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@ | _ |
The Standard Model is the most weII-testedv't'heory of elem.ehtar‘){ particles. .

: ~ The origin of
the present Universe
kg bl

The particle content was completed.by the discovery of the Higgs boson.



@ : | |
The Standard Model is th.e'.nlwoSt weII-testedv.t'heory of elem.ehtar‘){ particles. -

’ ‘

: ~ The origin of
the present Universe
\ bl o

However, it does not explain the complete picture.
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. o What is the origin' of

What is Dark Matter? , s :
. . tiny neutrino mass ?

: ~ The origin of
the present Universe
¥ bk

ny — Ny

SR S : : PERIE ' zen
Why is there more matter than antimatter? — % o TR L 1;0 2

e + Physics Beyond the Standard Model (BSM Physics)-
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+ Key approgc':_h : Fundamentat symmetry tgsts ‘

: ~ The origin of
the present Universe
kg bl

Ex) Search for CP violation, Lepton Flavor and Lepton'—NumberVioIation'

* ( C:Charge;P :Parity) -
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+' Key apprq?c':h : Fundamental symmetry tests "

'
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Electric Dipole' Moments - Matter-antimatter dsymmetry.

: ' The origin of
the present Universe
'\ el

Ex) Search forl CP violation, ILepton FIavor and Lepton NumberV|oIat|on
————————— 4 - - : :

" (C:Charge;P :Parity)



Outline

|. Matter-Antimatter Asymmetry

2. Baryogenesis * Electroweak Baryogenesis

3. Testability by Electric Dipole Moments

+ Importance of multi-species EDM searches
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4. Summary



Matter-antimatter asymmetry



ST S 1 .
- One’simple question : |

Why do we oxist?

L e i



One’simple question :

Why is the Universe we see today made
entlrely out of matter?

% M&{;e}-.An;imatter Asy'n'i:net‘r-y

Koichi Funakubo



Particle and Antiparticle

Antiparticle : an opposite electric charge to particle

(or internal quantum numbers)

Ex) Electron Positron

Charge
Transformation



Particle and Antiparticle

Antiparticle : an opposite electric charge to particle

Hydrogen Antihydrogen

Electron Positron

_ Proton + Antiproton

Antimatter is composed of antiparticles.

*We are made of matter.



Particle and Antiparticle

Antiparticle : an opposite electric charge to particle

* Feynman diagram

Y Y

V\S\‘\‘ ”Y :Photon
+ \ o

One key process : Annihilation of particle and antiparticle



Antimatter on the Earth

|. Cosmic rays

Primary Cosmic Rays

Electromagnetic
Shower

2. In laboratories

Interaction
Region Belle Il detector

7GeV e

electron / positron
linear injector

positron damping ring

N

Ex) e*e collider : SuperKEKB



Antimatter on the Earth

3. Application to medical treatment (to find cancer cells)

Positron Emission Tomography

™ ~ Positron emission and PET scanner

y \\ positron-electron annihilation

| - |

i Suga | Positron-emitting

| I radionuclide

| |

| I \. Positron

: : Electron

I I ‘\-0\

| | 511 keV 511 keV

1 Normal cell Cancer cell I 9amMmATAY Anninilation S oY X

\ J Gamma ray
\~ _______________ .—’ detectors

Inject sugar with radioactive isotope (positron emitter)



What about in the Universe? 16

|) Solar system 2) Our galaxy

10° prrr

PRL105(2010)121101

e PAMELA

B Y ! R TY R

1 10
kinetic energy [GeV]

Secondary production by the interactions of cosmic rays

3) Beyond our galaxy

No observation of proton-antiproton annihilation from nearby clusters of galaxies

e.g., theVirgo cluster



What about in the Universe?

4) Gamma ray from boundary between matter and antimatter domains

Cohen, De Rujula and Glashow (1997), 9707087 and 9705045

Diffuse gamma-ray spectrum
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1
Photon Energy [MeV]

If the domains exist, they must be separated,i.e.,d > 1 Gpc

~ the size of the visible universe




What about in the Universe?

5) Cosmic Microwave Background

"B _ (6.105 4 0.055) x 10710
Thy

PDG: PTEP(2020)083CO|

np =Ny — Ny N : Photon density

nyp) ¢ (Anti—) Baryon number density

As far as we see our Universe, everything is made of matter.

Why is there more matter than antimatter?



Early Universe

Production Annihilation
t
e el ’Y77/' Y
Vf LLLV P ’

In the early Universe, both production and annihilation occur.

Photon energy E., ~ Temperature of the Universe T’



Early Universe

Annihilation

Y Y

n
AN

As the Universe expands, it cools down.

The energy of photon decreases, then the production process stops.

E = mc?

20



Early Universe

Annihilation

~

~

1
/

Only the annihilation continues.

.-
N

21



Early Universe

Annihilation

Y Y

n
AN

If the total numbers of particle and antiparticle are same,
is it possible for particles to be left in the present Universe!?

22



Early Universe

Annihilation

Y Y

n
AN

If the total numbers of particle and antiparticle are same,
is it possible for particles to be left in the present Universe!?

NO! We do NOT exist today.

23



Matter-antimatter asymmetry

A tiny imbalance of particle and antiparticle is needed
before the annihilation ends.

Particle : 10'° + | Antiparticle : 10'°

//

ny — Ny

= (6.105 £ 0.055) x 107'°  PDG:PTEP(2020)083C0!

N~

24



Matter-antimatter asymmetry

A tiny imbalance of particle and antiparticle is needed
before the annihilation ends.

=\
Particle : 10'0/+ |
\ |
~ v

Antiparticle : 10'0

o
e ,' /

The tiny asymmetry creates the current Universe.

But how!?

25



Matter-antimatter asymmetry

A tiny imbalance of particle and antiparticle is needed
before the annihilation ends.

=\
Particle : 10'0/+ |
\ |
~ v

Antiparticle : 10'0

(N
e ,' /

Baryogenesis : Mechanisms to dynamically create the asymmetry

26



Baryogenesis



Baryogenesis *After Inflation and Before BBN (~ O(1) MeV)

—_

History of the Universe
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Sakharov’s criteria 29

To create the asymmetry, any mechanisms must satisfy

(I) Baryon number violation

Sakharov

(2) C and CP violation

C :charge, P : parity

(3) Out of equilibrium

A. D. Sakharov, Pisma Zh. Eksp.Teor. Fiz. 5, 32 (1967)



Sakharov’s criteria

(I) Baryon number violation

To have a nonzero baryon number : B

AB =1

—<

30



Sakharov’s criteria

(1) C and CP violation (A :antiparticle)

To distinguish baryon from anti-baryon production

(X —>Y+b)#T(X Y +0)

~1

Sl

31



Sakharov’s criteria

(1) Out of equilibrium (A :antiparticle)

To leave produced baryon numbers

' X —-Y+b)#T(Y+b— X)

32



Baryogenesis M. Shaposhnikoyv, ]. Phys. Conf. Ser. 171 (2009) 012005 33

|. GUT baryogenesis. 2. GUT baryogenesis after preheating. 3. Baryogenesis from

primordial black holes. 4. String scale baryogenesis. 5. Affleck-Dine (AD) baryogenesis. 6.
Hybridized AD baryogenesis. 7. No-scale AD baryogenesis. 8. Single field baryogenesis.

9. Electroweak (EWV) baryogenesis. |0. Local EVV baryogenesis. | |. Non-local EW baryogenesis. | 2.
EWV baryogenesis at preheating. |13.SUSY EW baryogenesis. 4. String mediated EVV baryogenesis.
|5. Baryogenesis via leptogenesis. | 6. Inflationary baryogenesis. | 7. Resonant leptogenesis. 18.
Spontaneous baryogenesis. | 9. Coherent baryogenesis. 20. Gravitational baryogenesis. 2. Defect
mediated baryogenesis. 22. Baryogenesis from long cosmic strings. 23. Baryogenesis from short
cosmic strings. 24. Baryogenesis from collapsing loops. 25. Baryogenesis through collapse of
vortons. 26. Baryogenesis through axion domain walls. 27. Baryogenesis through QCD domain
walls. 28. Baryogenesis through unstable domain walls. 29. Baryogenesis from classical force. 30.
Baryogenesis from electrogenesis. 3 |. B-ball baryogenesis. 32. Baryogenesis from CPT breaking.
33. Baryogenesis through quantum gravity. 34. Baryogenesis via neutrino oscillations. 35.
Monopole baryogenesis. 36. Axino induced baryogenesis. 37. Gravitino induced baryogenesis. 38.
Radion induced baryogenesis. 39. Baryogenesis in large extra dimensions. 40. Baryogenesis by
brane collision. 41. Baryogenesis via density fluctuations. 42. Baryogenesis from hadronic jets. 43.
Thermal leptogenesis. 44.Nonthermal leptogenesis.

phenomenologically motivated ? o

Which one is , o/
experimentally testable?



Baryogenesis 34

Leptogenesis Fukugita and Yanagida, PLBI74(1986)45

Decay of a heavy particle (Ng) leads to the asymmetry.

Nonzero lepton number: AL # 0 —_— AB #0

Sphaleron Process



Baryogenesis 3

Leptogenesis Fukugita and Yanagida, PLBI74(1986)45

Decay of a heavy particle (Ng) leads to the asymmetry.

vV

NR/%V

Tiny neutrino mass is explained by seesaw mechanism.

------------ \
( y Thermal leptogenesis :

Ng ~ 10 GeV > m, ~ —2 v = 246 GeV



Baryogenesis

Leptogenesis Fukugita and Yanagida, PLBI74(1986)45

Predict neutrinoless double beta deacy

€

/
AL =2
\e

Nucleus

------------ \
( y Thermal leptogenesis :

Np ~ 10'* GeV Too heavy to produce in collider experiments...
y to p p

36



Baryogenesis M. Shaposhnikoyv, ]. Phys. Conf. Ser. 171 (2009) 012005 39

Electroweak (EW) baryogenesis |

Electroweak Baryogenesis

The BAU is produced during EWV phase transition.

Testable scenario

in Particle and Nuclear Physics experiments



Electroweak Baryogenesis Kuzmin, Rubakov, Shaposhnikov, PLB155,36 (1985) 40

Sakharov’s conditions are satisfied as follows:

(I) Baryon number violation

Sphaleron process

(2) C and CP violation

Chiral gauge theory and CP phase

(3) Out of equilibrium

First order electroweak phase transition



Manton, Phys. Rev. D28 (1983) 2019

E I e Ct rowea I( Ba ryoge n e S i S Klinkhammer and Manton, Phys. Rev. D30 (1984)

(I) Baryon number violation

Sphaleron process

(B + L) non-conserved process due to quantum effect

— Only left-handed particles

v

3l Y1,

~ 1L;(qriqriqrilri)

A

This process is active at finite temperature but suppressed at T=0.

Fé;)h ~ m(aWT)4 Féf))h ~ T*e = Fern/T

Esph . Energy of sphaleron

41



Electroweak Baryogenesis

(2) C and CP violation

Chiral gauge theory and CP phase

92 R dr Vua
Lee = ﬁ (’L_LL CL tL) WMW;VCKM SL Vekm = | Vea
br, Vid

Chiral interaction and CP phase in CKM Matrix

EX}( /<
ur br ur b

L

42



Electroweak Baryogenesis 3

(3) Out of equilibrium

First order electroweak phase transition (EWPT)

Early Universe 7" > O(100) GeV

Higgs Potential

Electroweak Symmetry is unbroken : Ly D yel_}HeR



Electroweak Baryogenesis

(3) Out of equilibrium

First order electroweak phase transition (EVVPT)

T ="1Tc

vc

Another minimum at T.: O = vo

44



Electroweak Baryogenesis 45

(3) Out of equilibrium

First order electroweak phase transition (EWPT)

Present Universe T = ()

me # 0
Electroweak Symmetry is broken: [y D y.veéregr



Electroweak Baryogenesis 46

(3) Out of equilibrium

First order electroweak phase transition (EVVPT)

v(T)
v T« : Critical Temperature
(Ve Vo : HiggsVEV at T

1Ic

First order EWPT : discontinuity of the Higgs VEV



Electroweak Baryogenesis

If the |st order EWPT occurs, bubbles can be nucleated around at T

\ Bubble Symmetric phase
Broken v=_0
phase :

v # 0
/ | N\

47



Electroweak Baryogenesis

If the |st order EWPT occurs, bubbles can be nucleated around at T

\ Bubble
Broken
E phase s

v # 0

Boiling water

48



Electroweak Baryogenesis B

If the |st order EWPT occurs, bubbles can be nucleated around at T

Bubble

Broken

phase Symmetric phase
v # 0 v=20

EWPT ends when the Universe is filled with bubbles.



Electroweak Baryogenesis

Particle and antiparticle interact with bubble wall.

< —> T q
L
v &~
«— q
Broken Symmetric phase
phase v =0
v =# 0
# €< QR
S~
l dr 1\
< >

50



Electroweak Baryogenesis >

Particle and antiparticle interact with bubble wall.

< —> T q
L
v &~
«— q
Broken Symmetric phase
phase v =0
v =# 0
# €< QR
S~
l dr 1\
< >

|

Under CP violation 1p = 1y — ny + ny — ni’

£0 £0



Electroweak Baryogenesis >2

Sphaleron process changes the number of left-handed particles.

@ q
qL |L
qL
« Symmetric phase
Broken
phase v =20
< Qs
v # 0



Electroweak Baryogenesis >3

With the expansion of bubble, 5 # 0 can be included in it.

U q
qL IL
q.
« Symmetric phase
Broken
phase v=20
< @

v # 0

Springer Theses Book by K. Fuyuto
“Electroweak Baryogenesis and Its Phenomenology”



Testability

~ Electric Dipole Moment



Kajantie et al, PRL77, 2887 (1996), Rummukainen et al, NPB 542, 283 (1998)

Te Stab| | |t)l Csikor et al, PRL 82,21 (1999),Aoki et al, PRD 60,013001 (1999), Laine et al, NPB 73, 180 (1999)
Gavela et al, NPB430, 382 (1994) ; Huet and Nelson, PRD51, 379 (1995)

The SM EWBG was ruled out.

1) EWPT is crossover for mpy > 73 GeV.

The Standard Model
130 ‘
S
&
120 - symmetric phase %\\0“ | Measured Value
o
L
myg = 125.09 £ 0.24 GeV
110 r ' 2nd order 7
% endpoint
o ATLAS and CMS Coolaborations
= o0 | > Phys. Rev. Lett. | 14 (2015) 191803
crossover
90 [~ . |
/ Higgs phase
Lattice Study :
30 ‘ ‘ ‘ ‘ ‘ ‘ ‘ M. Laine, et al, Nucl. Phys. B Proc. Suppl. 73 (1999)180
50 60 70 80 90

m,/GeV

55



Kajantie et al, PRL77, 2887 (1996), Rummukainen et al, NPB 542, 283 (1998)

Te Stab| | |t)l Csikor et al, PRL 82,21 (1999),Aoki et al, PRD 60,013001 (1999), Laine et al, NPB 73, 180 (1999)
Gavela et al, NPB430, 382 (1994) ; Huet and Nelson, PRD51, 379 (1995)

The SM EWBG was ruled out.

1) EWPT is crossover for mpy > 73 GeV.

2) KM phase is not enough to generate the observed BAU.

CP violationatT =0

(\¥}
N——"
—

3
N
|
3

(\¥}

)(mg —my,) (my — m) (my —mg)(m

Acp = (m? —m

J =1Im VgV V3, V) ~ 3 x 107°

55



Kajantie et al, PRL77,2887 (1996), Rummukainen et al, NPB 542,283 (1998) 55

Te Stab| | |t)l Csikor et al, PRL 82,21 (1999),Aoki et al, PRD 60,013001 (1999), Laine et al, NPB 73, 180 (1999)
Gavela et al, NPB430, 382 (1994) ; Huet and Nelson, PRD51, 379 (1995)

The SM EWBG was ruled out.

1) EWPT is crossover for mpy > 73 GeV.

2) KM phase is not enough to generate the observed BAU.

Next possibility for EWBG : BSM Physics

First order EWPT New CP violation

Collider experiments v’ Search for new CP violation

Higgs Physics Electric Dipole Moments



Kajantie et al, PRL77, 2887 (1996), Rummukainen et al, NPB 542, 283 (1998)

Te Stab| | |t)l Csikor et al, PRL 82,21 (1999),Aoki et al, PRD 60,013001 (1999), Laine et al, NPB 73, 180 (1999)
Gavela et al, NPB430, 382 (1994) ; Huet and Nelson, PRD51, 379 (1995)

The SM EWBG was ruled out.

1) EWPT is crossover for mpy > 73 GeV.

2) KM phase is not enough to generate the observed BAU.

Next possibility for EWBG : BSM Physics

New CP violation

o
(

| ¢ Search for new CP violation
!

| Electric Dipole Moments

\

55



Electric Dipole Moments

Electric Dipole Moment is CPV quantity :

S

Hepy = —d E E : Electric field

s|

Violation of Time-reversal symmetry

CP violation under CPT theorem

S

Spin

58



Electric Dipole Moments

Electric Dipole Moment is CPV quantity :

S

Hepy = —d E E : Electric field

s|
Violation of Time-reversal symmetry

CP violation under CPT theorem

Ex) Electron EDM in the SM (4 loop)

dCM L 010744 ¢ em

E. P. Shabalin, Sov. J. Nucl. Phys. 28, 75 (1978)
M. Pospelov, I.B. Khriplovich, SINP53(1991)638, Yad. Fiz. 53(1991)1030

D. Ng, J. Ng, Mod. MPLA11(1996)211, W. Bernreuther, M. Suzuki, RMP63(1991)313
M. Pospelov and A. Ritz, PRD89(2014)056006

s : Spin

—_——

OBIM

CPV

dESM > dSKM



Electric Dipole

Energy

QCD

Nuclear

Atomic

Moments Pospelov and Ritz: 050423 | 10

CP violation in underlying physics

~

de 97 dq’ dq
CPV Pi-N coupling Nucleon EDMs
JdrNN dy, dp

EDMs of paramagnetic
atoms/molecules

ThO, HfF+ dHg, dXe, dRa

EDMs of diamagnetic atoms



Searches for EDMs '

Worldwide race is ongoing !

*Example
TUCAN = ANL ACME PSI
o
JILA Proton EDM AR
(BNL?) J-
LANL
ILL

Electron/Muon
Proton (planned)

* Future sensitivity
de| < 4.1 x107%° e cm

JILA Collaboration :2212.11841

~1073% ¢ cm

—26 (97
|dn| < 1.8 x 107° e cm ~ 10~ (2728) , o
nEDM Collaboration, PRL124(2020)081803



Searches for EDMs

Worldwide race is ongoing !

*Example
TUCAN = ANL ACME PSI
o
JILA Proton EDM A
(BNL?) J-
LANL
ILL

Electron/Muon
Proton (planned)

One example of BSM model for EWBG
Two Higgs Doublet Model



KF,WS. Hou, and E. Senaha, PLB 776 (2018) 402 60

Two Higgs Doublet Model

Two doublets H, and H,

Yukawa interactions :
—EY — CjL (Yllj]l -+ YQ[::’Q) UR -+ h.c.

Y1, Yo : Complex numbers



KF,WS. Hou, and E. Senaha, PLB 776 (2018) 402

Two Higgs Doublet Model

Two doublets H, and H,

Yukawa interactions :

— Ly = qr, (Yl v1 + Yo U9 > ur + h.c.

Bubble
tr v2(y) O ® vi()
Broken 1;\\ tfl ,’/
phase /2/ ) \Y<

* Focus on top quark

61



KF,WS. Hou, and E. Senaha, PLB 776 (2018) 402

Two Higgs Doublet Model

Two doublets H, and H,

Yukawa interactions : ;
CPV : | pye] e

_ 1
—Ly =1 ﬂsa + —puca | trh + h.c.

V2 V2

Yukawa : my /v

i
Two loop!
BAU: 1B O Yt|ptt|sin dr
t
Ptt EDM : de X ‘Ptt‘ sin tht
h,H/
! . Probed by EDM experiments !

62



KF,WS. Hou, and E. Senaha, PLB 776 (2018) 402 63

Two Higgs Doublet Model

New limit 0 b Q@' ]
~102% e cm - »° : . .
. e —1.0 }
(Gray dashed) -0.5[- ~ oo =10
- \.Q \‘) // f
B // “‘0 \\ / M
RS “ Previous
= I ~ EDM limit
< B
= —
+~ B
“ —
- -
Observed
asymmetr
Y Y 107 107 1
(Black)



KF,WS. Hou, and E. Senaha, PLB 776 (2018) 402 64

Two Higgs Doublet Model

New limit o L
~ I 0-29 ecm \ /519 QO
(Gray dashed) -0.5[ Q‘\*\/Q
S
V4
-1 \Nb

o [Il’ad]

I
[V}

Observed
asymmetry
(Black)

1072 107 1

‘Ptt ’ Ruled out!




KF,WS. Hou, and E. Senaha, PLB 776 (2018) 402

Two Higgs Doublet Model

New limit
~102%ecm
(Gray dashed)
Focus on one CPV interaction : Pt¢
What about a case with more CPV?
Observed
| | I | | |
asymmetry .
(Black) 0 !

‘Ptt’ Ruled out!

65



Two Higgs Doublet Model

KF,WS. Hou, and E. Senaha, PLB 776 (2018) 402

Case with two CPV sources: Ptt, Pee

P

Electron EDMs

e

1
2pttca] trh +h.c.

eRh+hC.

/
!/ Pee

66



EDMs [e cm]

TWO H iggs Dou blet MOdeI KF,WS. Hou, and E. Senaha, PRD 101(2020)01 1901 23

Case with two CPV sources: Ptt, Pee

27

L L e
Excluded region
=28 | _
10 |do| < 1.1 x 1072 e cm |
Ptt R
/ /
J _ ! Pee
Imptt = —0.1
1070 b de £
| e : .
MPee = Tyt mpgt f Cancellation occurs.
. 2HDM EWBG is still viable.
10‘ P SRS S NN SR SRS SR T SR SN SN SN (T SR SN ST S T SR ST SR SR (NN SR ST S S (T S S S

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

r dotal = gt + d" =0



EDMs [e cm]

KF,WS. Hou, and E. Senaha, PRD 101(2020)01 1901

Two Higgs Doublet Model

Case with two CPV sources: Ptt, Pee

10‘275,.‘- e L

Excluded region ’ S

107 ¢ de] < 1.1 x 1072 € cm |

,________~
hw)
~
~
\____|____/

Imptt = —01

3L - grer4+<©£ T

107 Ye

Impee = r—Impy
Yi

10—32 P R B R R B B
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Multi-species EDM searches, e.g. nucleon/atomic EDMs, are necessary!



Importance of multi-species EDM searches 74

Multi-species EDM searches can disentangle CPV sources in underlying physics.

Ex) QCD theta term VS SUSY

1 B 1 1 1 1 1 1 1 1 _
_ MSSM B
R — QCD theta term
Q | -
L = Pured o
8 - -
| 0
9 - —
l:] = —
& = _
= — —] SUSY with
C 1 new CPV sources
_1 B 1 1 I I 1 1 1 1 ]
-1 0 1

d,, [107%% e cm]

The prediction of dr.,/d,, is different from pure theta case.



" T
Conclusion' .
, . " & : ~
RN 5 .We still don’t know much about our Univ_erse.

Electric Dipole Moments Matter-antimatter asymmetry’ -

. .
: \'Thé present 'Univers'ew

+ Search for EDMs are essential to reveal the orlgln of the Unlverse

Importance of multl speC|es EDM searches



