid at E>Esph

Bounce is more appropriate (transition between the finite-E states)

[Aoyama, Goldberg, Ryzak, PRL60, 1902 ('88)]
-> Reduced model. Funakubo, Otsuki, Takenaga, Toyoda, PTP87,663('92), PTP89,881('93)]
H. Tye, S. Wong, PRD92,045005 ('15)]




Tye-Wongs work
[H. Tye, S. Wong, PRD92,045005 (2015)]

0.5

F(E)

E(TeV)
30 40 50

--------
______
- -

-05

1.0~

4/3 2
F(E) = -1 +§ (EEO) e <E£o) + ... (instanton calculus) Eo=15 TeV

F(E) = O for E>Espn  (Tye-Wong) - a band structure

Q1: Can we observe the sphaleron process at LHC?
Q2: Does the band affect sphaleron process at finite-T?



Reduced model

[Aoyama, Goldberg, Ryzak, PRL60, 1902 (1988)]
[Funakubo, Otsuki, Takenaga, Toyoda, PTP87, 663 (1992), PTP89, 881 (1993)]
[H. Tye, S. Wong, PRD92,045005 (2015)]

SU(2)-gauge Higgs system (U(1)y can be neglected)

2
L= _iFﬁvFCLMV iz (Duq))TDM(I) — (CI)TCI) =2 %) Dy = Op + 194y

sphaleron

Let us promote Py to a dynamical variable:

Energy

h = u(t)

configuration . Ngos=1
L85 i
H(-00)=0, H(+00)=: vacuum, < . ki

U(tspn)=11/2: sphaleron Zcimo

NCSZO
- We construct a reduced model by adopting Non-contractible loop
a Mantons ansatz. (least energy path)



Comparison with Tye-Wongs work

Some differences between our work and Tye-Wongs (TW5).

Method for band
Ao Sphaleron mass
structure
: WKB w/ 3
this work Ao#0 ( -dependent connection formulas
) , Schroedinger eq.
Tye-Wong Ao= t-independent numerically

We use a Mantons ansatz with Ao = gif(r)ﬁoUU_l- fully gauge inv.
2

Classical action: -> no div. issue

- Slu] = gov / dt [M(u) ( d ,u(t))2 3 V(u)], =

2

47 : :

M(u) = 2 (o + o cos® 1 + ag cos? s A — ) sin? (81 + B2 sin’ i) .
2 2

| Men = g0l (g) ~ 92.01 TeV, Esp = g2V (g) ~ 9.08 TeV.

1
c.f., TWSs: Mgph = 17.1 TeV. With same normalization, Msph(ours) -> 23.0 TeV.




Band structure

Esph=9.08 TeV Esph=9.11 TeV
this work Units:

Band Centre E Band Width Band Centre E Band Width
14.054 0.0744 ? ?
13.980 0.0741 ? ?
9.072 0.0104 9.113 0.0156
9.044 4.85x1073 9.081 7.19x1073
9.012 1.61x10-3 9.047 2.62x1073
0.1015 1.88x107197 0.1027 ~10-177

0.03383 1.31x10-202 0.03421 ~10-180

Band gaps still exist E>Esph due to nonzero reflection rate.
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Band gaps still exist E>Esph due to nonzero reflection rate.




Transition factor

tunneling factor

1% exp <4_7TF(E)) instanton calculus
OA(B+L)=41 X s

AR

band picture
e

sum of band widths up to E
B (E) =

energy (E) '

-100 |

logoA(E)

Band picture: gl

- State of density is restricted.

-200

- Exponential suppression at
E<Esph IS due to the tiny A S e R S S

: 0O 2000 4000 6000 8000 10000 12000 14000 16000 18000
band width.

E [GeV]

N.B. A(E) is not exactly 1 at slightly above Egpp.




Q. Does the band structure affect
the (B+L)-changing process in
high-E collisions?



LHC analysis

[J.Ellis and K.Sakurai, JHEP04(2016)086]

A(B+L)#0 process in the band picture:

(= 3
1 i 41
P = el = ——— dE —S(FE
:f( n ) = Eab/ = |P| exp (Cozw ( )>J

c=2, p: unknown parameter

Here, S(E) is approximated by a fitting function.

S(E)=(1-a)FE+aE? -1 S(E)
for 0 < E <1 i

_________
------
- -

I — F/Fs i 0= —0.005.




LHC analysis

An=-1 process: qq — (4L qqqqqqq
An=+1 process: ¢q — £££q9qqqqqqqqqq

An=+1 process

- 3l11q

@E=E5ph=9TeV: ATLASl3mu1uJet3fb—1 ------------------ |

- 95% CL exclusion

- current LHC data -

p<0.2

- LHC Run2 w/ 100fb! O T '

P<0.0l 00l 8E.5 9 9§.5
Q. Can p=0.1-0.01 be realized?



A(B+L)#0 process

[Funakubo, Otsuki, Takenaga, Toyoda, PTP87, 663 (1992), PTP89, 881 (1993)]

’rransi’rion amplitude:

-
A%—ﬂﬂ //ﬂ¢ (1), 7()|816(x), 7(2)) (d(x), 7(2)]i)
9 L

path integral using coherent state | ¢ ,m>

-~ appropriate for describing classical configuration

- tunneling suppression appears in the infermediate process.

- overlap issue: suppressions from <fl ¢ ,m> and < ¢ ,mli>.

This point is not properly discussed in the work of
Tye and Wong.



A(B+L)#0 process

[Funakubo, Otsuki, Takenaga, Toyoda, PTP87, 663 (1992), PTP89, 881 (1993)]

’rransi’rion amplitude:

-
= (19 \ (@) (@), 7))
ksf 1810 ~ | [(£16w), 7o), o .

path integral using coherent state | ¢ ,m>

-~ appropriate for describing classical configuration

- tunneling suppression appears in the infermediate process.

- overlap issue: suppressions from <fl ¢ ,m> and < ¢ ,mli>.

This point is not properly discussed in the work of
Tye and Wong.



overlap factor

iInner product between n particle state and coherent state:

Olahn)alks) +-a(k,) o), m(2)) = exp |5 [ dkla(k)| alkiatka) - alk,

(k) = [ (ddl‘” L_[un(a) + in(a)|e

QW)d_l\/m
0@ (k) = 4mk?|a(k)|?
- cross section o |a .| onl?
- |a|? has a peat at k=my.

k |GeV]



Sphaleron at LHC

/
KCasel: 2 -> sphaleron b W \

For Ipil=lpal=Espn/2

(p(z), m(x)|p1p2)]° 2 |a(py)]?|a(py)|?
o e—ﬂESph/mW H 10—155 P A A

uoJa)oyds

Qrea’rion of sphaleron from the 2 energetic particles is diFﬁcul’rj




Sphaleron at LHC

/
KCasel: 2 -> sphaleron b W \

For |pil=lpal=Espn/2

(p(z), m(x)|p1p2)]° 2 |a(py)]?|a(py)|?
o e_WEsph/mW H 10—155 P A A

uoJa)oyds

Qreaﬁon of sphaleron from the 2 energetic particles is diFﬁculfj

KCaseZ: 2 -> n W -> sphaleron p
n=80 since Espn/~/2mw

phase space e
factor: : <(47T)2> .

Kdifﬁcul’r to produce about 80 W bosons.

10—176




How about high-T?

At high temperatures, the overlap suppressions do not exist.

Particles with momenta O(mw) are abundant in thermal bath.

|

sizable overlap with the classical configuration

Q. Does the band structure affect
electroweak baryogengesis?



B preservation criteria

Fg)I(TC) < H(T¢)

modified?



B preservation criteria

r'®(1e) < H(Te)
|

modified?

v
If yes, = =1  modified!
1%



B preservation criteria

Fg)I(TC> < H(T¢)

modified?

vC :

If yes, > 1  modified!
ic

- EWBG-viable region must be re-analyzed!!




Vacuum decay rate at finite-T

Ordinary case: [Affleck, PRL46,388 (1981)]

Kp i o g gl .
gl Zo(T) /0 e
1 ) S D ey
~ : e 1 for T' > o
b Zo 41 sin (f) 2142Gw
T(E) . (i ol M ) e Vi(m/2)
- o = e ()] O e
~0.42 =(0.51
Band case: J(F) — n(E)/2w
i - 2
N(T) = - tT)/ A néE)e_E/T
8
k 0 0 J

n(F£) =1 for the conducting band, n(F) = 0 for the band gap



Impact of band

For simplicity, we use the band structure obtained before.

0-20} blue: ordinary case

- red: band case

10—60 L

10—100 -

10—140 o

10—180 B

S0 20
T (GeV]|
For T=100 GeYV, I / FA = 1.06.

How about B-number preservation criteria?

10



Impact of band

For simplicity, we use the band structure obtained before.
typical EWBG region

10~} blue: ordinarl( case Ble= o
. .

. red: band ca

10—60 L

10—100 -

]?(QP)v ]?fl(jﬁ)

10—140 o

10—180 B

1
10 100 200

T |GeV]
For T=100 GeYV, I / FA = 1.06.

How about B-number preservation criteria?



B preservation criteria

" with the band effect is

il v 1
(T) = R(T)T 4(A) [} His 4”95
g - n
L) .9 oot ploe M tlos BT £
- 8 4T EanhL >y




B preservation criteria

" with the band effect is

Pl e 1 d
[(T) = R(T)T a(A) \ s =
(T n
B o Loa i i ROT) &
& o - 47'(' gsph zero mode factor )




B preservation criteria

I"with the band effect is

Pl e 1 d
[(T) = R(T)T a(A) \ s =
(T n
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& o - 47'(' gsph zero mode factor )

= 4.4 (MSSM)



B preservation criteria

" with the band effect is

Pl e 1 d
[(T) = R(T)T a(A) \ s =
o T band effect &)
B .2 oo iion s R(T) +
& o - 47'(' 8sph zero mode factor )

= 4.4 (MSSM)



B preservation criteria

" with the band effect is

Tl b= 1T
fL) = R(T)TA4(4) J o 4m;§8ph
e T band effect 8y
U(T) i 952 42.97 + log N +log R(T)] +
iy TTCgsph L zero mode factor 1 o

= 4.4 (MSSM) ‘
log R(T = 100 GeV) ~ 0.05



B preservation criteria

" with the band effect is

il v 1
(T) = R(T)T 4(A) [} Hs ‘mfm
(< T band effect &)
D > o 42 97+logN+10gR(Tj o
« 1 47Tgsph zero mode factor ¥ 3
= 4.4 (MSSM) ‘

log R(T = 100 GeV) ~ 0.05

Band effect has little effect on the B preservation criteria.



Summary

e We have discussed EWBG with LFV in 2HDM.

e some parameter space can explain h->ut, muon g-2, and BAU.
300 GeV = my = mp for Re(0u0ur)>0.
e We also discussed the band effect on the sphaleron processes at

T=0 and T#O.

* Even though the tunneling suppression disappears at EzEgy,
sphaleron process in high-E collisions suffers from the overlap
suppression. -> the process is unlikely to occur.

e T=100 GeV, sphaleron process is virtually unaffected.
-> no impact on EWBG.



Backup



Baryon Asymmetry of the Universe (BAU)

[ Our Universe is baryon-asymmerftric.

= ng )
on =~ (5.8 — 6.6) x 107° (95% CL) | pos2016]
s y o

3 Sakharov criteria ('67)

& 3 . 2
(1) Baryon number (B) violation

(3) Out of equilibrium
\_

BAU must arise

- After inflation
- Before Big-Bang Nucleosynthesis (T=0(1) MeV).



h->ut and muon g-2

In 2HDM, it is easy to accommodate not only h->ut but

muon g-2. [Y. Omura, E.S., K.Tobe, JHEP052015028, PRD94,055019(2016)]
/h_> LT m (‘ 2 202 5
allpur|” + |prul”)es_
Br(h — ur) = g 2 T =4.1 MeV
167'('Fh
\/|pNT|2 h ‘pT,u|2 ~ 0.26 0.01 \/Br(h’ g /’LT)
5 > e .
/ {0 D e B Y D A, \
muon 9_2 day = a; a, " = (26.1£8.0) x 10
P s
% S Y h e L mmTRe(P 7',07') f’)“ ~In—- — =
// L \\ Gy = A 167T2M = ) (o LA
R T o | Bl ) | sp_oflrH)  f(ra)
“y TR
4
\_Appropriate mass differences among (mn, mu, ma) are needed.




h->ut and muon g-2

In 2HDM, it is easy to accommodate not only h->ut but

muon g-2. [Y. Omura, E.S., K.Tobe, JHEP052015028, PRD94,055019(2016)]
(h-> ut min (|0 |2 e 2 N
(lppr” + 1prul®) s
Br(h — ur) = g 2 T =4.1 MeV
167'('Fh
pprl® + lprul? 0.01 \/Br(h — UT)
0.26

\ \/ 2 |C[3—a| 0.84 x 10—2 J
/muon 9_2 Saretapia Stn s DTS LRI )

B TR

/ SR e mum-Re(purpru) fir)~In=-— 2

// L \\ (Sa,u = & 167T2M a (r) B A

i p; R S C%—Oéf(rh) S%—af(rH) f(ra)

i TL T M‘R
P =
5 m?2 5 m? m?
g h o A 5

\_Appropriate mass differences among (mp, My, Ma) are needed. )




h->ut and muon g-2

In 2HDM, it is easy to accommodate not only h->ut but

muon g-2. [Y. Omura, E.S., K.Tobe, JHEP052015028, PRD94,055019(2016)]
h- 2 O N
h-> pt mn o+ lomltics o
Br(h — ur) = T — N
167'('Fh
pprl® + lprul? 0.01 \/Br(h — UT)
0.26
ke \/ 2 [Ci s o
/muon 9_2 Su e (o — (615 R0 SO 5
7 ? 7 S AR e S mumTRe(pquTu) f(’l“) e 1111 T g
i 1672 %

A A
QM‘C/ mr \QTM < 3
LR i e e v e e

Hr T 7_‘ T T KR
pléL . - peu P 5 —I— 5 — 5
Rl T s

\_Appropriate mass differences among (mp, My, Ma) are needed. )




Baryon number density

mpg = 350 GeV, ma = my+ = 400 GeV, cg_o = 0.006, |p,r| = |pryl

¢7'/J Sl ¢,u7' o 7/47 ¢TT = 7T/2

Vi oc Im (Y1) (¥2)3,

IS a function of Q0w and Qur

e Leading effect: o«

- Subheading effect:
_ Ouw and Qs -

x

&

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

0-75‘““““““““‘

02040 06 pe
|P|



Sphaleron

B A static saddle point solution w/ finite energy of the gauge-Higgs

system. [N.S. Manton, PRD28 (‘83) 2019]

Energy
A
o | sphaleron A B # 0
Instanton: quantum tunneling
Sphaleron: thermal fluctuation
LS
> 0 1 Ncs

B+L anomaly
' 3 nIn% DUV
au]llé+L o a2 {ggTr(F,ul/F'u ) 2 g%B,uVB'u ;

aﬂjg—L 0

9 & -
2
AB g SANCS NCS e 92 /dSZ EijkTI' szAk = §92Az14314k

3272




Hamiltonian:

A

H(,LL, p) =40l

Band energy is determined by solving

Eigenvalue problem

i A
cos(®(&)) = £/T(€)
& 3,

(1 pa@)
\%/71'/2 du p(p) for £ > Vy,

p(p) = VM (p) (€ — V(p))

)ﬁ Vi), li,p] =1

[N.L.Balazs, Ann.Phys.53,421 (1969)]

with 3 connection formulas
depending on energy.

V() over-barrier
i =~ Parabolic potfential
Vo
linear potential
<
.............. b o
0 a&) T2 b(E) T



hhh coupling in the 2ZHDM

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

450
// h
% 400
R Q g I L TR 350
& 300
L = 250
&

_ 15—order EWPT is induced <& 2

by heavy Higgs bosons. i
100

- hVV and hff can be SM-like. Y
0

AEAN }\.hhh>(15-20)%

§trong 15"-order EWPT....
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hhh coupling at LHC

HH — bbvyy

ATL-PHYS-PUB-2014-019

— ATLAS Simulation Preliminary

- \'s = 14 TeV: 3000 fb'

- ---- Exp. 95% CLs

‘_ R ER K

- [J+20

B | | | | | | | | | | | | | | | | | | | | | |
0 2 4 6 8

10
A A
SM

HH — bbrr

o/ og, as afunction of A/ A,

95% CL upper limit on 6 / o,

ATLAS Simulation Preliminary

L\ ATL-PHYS-PUB-2015-046

ol - Exp. 95% CL 4
- et ‘ o 1
— t20 o — B
1= had-had selection e J L dt = 3000 tb
EEELLLLIEE lep-had e selection Sl
= e lep-had u selection 0 Vs=14TeV
0 | | | | | | | | | | | | | | | | | | | | | | | | | |
-10 -5 0 5 10 15
A

SM

Access to Amn of 2HDM at the LHC is challenging.



hhh coupling at LHC

HH — bb
HH — bb’}/’}/ o / 64, as a function of 7-717—/ Aoy

0 L 8E_— \ ATLAS Simulation Preliminary

35 ‘i ATL-PHYS-PUB-2014-019 ' ATL-PHYS-PUB-2015-046
7

30

N
o1
95% CL upper limit on 6 / o,

Projected limit on the total HH yield (events)
N

15— ATLAS Simulation Preliminary .
oF \'s = 14 TeV: 3000 fb' . \
N [ oo Exp. 95% CL ™) ¢
B ---- Exp. 95% CLs 2 o @ J_rx1pc R .c"
5[ mmtio - s2o| J L dt = 3000 b
B [J*20 1 :_ ------- lep-had e selection  Ng. L
oL | | | | I S S NI S R I Iep'lh u selection | S | S = ||4 Telv
2 0 . 4 ° 0 LT 5 0 5 10 15
SM A hgy

Access to Amn of 2HDM at the LHC is challenging.



Higgs couplings measurements@ILC
ILC white paper, 1310.0763

ILC(250) ILC(500) ILC(1000) ILC(LumUp)
V5 (GeV) 250 2504500 250450041000 250450041000
L (fb—1) 250 250+500 250-+500+1000 1150-+1600-+2500
~y 18 % 8.4 % 4.0 % 2.4 %
gg 6.4 % 2.3 % 1.6 % 0.9 %
WWwW 4.8 % 1.1 % 1.1 % 0.6 %
Z7Z 1.3 % 1.0 % 1.0 % 0.5 %
tt - 14 % 3.1 % 1.9 %
bb 5.3 % 1.6 % 1.3 % 0.7 %
T 5.7 % 2.3 % 1.6 % 0.9 %
cc 6.8 % 2.8 % 1.8 % 1.0 %
ptp= 91% 91% 16 % 10 %
L7 (h) 12 % 4.9 % 4.5 % 2.3 %
hhh —~ 83 % 21 % 13 %
BR(invis.) <09% <09% < 0.9 % < 0.4 %
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ILC(250) ILC(500) ILC(1000) ILC(LumUp)
V5 (GeV) 250 2504500 250450041000 250450041000
L (fb—1) 250 250+500 250-+500+1000 1150-+1600-+2500
~y 18 % 8.4 % 4.0 % 2.4 %
gg 6.4 % 2.3 % 1.6 % 0.9 %
WWwW 4.8 % 1.1 % 1.1 % 0.6 %
Z7Z 1.3 % 1.0 % 1.0 % 0.5 %
tt - 14 % 3.1 % 1.9 %
bb 5.3 % 1.6 % 1.3 % 0.7 %
T 5.7 % 2.3 % 1.6 % 0.9 %
cc 6.8 % 2.8 % 1.8 % 1.0 %
ptp= 91% 91% 16 % 10 %
L7 (h) 12 % 4.9 % 4.5 % 2.3 %
hhh —~ 83 % 21 % 113 % |
BR(invis.) <09% <09% < 0.9 % < 0.4 %
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BAU vs. electron EDM

NS




tan

Constraints in (cos(/5 - ), tan3) plane
arXiv:1509.00672

ATLAS 2HDM Type I ATLAS
— s xoman I
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KK S0 ARG 1 KKK
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Constraint on p-t coupling

1502.07400

CMS 19.7 b (8 TeV)




