CP violation and baryon asymmetry

BERL A
rLlAs

WK i

2024.09.26




R

APt RS/ F R

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
=22 MeVic* =128 GeVic* =1731 GeVic 0 =124 97 GeVic™

D IO |'® || @ | @
up charm top gluon higgs

=47 MeVic= =96 MeV/ic =418 GeVic™
. d « « B -
down strange bottom photon
=051 MeVic =106.66 MeVic™ =17768 GeVic™ =9119 GeVic™
- -1 -1 0
£ « « .
electron muon tau Z boson
<10eVic <017 MeVic <182 MeVic™ =80433 GeVic™
. Ve . VH . O - \M
electron muon tau A
neutrino neutrino neutrino W boson

YRR BE S H R EEE{ER

ACDM-+Inflation

Dark Energy
Accelerated Expansion
Afterglow Light

Pattern  Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

Inflation

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

YIRRYEIRS RN



e 1T 1=1
HRB=

i

What is the Universe made of?
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FHARIENEE: FHAESRIES(CMB)(T~0.1 eV t~387F)
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SU(2) B Instanton 7 #k
E[W] sphaleron ' B_SE S e_87T2/92 ~ 10—160

Sphaleron W#k Ey(T) =~ Sm;(T) F(mn/mw)
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B = Ngen(2uq — v — pp) = 9(5’ L),
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L = B—(B—E)z—E(B L),

® SphaleroniZA2& & % (T> 100 GeV)

® FHMMB=0, L=0, AUBE2AX NIRRT 4
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Today 14 hillion years
Life on earth - : @
Acceleration h: 11 hillion years
P - 'Q
-9 "

— 3 bilfion years —————

700 mill.ion years

Recombination Atoms form 4=1400,00

bal

Relic radiation decouples (CMB) ) @)
s =)

Matter domination —— 5,000 years
Onset of gravitational collapse : a2

Nucleosynthesis — 3 minutes
Light elements created - D, He, L .

Nuclear fusion begins —— 0.01 seconds

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

B-mesogenesis

EW Baryogenesis

Leptogenesis
GUT Baryogenesis
Baryogenesis from inﬂatim?3



B-mesogenesis

G. Elor, M. Escudero, A. E. Nelson, Phys. Rev. D 99, 035031 (2019)

® B meson heavy enough(5.3 GeV) to decay into baryon

CP violation appears during oscillations, then B-> Bbar

Out of equilibrium
late time decay

CP violating oscillations
GO0
G000

d s
AM AZE

B-mesons decay into \

Dark Matter and hadrons

e Dark Matter

—_ e/ @ anti-Baryon
\ 0 Baryon

BR(B — ¢¢ + Baryon + )

and Bbar -> B rate different, difference B and Bbar

Explain the origin of the dark matter

(BaryogeneD

Yp =87x 1071

&

Dark Matter

| 4
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B-mesogenesis

The baryon asymmetry is related to the B meson decay rate into baryon+invi and B meson

oscillation CP violation Ag,

Br(B -y +B+M) A
102 > % 10-4

q

.y -

AgL=Im<F(112) _ I'B,— B) = f)—T'(B) = B, — f)
My

Yg ~ 8.7 x 107!

(B, — BY = f)+T(B? = B, = f)
SM prediction: EXP:
A |sm = (—4.7+0.4) x 107* A = (—214+1.7) x 1073
Afplsm = (214£0.2) x 107° S = (—0.6+£2.8) x 1072
.0
o
® SM CKM is enough to provide the CP violation, but v,
® B meson decay into baryon+invisible (BaBar, Belle, LHCb) BOO — A

® Measurement of the CP violation of B meson is important
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B-mesogenesis

Collider Signals of Baryogenesis and Dark Matter from B Mesons: A Roadmap to
Discovery, G. Alonso-Alvarez, G. Elor, M. Escudero, Phys. Rev. D 104, 035028 (2021)
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NEUTRINOS FROM

SUDBURY NEUTRINO OBSERVATORY (SNO)

NEUTRINOS FROM
COSMIC RADIATION

SUPER-
KAMIOKANDE

THE SUN ONTARIO, CANADA l KAMIOKA, JAPAN
COSMIC /
RADIATION
PROTECTING ROCK .. ATMOSp, L
N H£,9€ / et
Electron-neutrinos ‘ PROTECTING
: Both electron neutrinos 1000 m ROCK
are produced in the 2100m h 5
Sun center. alone and all three types of s L ——— 3
neutrinos together give sig- ! 0 M_uon_-neutrl'nos
nals in the heavy water tank. : give signals in
—_ ! the water tank.
% SUPER- \
7] % KAMIOKANDE \\‘
B Muon-neutrinos \\lr
arriving directly -5.
from the “
/ .............. '\ atmosphere -

=R FZESERIREEL

PHFFERE! (~0.05 eV)

2015 NOBEL PRIZE IN PHYSICS

Takaaki Kaj ita and

Awvithhaze TR

NADArAalA

40m
Light detectors *
18m MUON- measuring Cherenkov
NEUTRINO radiation *
D Muon-neutrinos
/ that have travelled
/ \ through the Earth
@ —=8) |
CHERENKOV
RADIATION
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Kobayashi and Maskawa(2008 Nobel prize) {lEI&iFE ], MMRPHFBHRE, BFIEHvlgeBd CcPiih

I. Esteban, M.C. Gonzalez-Garcia, M. Maltoni, T. Schwetz, A. Zhou, JHEP 09 (2020) 178

Solar

_L
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‘\' // 25 — 4927705, 025 — 4937109
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o+27°
Scp = 197°1 34 Sop = 2820126
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MEe-F 3R FF45, Fdsphaleronidf2{FiR L FF—RFT A RM4 (leptogenesis)
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Type |
(H) (H)
Dyg g
: :
L Yv MR Yv VL

M, =~HY¥Y MY,

SM +3 singlets fermions

Minkowski, Gell-Mann,
Glashow, Yanagida

Type I Type Il
(H) (H) (H) (H)
..... B “n"
'.r“ E E
FA ‘Y, I
L Y, L V. Y Mg Y; W

M, =(HY?Y /M4 M, = - (HY2Y MY
SM+1 triplet Higgs SM+3 triplet fermions

Magg, Wetterich Foot, Lew, He, Joshi
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H(2,1/2),

+ + ++
A(Bv )7 L(27_1/2) HZ( Z )’ A:<AA/O\/§ _AA—I—/\/§

1 _
['Yukawa — C%'ltl/lkawa [QyszSALJJ—l‘ h.c.

!

1
§yij AODCV + h.c.

® Giving neutrino mass matrix with vev of Delta

® Delta get a lepton number -2

)
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V(H,A) = —m%ZHH+ M g(H'H)? +miATr(ATA) + X\ (HTH)Tr(ATA)
+ X2 (Tr(ATA))? + XsTr(ATAY? + N\ HTAATH

[ + [w(HTio?ATH) + h.c] + ... j

U(1)L breaking term

<AO> ~ MU%W
 2mA4

EW precision measurement

O(1) GeV > |[(A%] > 0.05 eV

L d
L “

M, =(H)?Y /M4

required by neutrino masses
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Leptogenesis in Type | seesaw

Baryogenesis Without Grand Unification (4000+ citations),
Fukugita and Yanagida, 1986’

G.F. Giudice, et al,
Nucl.Phys.B 685 (2004) 89-149

_ 1 _ -
Lr=Lsy + iNRiaNRi - <§M2N}%1NR1 At €abYaiNRi£gHb + h.c.)

¥ (N = Lo H) — (Ni — EH*)
Sat (Ni = baH) +7 (N; = LaH)

€ia =

8 .
10 ™~ dominant I)T/l

~
~_ 7

10°
Y. =Yn, Xexn np= 7—9(3— L) 1% 10% 10° 10¢ 102 1

7-1-1'1 ineV

—REERAFPYUFREERIT107GeV  Type lll seesawi{EHz5Type | 2{B
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Leptogenesis in Type Il seesaw ?

[ ] [ 3
VOLUME 80, NUMBER 26 PHYSICAL REVIEW LETTERS 29 JUNE 1998 500+ citations

Neutrino Masses and Leptogenesis with Heavy Higgs Triplets

Ernest Ma
Department of Physics, University of California, Riverside, California 92521

Utpal Sarkar ﬁﬁ%ziﬁﬁﬁﬁ?gﬁﬁ‘l 01 0 Gev

Physical Research Laboratory, Ahmedabad 380 009, India

6i=2|B(¢; —U) - B (vf — I'l°)]

5 Im [,Ulljé Zk,l ylkly;kl] M;
v 8n2 (M7 — M3) [Fz]
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Affleck-Dine f\#l

Assuming phi is a complex scalar with B charge

V(g) = ymlf + [cn,m¢I<¢*>m Fha mn

(B/L violation)

jp = i(¢*0"p — 90" ¢")

[qb is spatially constant| np = i(¢"p — Ppo™) = ,029 b= Epd)e 0
: oV
ng +3Hng =Im qb% Only from U(1) breaking term

A motion of theta will generate baryon number
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Affleck-Dine f\#l

B Im ¢
Re.

20.05 0 0.05 0.1 0.15

® Scalar particle taking B/L charge
® Small B/L violation term in the potential(charge neutral)

® Scalar particle with initial displaced vacuum
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Affleck-Dine f\#l

® Scalar

® Taking baryon(lepton) charge

® Charge neutral, otherwise no breaking team

First two conditions seem easy

® Leptoquarks

® Diquarks

® Double charged scalar Y

YPQURER ® color triplet, charge 1/3
ygb@d}% ® charge -1/3
q§++%eR ® charge 2

None of above works!
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Affleck-Dine f\#l

HEXFRRERSHIF ® Many scalars take B/L charge

® Flat directions(quartic coupling vanish, no charge)

B—L
1 [0 1 [ ¢
H,H, S s
i B ﬂm’L ﬂ(@)
a&i_ —1
QLd —1
LLe 1 A
V =m?¢|” - { ¢”+h.c]

QQud Mn=3
QQQL

0
0
QLue 0
uude 0



Affleck-Dine f\#l

® Scalar particle taking B/L charge v

Type Il seesaw

® Small B/L violation term in the potential(charge neutral) v
?

® Scalar particle with initial displaced vacuum

If the scalar plays the role of inflaton

Afterglow Light
Pattel
375,000 yrs.

about 400 million yrs.

Big Bang Expansion

13.77 billion years
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Type Il seesaw leptogenesis

AREM=ESERENTF, EFEFPIRAANESIEE(TLUREREK),

MiToSEERAR T Rt (B2 ADHLE!)

PHYSICAL REVIEW LETTERS 128, 141801 (2022)

Affleck-Dine Leptogenesis from Higgs Inflation
Neil D. Barrie®,"” Chengcheng Han " and Hitoshi Murayama 345

We find that the triplet Higgs of the type-II seesaw mechanism can simultaneously generate the neutrino
masses and observed baryon asymmetry while playing a role in inflation. We survey the allowed parameter
space and determine that this is possible for triplet masses as low as a TeV, with a preference for a small

Type |l Seesaw leptogenesis Eg£===
yp ptog %% =

Neil D. Barrie,* Chengcheng Han’ and Hitoshi Murayama®®<:!

e EREERN,
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Type |l seesaw leptogenesis

o =ESHEETURE TeV, EATHENIFN

o BFKRNTHIHES y > 10-5, BFHRTES

o HZHAEE(HE < 10 keV (XILLIESitype Il seesaw < 1 GeV)
o hf¥FHIMajoranafiiF

Log;o[p/GeV]
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LEPTONS

Standard Model of Elementary Particles

interactions / force carriers
(bosons)

=2.2 MeV/c?

charge | %

"

XENS e

three generations of matter

Y

=4.7 MeV/c?

" @

down

J

t photon

=0.511 MeV/c?

-1

. @

electron

J

=91.19 GeV/c?

0
1

L Z boson

<2.2 eVic?

¥

electron
. neutrino

- =80.39 GeV/c?

; ‘

-

W boson

—

HiIgHI=ESRETLUEETeV, nJLlEI XTiE]

Decay of the triplet Higgs

AM (GeV)

4
/
)  Gauge

Boson Decay

VA (GCV)
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2
o
o
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E’)Jg
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B(H=— FF) = 1-B(H*—> X) [%]

XHENS %

l+

q
s A
vz 1+
<
N\ N l_
N\
H™™

q

=

ATLAS, Eur. Phys. J. C 78 (2018) 199

100':"'1""|""|"| iy~  _gaEERE
- minimum limit ’ 1
40f !
30 i
20+ :
LU = ATLAS =
- = s=13 TeV, 36.1 fb™' 1
i - lower limit of m(Hi*) .
3+ — Observed 95% CL limit _|
-- Expected 95% CL limit

2 [ Expected limit 1o ]

|:| Expected hmlt +2o

1

300400 500 600 700 800 900 1000
m(H™) [GeV]

CCH, z

a[fb]

Lei, W. Liao, hep-ph>arXiv:2303.15709

({1
q
H++(H+) ,
wH W), I* @)
<
\\ (1)
H (H) ™
q
vi(17)

3l+missing energy
10800 400 500 600 700 800 900 1000 1100 1200

100
Upp_)Hti HF
————— sensitivity without Epss cut
"0~ === sensitivity with Eiss cut 410

300 400 500 600 700 800 900 1000 1100 1200
m:[GeV] 36
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N.D. Barrie, S.T. Petcov, JHEP 01 (2023) 001

105

1
I
i Washout

E NO (2309, 0, 0)
i m1<10-3 eV
I
I

100 TeV ! R

e

1000 5000 1x104 5x10* 1x10% 5x10°

m, (GeV) 37



LFV operators from type |l seesaw

LFV operators between quark and lepton, potential target at BESIII
Xu Li, Di Zhang, Shun Zhou, JHEP 04 (2022) 038,
Yong Du, Xu-Xiang Li, Jiang-Hao Yu, JHEP 09 (2022) 207

(Lo vulr ) (@57 qr)

(l—p'YuTIlr) (QS’Y“TI(R)

(Lpyulr) (@sy us)

(Lpyulr) (dsy*dy:)
(He,)(dsql)

(l_ier)fijk((ffut)

4 2
Olgirst | To0h7z0” 8" — g (5 + 3L) (WY, )77
3 5 T S 2 T S
Ofrrst | ~ im0 + iz (2 + L) (XY, )6
4 2
Ouprst | 30d=0P78% — 53 (5 4 3L) (V)Y )Prat
O g1 5P 5t g3 54 3 viy pr §st
ld,prst ~ 60M2 +W( + )( v 1/)
-
Oledq,prst 5% y'eerd*ts
1 2 s
l(etgu,p'rst B ﬁifepryu !

Inducing meson LFV decays, for example J/psi -> |; |




Spontaneous baryogenesis

A. G. Cohen and D. B. Kaplan, Phys. Lett. B 199, 251 (1987)

5= [datay=g {—%gwwm V(g - S ah gt }

o phifERIKHAEBASRAEZHIZE(E . 5

® philREFiiES SHIHRAMLESE 1 = Ci% g

o FEEFHRIfTIE _ inflation $ baryogenesis

o EFHIRINIIZEE reheating a;ec aosc\/ V -

RiEphiciFAIAR, SHETEH: Axiogenesis, Majoron-genesis, Lepto-axiogenesis

Keisuke Harigaya, Wei Chao, Eung Jin Chun... 39



Majoron-genesis

Eung Jin Chun, Tae Hyun Jung, 2311.09005
Global U(1 )B-L model Patrick Barnes, Raymond T. Co, Keisuke Harigaya, Aaron Pierce, 2402.10263

1 . .
_Lint :5 ;yNI(I)NINI +ZYN,aIlaHNI —I-h.C.,

a, ]

V2

d —

® Lepton number wash out process + sphaleron process

Vv(6)

Misalignment Mechanism

® When T< 100 GeV, baryon number fixed \/\
® Some problem with majoron life time too long o K ’
® Need kinetic misalignment 4

40



BEFAFRESRIFRR

ERFEFREE). SilkFE2022FRE— M EFERBINS | D98E

PHYSICAL REVIEW LETTERS 128, 031102 (2022)

#EPRL Editor EFAR

Cosmic Coincidences of Primordial-Black-Hole Dark Matter

Yi-Peng Wu ,]'* Elena Pinetti ,1’2’6 and Joseph Silk>*s

1010 g 1 1010

tNRF i R HiBIS a2k , ESRRnrEFER=EE

MEEETE, FEET R b/A}

PSR
RV

10—18 10—17
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Baryogenesis from ultra-slow-roll inflation 1&“‘]&9&2:':2&?_/'\%* 2 aui*ﬁﬁfﬁm%iﬁﬂau (1 )ig'*dﬁ'l'i,
Yi-Peng Wu, Elena Pinetti, " Kalliopi Petraki®? and Joseph Silk®:/9 zmklj \ﬁthﬁ{ i]%ﬂiﬂﬂ“?ﬁ*

negligible. In contrast to the presence of “flat directions” in higher-order non-renormalizable

potential [7], # may not have a well-defined coherent value in this scenario, yet one can

easily check that the effective mass of the angular mode at the maximal CP violation is PN _1 2 2
given by m32 ~ 9p0gV (R, 0)|6=6,.... — 0. The correlation length z. for a massive scalar in *H*k ,E . R ~J H eXp ( H / m )
de Sitter, defined from G(z.) = G(0)/2, is @c/Tres = 23H7/2m*) [54, 69], where m. is the ¢

scalar mass, Zrer is a reference length scale and G(z) = G(|Z1 — Z2|) is the two-point spatial

correlation function. Since we are interested in long wavelength modes that have exited

the horizon by the time of USR transition (namely z,.f ~ 1/kcmp can be a good choice),

the condition mg — 0 implies that baryon asymmetry from 6 picked up by the choice (2.5)

for the mass eigenstates has a correlation length much larger than the Hubble scale, which

ensures that a local patch of the Universe is left with a pure (anti)matter (see also the
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6 is long (see the last paragraph of Sec. 3.2 in [13]). The main ar-
gument is that mg ~ 09V (R,0) — 0 and the correlation length
of 0 is long due to the formula R, ~ H~!exp(H%/m?). However,
since 6 is not a canonical field and as we calculated in the work,

journal homepage: www.elsevier.com/locate/physletb

Correlation length of the angular mode for an approximate U (1) () the correlation length of 6 is not decided by the 6 mass, therefore
symmetry during inflation S their argument is wrong and their result is doubtable.
Chengcheng Han arXiv:2206.06142
S S e N
{BRthetaRRIENMG, FEEIEERAR R~ 1 ex(H/m) T
+l=|-[=-1+]|-1-
et EREEENIEPAYFokker-Planck5tE ol il S

op(p,t) 1

o = 511 [Pe 0TV (9 4 TV () Tplint)] + 5700, BIINFEHEH ~ e OMIRMRIFAR, FHSEF
MBENFAS, EbfibilsicREErEn
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In short, I strongly recommend this manuscript for publication. The claims of [12-14]
are obviously and hopelessly incorrect, and publication of this manuscript is necessary to

prevent people from going any further in the wrong direction. I recommend publication after
the following minor revisions:

"BsaZIRWILNE LR, SE[12-14]2PRERMETHREN, XRENENALFRAILAMELEX
FRIEEIRGE EERNEIT”

[12] Y.-P. Wu, K. Petraki, Stochastic baryogenesis, ]. Cosmol. Astropart. Phys. 01
(2021) 022, arXiv:2008.08549.
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H(2,1/2),

+ + ++
A(Bv )7 L(27_1/2) HZ( Z )’ A:<AA/O\/§ _AA—I—/\/§

1 _
['Yukawa — C%'ltl/lkawa [QyszSALJJ—l‘ h.c.

!

1
§yij AODCV + h.c.

® Giving neutrino mass matrix with vev of Delta

® Delta get a lepton number -2

)

48



B RIRIEtR A/

V(H,A) = —m%ZHH+ M g(H'H)? +miATr(ATA) + X\ (HTH)Tr(ATA)
+ X2 (Tr(ATA))? + XsTr(ATAY? + N\ HTAATH

[ + [w(HTio?ATH) + h.c] + ... j

U(1)L breaking term

<AO> ~ MU%W
 2mA4

EW precision measurement

O(1) GeV > |[(A%] > 0.05 eV

L d
L “

M, =(H)?Y /M4

required by neutrino masses
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T HRAFIEFHEY G YR P = {L EQ,UD,H}

( ELH Yukawa : O0=pe+pL+po
DQH Yukawa : O0=upup+po+ 1
¢ UQH Yukawa : 0=pu+pg —pu

QQQL sphalerons : 0= 3ug + pr
| No electric charge : 0 = Ngen(p@ — 20v + pp — pr + pE) — 2NHiggskiH

B = Ngen(ZIUJQ — KU — ,uD) 9 (B E)

7

L = B—(B—E)z—%(B L),

® fBiXsphaleronii#2& & % &y (T> 100 GeV)

® FHMMB=0, L=0, AUBE2AX NIRRT 4

® R EFAMBL, RLSANETTASHRERFEAER (BRIEX FsphaleronidfZ)

® Sphaleronid#Z2 R4 IFB-L, — B2 A R BFHALHELLAT T (BFLRMH)
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