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Introduction: EWBG in SM



Baryon number asymmetry

Why is there something rather than nothing?

Planck Collaboration 1807.06209
ng #b—+#B
s S

ng = = (8.59 +0.08) - 10~

To let there be baryon number, the Universe must fulfill...



Baryon number asymmetry

Why Is there something rather than

nothing”?

np _#B—#E

S S

"B =

To let there be baryon number, the

Planck Collaboration 1807.06209

= (8.59 +0.08) - 10~

Jniverse must fulfill. ..

Sakharov cond

itions Sakharov (1967)

C&CP violation Out of equilibrium

Weak interaction =W anomaly 1st order PhT
Sphaleron at Decoupling of
CKM phase T > Tew sphaleron

Then, what is the possible baryogenesis scenario in the SM?



Baryogenesis in the SM T e ron o
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Baryogenesis In the SM Kemneas e,

Suppose EWPT is a 1st-order PT... 48 out-of-equi
Sphaleron: ON . Sphaleron: OFF
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. #B frozen out
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Sounds so natural that it should work, but...

CPV effect must be proportional to
det | M, M, MyMJ| = 2iF, FyJ

_ 2 2 2 2 2 2
Fq — (qu - mQ2)(mQ3 - le)(mQZ - m‘h)

J = 61281262382363381385 Jarlskog PRL55 (1985) 1039

Gavela et al. 9312215 Huet Sather 9404302
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Baryogenesis In the SM Kemneas e,
Suppose EWPT is a 1st-order PT... 48 out-of-equi

Sphaleron: ON Sphaleron: OFF
#BEZ) | S | #BEm)
net #B = O | 2 N #B frozen out
O
4Ry | 3 #B W)p  |1stoday
Sounds so natural that it should work, but... Csikor et al. 980929, & more
CPV effect must be proportional to B -
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Suppose EWPT is a 1st-order PT... 4B out-of-equi
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_ 2 2
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We need to go beyond SM for our being

o fix SM’s shortcomings, we need”

A trick to make EWPT strong 1st-order ((<))

New source of CPV (GD)

*If we stick to the idea of EWBG



BS I\/l fO r EWBG Nelson Kaplan Cohen NPB373 (1992) 453

Extended Higgs sector (2HDM) helps achieve strong 1st-oder PT
GW from P Collider signature of PT
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BS I\/l fO r EWBG Nelson Kaplan Cohen NPB373 (1992) 453

Extended Higgs sector (2HDM) helps achieve strong 1st-oder PT

. GWfromP Collider signature of PT
0 ’ — .\'2;\5.\1.;[,0 A < Contour plot of Akyp /A @nd @ /T, in the mg,-M plane
— N2AIMSLG || D~ 450 T ' ' © ¢
1077 —  N2A2M5LA |] % 400 o ‘CE @
| = ‘O T (0 J
5 % 300 30 '8 &)
T O 250 I W O
S € 200 10 T e 1 """""""" O
, ) . g 150 f-..oeonnene e Pe/Te=1 %5
10~ \ t- AN " \\\:\f‘. 5 100 Aol =2 Sin(a-p) =-1, tanf = 1 -
8 S S S My = Myl S 50 | mn=120Gev %
e S B %02 4 s s w0 m w0 <
f |mHz] M (GeV)
... and brings a new CP phase
v1 |1+ tanh(z/6,,) - AOtanh(z/d, — 1)] ] N
my(z) = Y0 (2/0w) exp | i tanh(z/0, —1)] Y &
V2 | 2 I 2 : S
Baryogengesis requires Ag t g
. v Al
A is related to parameters at T=0 g L
2
Strongly constrained from eEDM e T o e &



Extended neutrino sector for EWBG



Hernandez Rius, 9611227

Inspired by low-energy Seesaw models for neutrino masses

] —
£ = §¢0M¢—|—HC () mp () mD:Y,,<H>
= T M)
= (v.°, Ng, N.%)' M no V) M=)
7 ’ O MN ¢ Mohapatra
- PRL 56 (1986) 561
- — Onapatra valle
my, = mEMNl G*MNlm% - Inverse seesaw PRD34 (1986) 1642

Bernabeu et al.
PLB187 (1987) 303



Hernandez Rius, 9611227

Inspired by low-energy Seesaw models for neutrino masses

] —
£ = §¢6M¢—|—HC () mp () mD:Y,/<H>
__ T T
b= N et ATy | M =Yade)
) SV E 0 M N € M
ohapatra
. PRL 56 (1986) 56
- — onapatra valle
my, = mBMNl E*MNlmg - Inverse seesaw PRD34 (1986) 1642

Bernabeu et al.
PLB187 (1987) 303

0 New source of CPV (w. e = O)
Branco Rebelo Valle

1 t t
— _ PLB225 (1989) 385
dCP — 9 det [MNMNa mDmD} FMN FmD J Santamaria 9302301

For eEDM in inverse seesaw

Nrg, 1 are SM singlets - avoid the EDM diagrams b Toma 1605 07643

2,

Scalar potential with ¢ is good for 1st-order PhT

cf. e.g., Espinosa Konstandin Riva 1107.5441



WOrks




Hernandez Rius, 9611227

vVEWBG: How it works

(H) =0

In the early Universe...
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vVEWBG: How it works

(H) =0 Bubbles of the b
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In the early Universe...

broken
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symmetric

phase phase phase phase
expanding 3 di 5
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vVEWBG: How it works
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vVEWBG: How it works

(H) =0 Bubbles of the br

In the early Universe...

broken
phase

symmetric
phase

(H) =0 (H) # 0

expanding

e.g., In 1 generation
UlLe — uLdeL
Sphaleron

bubble wall




Hernandez Rius, 9611227

vEWBG: How it works

(H) =0 Bubbles of the broken phase appear and expand
(H) #0

In the early Universe...

broken
phase

symmetric

bhase (H) =0 (H) # 0

expanding «——

Ny, 7 0

e.d., In 1 generation
ULe — urdrdy,

AB =1

AL =1

np 7 0 A(B—L)=0

bubble wall




Hernandez Rius, 9611227

vEWBG: How it works

(H) =0 Bubbles of the broken phase appear and expand
(H) #0

In the early Universe...

Sphaleron: OFF broken
(H) # 0 phase

Lspn. [/(time-volume)] ~ T* exp

To turn it off at 7. > 1 “Strong” 1st order PhT

Baryon number

[S

=
D
O
O

-
O




Hernandez Rius, 9611227

vEWBG: How it works

3 steps to baryon number...

G Non-zero n,, Is generated at the front of a bubble wall

CPV in Yukawa interaction, dcp

Reflection/Transmission rates at the bubble wall

Sphaleron process (B+L violation)

e np IS transported into the bubble

Sphaleron off (Out of equil.) = B frozen out



Hernandez Rius, 9611227

vEWBG: How it works

3 steps to baryon number...

G Non-zero n,, Is generated at the front of a bubble wall

CPV in Yukawa interaction, dcp

Reflection/T ransission rates at the bubble wall

4 Wave functions in the wall potential
Nelson Kaplan Cohen NPB373 (1992) 453

Sphaleron process (B+L violation)
Diffusion equations
Joyce Prokopec Turok 9410281

e np is transported into the bubble -

Sphaleron off (Out of equil.) = B frozen



Step 1: CPV at the front of a bubble wall

Generate n,, = #vr — #vp # 0



| Leptonic CPV at wall front

Wave equations with the wall potential

10 + Q(2)]¥(2) =0

Symmetric
phase

bubble wall

mp(z) = 2op(z)  My(2) = Yave(z)  E = |p,|

Retlection rate is calculated as...
e.g., Initial condition | |Boundary condition

R(Np1 — vie) = |[vre(0)]> with N (0) = (1,0,0) & ¢ (Sw) = O

* For anti-neutrinos, mp(z) = —mp(2)& My (z) — =Mz (2) In Q(2)

To compute CPV, we have to fix Yukawas & the wall properties...



Leptonic CPV at wall front

A “wise choice” of the Yukawa structure Is...

mp = Umnp V7 Uy =1 V(O=7/4,06=7/2)
To enhance dcp

. . 1 maximal mixing and phase inV/

Mp =MDt <ﬁ’ 0, 1) {mass hierarchy in mp

To avoid the tight bound to (©071),,,,

Bubble wall properties
—Here we sim 1} pry
| pY | / Doublet %
Wall width - thin wall regime i
./.
Sw = {0.10,0.15}GeV 1 5o /4
E N
Wall speed /-{ \QO) |
vw = 0O.1c 4 |
| | ANall width
* All the properties must be determined 00 (R e

from the scalar potential at T.. . A



Leptonic CPV at wall front

CPV after reflection

x10—4
L5 VL = vet v Symmetric
vy phase
1.0 vVr + V|

VLa<

e et e s e e e e e e ——

S

=
D
O
O

=
O

g T. = 50 GeV ]
- | dw = 0.10 GeV! S
S (S | | MaiMayMas
0.5 1.0 1.5 2.0 2.5 3.0

E/T.

+ Transmission: AT = T (N — vra) — T (N — VL)



Step 2&3: Diffusion equations

Sphaleron Transport to
Nyp, p_» np = np frozen out

the broken phase



We've calculated

CPV to final baryon number
Total CPV flux at the wall front -~

Jur = L L / d°py,. AR(Ng; — vrq )X(distribution func.of Ng;)

+ Contribution from Transmission




CPV to final baryon number

Total CPV flux at the wall front
Jvr = L L / d°py,. AR(Ng; — viopddistribution func.of Ng;)

+ Contribution from Transmission

: : : : J Prok Turok 941028
Diffusion (transportation) equations e N 061207

{DBaan —vw0,ng —3l's@(—z)ng — I'sb(—z)ny, =0

Dr0%ng, — ow0,nr — 30s0(—2)ng — T'sO(—2)nr = £y, 0,6(2)

B:TLB(Z>O):

DL/illﬁlQ [UD—B(&l —+ liz) — 1} DL

k1,2 are given as the two positive solutions of the following cubic eq.
DBDLKJS — Uw(DB -+ DL)HJz + [?}‘2/‘/ — Fs(DB -+ SDL)] k + dvowl's =0



CPV to final baryon number
Baryon number np = B/s(1%)

0.14

T 0.12

>
~_ 0.250

~
~—~ 0.10

Q | p— |
<S 0.200'&

~— - ' $
\g 0.08
/ 0.150

|| 0.06

\/\"’ e 5ot = ¥ 00T 0100
0.04 S5 T'l‘\ Yl

Fernandez-Martinez Hernandez-Garcia Lopez-Pavon

For the bounds from heavy v mixing,

' Uw = 0.1 107" ;i
| 7.=100 GeV 0~ | [00%0 3
0.02 1} oy = 0.15 GeV~! 0
o ; ; ; . 0.001 =
60 80 100 120 140
My [GeV] My 5 = My 5+ 10GeV)

CPV is too small to reproduce the correct baryon asym today...



CPV to final baryon number
Baryon number np = B/s(1%)

o
0.14 &
oY
q“;
g 0.12 ol
2 0.250 o
~ O
/a 0.10 D
£SO
— X 3
<S \.\' 0.200 '& E lq\lJ
= 0.08 - S =, =
@ . — > 3
: -
0.150 [ S5
< T
| 0.06- — E N
- = S
$ 0.100 2t
0.04 - Ay S =<
o N I~
\ 05 O N~
T, =100 GeV = 00 223
0.02{ oy = 0.15 GeV-1 T E8
— ' , , . 0.001 2L 2
60 80 100 120 140
My |GeV
1 [ ] 2\42,3 — 2\411’2 -+ ].OGeV

CPV is too small to reproduce the correct baryon asym today...



dop o< det {M}:,MN,mng}

s there a way-out”?

The sum of the CPV over the flavour index is very suppressed...

Strong cancelation of CPV
among flavors
(ve + v, + v, =magenta ~ 0),

| which is not an accident, but
caused by the GIM mechanism

15
E/T.

.I/L X Z AR Rl — VLoz X L L dCP& 67 ])

> Im [Val V51 Vs =0 Only stays the part proportional
to the mass difference (as GIM).

Reason of our defeat was the sum over the final neutrino flavour



s there a way-out”

Wash-out allows us to use CPV in each flavour

- A Wash-out effect
‘§ e V] = Ve Vp VLT

1 v,

o L0 Ve + Vv

'y T 1
S

&2 054 :

| i
— | :

3 0.0 e ————————————————— ! :. ::

A M

T s [

= |

& o

lgll T. = 50 GeV : |

1 dw = 0.10 GeV—! i
R [ | MagMapMas
0.5 1.0 1.5 2.0 2.5 3.0

E/T.

Solve the diffusion equations with the wash-out effect...



Flavour effect

Baryon number ng = B/s(1:)

0.020
-
S
Q]
AR
N
O
(@)
0.015 9
®
s
®
— = O
= =N
> E O
0.010 == >
> ©
~ 5 C
~ O O
< T
N
5 %
- 0.005 25
0.1 =N
0.02 O I~
= / S & ©
T T T T I .
200 250 300 350 400
My |GeV
1 [GeV] My 3 = M, 5 + 10GeV

Flavour effect Is crucial to reproduce the baryon asymmetry



| More on flavour effect
Scan the values of M 5 M; 1 = [M; + 10,400| GeV

Uw — 0.1

. Pros&cons of large M;
073 6w = 0.10 GeV! '

More efficient wash-out
but less diffusion

CPV from transmission
gets suppressed with
Boltzmann factor

4=

)
ﬁ ...
mU‘
- Z

10—10 S ' l

Large hierarchy in M,

SEEREE N w/o N3 enhances dcp
o W N etc.
0 e 30 a0 2z s %0 o
M, [GeV]

Not only wash-out but also the asymmetry in N comes into the game
Inclusion of N ps reduces CPV—» GIM cancellation

We have a good chance to reproduce the correct B/s



Wrap-up & Work in progress



o VEWBG Maybe we were neutrinos born at a bubble

...overcomes shortcomings of EWBG in the SM;

1st-order

WP

with @, a new CP phase, and neutrino mass
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...overcomes shortcomings of EWBG in the SM;

1st-order EWP

with ¢, a new CP phase, and neutrino mass

Unflavoured scenario

...suffers the GIM suppression and cannot reproduce B/s.
That was more-or-less known by Hernandez & Rius.

Large CPV requires large light-heavy mixings +good for pheno.




o VEWBG Maybe we were neutrinos born at a bubble

...overcomes shortcomings of EWBG in the SM;
1st-order EWPT with ¢, a new CP phase, and neutrino mass

Unflavoured scenario

...suffers the GIM suppression and cannot reproduce B/s.
That was more-or-less known by Hernandez & Rius.

Large CPV requires large light-heavy mixings +good for pheno.

Flavour effect (Wash-out effect)

Thanks to the flavor-dependent wash-out effect,
we can access to CPV in each flavour.

To have large wash-out effect, we need large Y,
which suggests large M; but we want to keep Y small for diffusion.

We have a good chance to reproduce the correct B/s




Work-In-progress

What are realistic wall properties”
- We should derive wall properties from scalar potentials

We need more discussion on related phenomenologies...
- vVEWBG (Large CPV, Successful PhT etc.) vs Observables

Improve the treatment of the diffusion equations.






Backup



Dependence on wall profile

108 -
! - —4—
| FLOR __Doublet
l()-‘"; profile W —— vg(2)/vn P
] — vy(2) /s Y. :
l (\‘ 0.8 1 ./
10-10 . qi__J é //N :
; Flavored 5 ! | D
0q ] ~ | o = | 8)
~ ] diffusion | = & B /&
= 04 o W .
10-11 4 O %)
- M = (80,90, 100)[GeV] o /
_ /A
Tr [00T] =7-107°
1012 - _
] Uw = U]. ' + v ' - :
] Tc — 50 C‘:C\/" 0.50 0.25 0.00 0.25 I);:';;) 0.75 1.00 1.25 1.50
: (=)/ (2)/ (SW = 0.10 GeV~! Lhte
v \Z) /v 1 Vel 2)/ Vs
10—‘3-’,-',. _— — —_——
10} 102 10° 104
¢
S

Offset of the two vevs is necessary for z-dependent CP phase
Nelson Kaplan Cohen NPB373 (1992) 453

FLOR vs HR - 2-3 orders of magnitude different in final B/s



Diffusion egs w. flavour effect

Joyce Prokopec Turok 9410281

Dpding —vw0,ng — 3Ts0(—2)ng —I'sf(—2)np, =0 nL = an/a
Dron, —ow0,n, —3Ts0(—2)ng —I'sh(—2)nr

1 .
= T, 5 Wa — MN; | = ELJv,0:0(2)

Dy, 92nn, —vwdnn, + ) T, 5 = Ny | = ENiJN; 020(2)

In the flavored scenario, CPV in ny, is generated with

#1. the wash-out of n,_

#2. the asymmetry in ny,



CPV: d CP

1
dcp — gdet [M;{,MN,TTLE)TTLD
1

:| o 2 2 2 2 2 2
Iy = (m% o qu)(mq3 o mql)(mq2 N mql)

— Fary FonpIm [Vi Vi Vi Vi) mp = (Ue)aatpa(V)ai

= M7 M35 M5 Fp, Im [(070)12(070)23(070)51]

(©)ai = (Mp)ai(M ™),
To have large CPV,

large mass hierarchies  Fy;,  Fop
&large mixing and phase J

large mass and hierarchy iIn My Fiy,
&large light-heavy mixing ©



Solution of diffusion egs.

. — in a bubble

l np(z > 0)
0.0 - |
|
~. .
—0.5 ~\. l
o ™, i
= N\ :
@ \ |
2, -1.0 \ |
\ |
—1.5 \. I
| \ | 0.1
_ - vw = U.
np(2) \ | T. = 20 GeV
— np(2) \ dw = 0.15 GeV~!
—2.0 -
—100 75 —50 —25 0 25 50 75 100

2[GeV]
Dpd:ng —vw0,npg — 3I's0(—2)ng — I'sf(—2)ng, =0

Dpoing —vwd,ng — 30s0(—2)np — LsO(—2)ng = €17, 0.6(2)



