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‘1. Motivation and Backgroundl

T The discovery of neutrino oscillations in the atmospheric, solar, accelerator and reactor
neutrino experiments means three flavors of neutrinos should be massive and mixed pDG
2022).

Normal hierarchy : Am3, = (2.424 4+ 0.003)10 3eV?, Am3, = 7.557020 x 10 %eV?2.

Inverted hierarcht : Am32, = —2.5010%8 x 1073eV?, Am3, = 7557920 x 107 %eV2.

I The kinematic search for neutrino mass in tritium decay sets an upper limit on the
electron neutrino mass (KATRIN 2022).

m, < 0.8eV.

T The cosmological observation requires a stringent bond on the summer of three neutrino
masses (PDG 2022).

Zmy < 0.26¢eV.

We need extend the standard model to naturally generate the tiny neutrino masses!
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T All particles should come in particle-antiparticle pairs.
T No primordial antimatter significantly exists in the present universe.
T An initial matter-antimatter asymmetry cannot survive after inflation.

The matter-antimatter asymmetry is as same as a baryon asymmetry, which has been
precisely measured by the cosmological observations (PDG 2022),

n —
np =2 ~ 10717,
S

We need a dynamical baryogenesis mechanism!
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If CPT (C - charge conjugation, P — parity, T — time reversal.) is invariant, any successful
baryogenesis mechanisms should satisfy the Sakharov conditions (Sakharov *67):

T baryon number nonconservation,
T C and CP violation,

I departure from equilibrium.

B-% _B for q N q5

L(R) L(R) o o C,cP 0
= np =y, —ny = 3(ng, —ng +ny —ng) ———0.
CP CP .
B — —B for q; — q%

(BY =Tr(e 7B) = Tr[e 7 (CPT) 'B(CPT)] = Ttle 7(-B)] = —(B) = (B) = 0.
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Both of the baryon (/3) and lepton (L) numbers are violated by quantum effects in the
standard model ('t Hooft, *76.). The transition of the baryon and lepton numbers from one
vacuum to the next vacuum is

g3

€
3272 PO

9,J =0,J1 = N, Tt (WHWW*) = AB=AL=N,=3, A(B-L)=0.

At zero temperature, the baryon and lepton number violating processes via a tunnel-
ing between the different vacua are highly suppressed and hence are unimportant today.
However, such processes can have a sphaleron solution during the temperatures near and
above the electroweak phase transition (Kuzmin, Rubakov, Shaposhnikov, *85.),

100GeV < T < 102 GeV.
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In the standard model, the sphaleron processes, the CKM phase and the electroweak
phase transition can fulfill all of the three Sakharov conditions to realize an electroweak
baryogenesis scenario.

Unfortunately, the baryon asymmetry induced by the electroweak baryogenesis in the
standard model is too small to explain the observed value.

T The electroweak phase transition should be strongly first-order to avoid the washout of
the induced baryon asymmetry. This requires the Higgs boson lighter than about m, < 40
GeV, which 1s much lower than the experimental value m; = 125 GeV.

T Even if the electroweak phase transition is strongly first-order, the induced baryon
asymmetry can only arrive at the order of n; = O(10729).

We need extend the standard model to successfully generate the observed baryon asym-
metry!
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The extension of the standard model may be also motivated by other phenomena, such as
the mass hierarchy among the charged fermion masses.

m, >~ 0.511MeV, m,6 ~106MeV, m. ~ 1.77GeV ,
my ~ 4.67 GeV , my ~ 93.4MeV , my, >~ 4.18GeV

m, ~2.16GeV, m,~127GeV, m,~173GeV.
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‘2. Majorana seesaw and Ieptogenesisl

Based on the standard model su(3).xsU(2), xU(1), gauge groups, the leptogenesis (Fukugita,
Yanagida, °86.) mechanism within the so-called type-I, II and III seesaw models (Minkowski, *77;
Yanagida, *79; Gell-Mann, Ramond, Slansky, *79; Glashow, ’80; Mohapatra, Senjanovi¢, ’80; Magg, Wetterich, *80; Schechter,
Valle, ’80; Cheng, Li, *80; Lazarides, Shafi, Wetterich, ’81; Mohapatra, Senjanovi¢, 81; Foot, Lew, He, ’89.) O their
combinations can simultaneously explain the small neutrino masses and the observed
baryon asymmetry.

Type-l: LD —yyl Ny — 1M NEN, + He.. Np(1,1,0)
%5+ s++
Type-Il: £ D —Lf Fir,Al, — pglir,Ad + He. — MATr(ATA) . A(1,3,1) = | V°
R
V2
1 70 +
| o, o N
Type-ll : L D —ypl7it,Tro — sMpTr(it,T7im, T ) + Hee. . T,(1,3,0) = - -
I =71t
vy gbo
lL(]-aQ:_%): [ ] ¢(1727_%): [ ]
€r N
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In the most popular type-I seesaw model, the neutrino masses can be given by

1
L D _EmVDLVE_i_H'C' with

2
m, = _yN§\§—>y]1\} — Udiag{mz/l’ ml/27 mVQ}UT — Ufh’VUT :
N

In the base where the Majorana mass term of the right-handed neutrinos N, are diagonal
and real, we can define the heavy Majorana neutrinos, 1.e.

]\4]\7:diag{]\4]\[l,]\4]\/'2,]\4]\[3}7 NZ:NRZ+N1’%Z:NZC

Pei-Hong Gu Topics of Particle, Astro and Cosmo Frontiers, T D Lee Institute, June 02-04, 2023

10



As long as the CP is not conserved, the out-of-equilibrium decays of the heavy Majorana
neutrinos N, can generate a lepton asymmetry », between the standard model leptons [,
and the antileptons 15,

F(N, = 1,0") =T (N, = 1$¢)
C(N, = 1.¢%) + T (N, = 15¢)

N XEeEN, —

Due to the sphaleron processes, the produced lepton asymmetry n, will be partially con-
verted to a baryon asymmetry 7,

ng = Cng_p = —Cny .
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The CP asymmetry ¢,, can arrive at a nonzero value if and only if the Yukawa couplings
y, are complex,

2 2
_ _ i Im{[(ijyN)ij]Q} g MNJ. Ly MNj with
N7 ogn ( f ). M?2 M?2
jFi yNyN 2 N, N;
S(x) = VT (self-energy correction (Flanz, Paschos, Sarkar, 95.)) ,

1—=x

1
V(z) =z [1 —(1+4+2)In ( T w)] (vertex correction (Fukugita, Yanagida, ’86.)) .
x

Note the CP phases in the Yukawa couplings y,, may be irrelevant to the CP phases in the
neutrino mass matrix,

vV My

B U+/m, O with 00T =070 =1.

Yy =1

The orthogonal matrix O is arbitrary and its CP phases can provide the required CP
violation even if the neutrino mass matrix doesn’t contain any CP phases (Davidson, Ibarra,
01.).
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The lepton-to-baryon conversation factor C' can be calculated by analysing the chemical
potentials. The excess of a particle 7 over its antiparticle can be described by the net
number density (e.g. Kolb, Turner, The Early Universe.),

=

) for fermion,

= N

- { 59T (

%giT3( ) for boson,

|

3
1
=1

3

ny, = Z(nli + nei) .

1=1
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A B — L asymmetry can be partially converted into a baryon asymmetry (Kuzmin, Rubakov,

Shaposhnikov, ’85.).

Yukawa :

Hypercharge :  3(u, + 2p, — pg —

Sphalerons :

’

= {

—pgt Hy Ty =0, —pg+py—py =0, —p+p,—p,=0,

1

1

\nL_E

= He) — 2py =0, >

3
T2 1 (g + 1y + 1g) = 54,T2)

3
T2 Zi:l(QlLl’l + /'Le) — _%NZTQ

\

28

J
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‘3. Dirac seesaw and neutrinogenesisl

The theoretical assumption of the lepton number violation and then the Majorana neutri-
nos has not been confirmed by any experiments yet.

In analogy to the usual seesaw models for the Majorana neutrino mass generation, we
can construct some Dirac seesaw models for the Dirac neutrino mass generation (Roncadelli,
Wyler, ’83; Roy, Shanker, ’84; Murayama, Pierce, 01; PHG, He, ’06; PHG, Sarkar, 07; PHG, ’12; PHG, ’15;...)

The interactions of Dirac seesaw can induce a lepton asymmetry stored in the standard
model left-handed leptons and an opposite lepton asymmetry stored in the right-handed
neutrinos although the total lepton number 1s exactly zero.

The right-handed neutrinos will go into equilibrium with the left-handed neutrinos at a
very low temperature, where the sphalerons have already stopped working. Therefore, the
sphalerons will never affect the right-handed neutrino asymmetry, but it can still transfer
the standard model lepton asymmetry.

This type of leptogenesis is named as the neutrinogenesis mechanism (Dick, Lindner, Ratz,
wright, '99.) and has been studied in many literatures.
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Type-1: LD —yl;¢Np — ygNvpé — MyNgN; + H.c. with

NL,R(17 1, O) . (Roncadelli, Wyler, ’83; Roy, Shanker, ’84.)

1 - :
Type-1II : LD _EfnanVR — unén'e + He. — MsnTn with

1

770
n(l,2,——) = [ ] . (PHG, He, *06.)
2 n

Type-HI . L D) _yLl_LZ.TQWIEé- — yR\TqubVR — M\U\TJIE’LTQ\-UL + H.c. Wlth
v Wi

WL(1725_%) — [ ] ’ /L(1727+%) — [

. (Murayama, Pierce, ’01 )
vy

/0
WL
£ > —ml G . + He. with

N

v L YR v
MN

_ _an]?CZ;@ 7 min — _yL<€]b\>4ff>yR.
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In order to realize a Dirac seesaw, we need introduce certain symmetries to forbid the
Yukawa couplings of the right-handed neutrinos to the standard model lepton and Higgs
doublets, 1.e.

L ZD— yyl_LQbI/R —I— H.c..

Such symmetries could be a discrete symmetry, a global symmetry or a gauge symmetry
and could be inspired by other interesting topics, such as the Peccei-Quinn symmetry
(PHG, "15.), the mirror world (PHG, "12.), the gauged baryon and lepton numbers (Montero, Pleitez,
'09; Ma, Srivastava, 15; PHG, "19.), the weakly interacting massive particle (PHG, Sarkar, 07; PHG, "19.)
and so on.
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‘4. Universal seesaw from U (1), gauge symmetryl

Needless to say, the neutrino mass generation is so different from the charged fermion
mass generation in the framework of the standard model plus its seesaw extension.

This somewhat mysterious feature may be addressed in a universal seesaw scenario
(Berezhiani, *83; Rajpoot, *87; Davidson, Wali’s7) where not only the neutrinos but also the charged
fermions acquire their masses through the seesaw mechanism. An early attempt was
to consider the SU(3), x SU(2), x SU(2), x U(1)z_, left-right symmetric model ( Pati,
Salam, *74; Mohapatra, Pati, *75; Senjanovi¢, Mohapatra, *75.) With minimal Higgs sector including a left-
handed doublet and its right-handed partner (Berezhiani, *83; Rajpoot, 87; Davidson, Wali, *87).

In this unconventional left-right symmetric scenario, the standard model left-handed
fermions are still placed in the SU(2), doublets, while the standard model right-handed
charged fermions and the right-handed neutrinos are placed in the SU(2), doublets.
Then the left-handed and right-handed fermion and Higgs doublets can construct some
dimension-5 operators mediated by additionally heavy fermion singlets with appropriate
electric charges.
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Fermion & Higgs SU(3). | SU2), | U@@)y | U@)y,

U
L

dg 3 1 _% _%

YR 3 1 +3 +3

| YL 1 3

[, = [ . ] 1 2 -5 +3
L

en 1 1 ~1 +1

5

VR 1 1 O +Z
_|_

o= %] | 1 1| 4|+
¢

5

£ 1 1 0 ‘|‘§
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The standard model fermions and the right-handed neutrinos have the Yukawa couplings,

_ _ - _ _ . 1, _ .
£ D ~Yalrddr — Yudrdur = Yelrder — YylLovr — 5fEVgVvR + He..

After the new Higgs singlet ¢ develops its vacuum expectation value to spontaneously
break the U(1),, gauge symmetry, we can obtain the type-I seesaw. This 1s the most
popular realization of the U(1),, gauge symmetry.

T Clearly, the Y’ charge is defined by

5
Y'=Y - (B-L).

T However, the standard model Higgs doublet definitely need not obey the relation Y’ =
Y — 2(B — L) since only the standard model quarks and leptons have a specific definition
of baryon and lepton number (Chen, PHG, "22.).
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Fermion & Higgs SU(3). | SU2), | U@)y | U@)y,
U
L
dg 3 1 _% _%
YR 3 1 +3 +3
| YL 1 3
[, = [ . ] 1 2 -5 +3
L
en 1 1 ~1 +1
5
UR 1 1 O +Z
_ [ et 1
é [ o 1 1 +1 0
¢ 1 1 0 +3
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Do not assign any Y’ charges to the standard model Higgs doublet.

Not only the right-handed neutrinos but also the standard model fermions can not have
the dimension-4 Yukawa couplings at all.

The fermion doublets and singlets can construct the following dimension-5 operators
with the standard model Higgs doublet and the new Higgs singlet (Chen, PHG, *22.),

Cq — Cu - 7 * Ce_ cl/_ 7 *
L D —A—iqmd}zs - A—quqbuRs - A—echbeRs — A—Vquvas + He..

The famous Weinberg dimension-5 operator for generating the Majorana neutrino masses
should be absent from the present effective theory,

Jo_ cl 2
v 136715 +He. = m, =22

L —
z 2N, 2N
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When the new and electroweak symmetries are broken spontaneously, the Higgs singlet
¢ and the Higgs doublet ¢ can be expressed by

= L(utn), o= 1|
V2 YT T2 ety |

The fermions then can acquire their Dirac masses,

m, = ,
2N,

m, = , m, =

Once the new vacuum expectation value v, 1s fixed, the hierarchy among the above

fermion masses can be elegantly understood by choosing either large cutoff A or

d,u,e,v

small couplings ¢ ,, . -
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Fermion singlets SU(3), | SU2), | U@)y, | UQ),,
Dy g 3 1 _% _%
UL r 3 1 +% _%
E, p 1 1 ~1 +3
N, n 1 1 0 +3

L D ~ypq,¢Dp— fpDrdr§ — MpD; Dy
—yyardUp — fuUpupe™ — MyU, Up
~ypl9ER — frEreré — MpE Ey
—ynl dNp — fNNpvp€™ — MyN, Ny + He..

1 The electric neutral fermion singlets N, , are forbidden to have any Majorana masses
because of their Y’ charge. This 1s different from the left-right symmetric models.
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If the vector-like fermion singlets are heavy enough, they can be integrated out and then
can mediate the dimension-5 operators,

1 1 ~ 1 _
L D (yDM—fD) qrpdré + (yUM—fU) qrPuré” + (yEM—fE) lpers
E

D U

1 - -
+ <yNM—NfN> lovRp€™ + He. .

Accordingly, the dimension-4 Yukawa couplings are determined by

v ’Ug ’Ug ’U§

yd:_yD—gAfDa Yu — Yy = fU) Ye — —YE = fEa Yy — —Yn =
V2M,, V2M,, V2M,, V2M,,

In-

These Yukawa couplings can be suppressed either by the products of two Yukawa cou-
plings or by the ratio between vacuum expectation value and mass. As a result, the
Yukawa coupling parameters can have “more natural” values compared to their values
in the standard model. This 1s most noticeable for the Dirac neutrinos, whereas due to

seesaw property, which have y, ~ 107'* we need y ~ fy ~ 107° for My ~ v,.
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Scalar doublets SU(@3). | SU(2), U(1), U(1)y,

o
n = 1 2 +

770

N[
_I_
N[+

L D —an*n - MnﬁﬁTﬁb — faGrndg — fu@riiug — flineg — f I fivg + Hee..

1 1 ~ 1 —
L D (fdﬁgﬂn) anbng + (fuﬁg“n) q_L¢uR£* + <feﬁ:un> qubeRg

n

1 - -
+ (fyﬁ,un> lLQbI/Rg* —I— H.c..
n

v v v v
Yd fd\/iMT%:una Yu fu\/iﬂglun7 Ye fe\/iﬂglun7 Yy fy\/in/\rglun
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It 1s straightforward to see

yd:yu:ye:yyzfd:fu:fe:fy'

This means we should take f, < f, . form, <m, ..

This definitely 1s not a natural explanation for the large hierarchy between the charged
fermions and the neutral neutrinos.

The heavy scalar doublets can not help us to realize a universal seesaw.
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Fermion doublets SU(3). SU(2), U(1)y U(1)y.
-
Q 3
2, = by 3 2 +% _%
Q 3
L. L =
S
Q3 : . 1 3
$2p = Q]E% = im,S2] 3 2 +5 T2
L R —
S
WS
V= by 3 2 +% +%
v, 2
N L -
\V;a - yte 1 1
Vi = T | =RV 3 2 +5 +3
w2
[ =9 | ) )
= 1 2 ~2 +z
50 1
S, = Zlf_: = ir, ¥ 1 2 -1 +3
[ A9 ] 1 5
A% ¢ 1 5
A, = Ag = iT, A 1 2 —5 +3
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L D —yYoq Q¢ — foQr¢dr — Mo,y
—yy @ WRrE" — fyu WV dur — MW, Wy
—yzl_LZRﬁ - fziL¢€R - MZiLZR

—yAl_LARf* - fAALal/R — MAALAR + H.c..

1
Mw

~ 1 _
fxu) Q_L¢UR§* + (yzA—fz) lpoerg

1
L D (yQM—fQ) qrPdr§ + (y\u T
>

Q

1 — -~
+ (yAM—AfA> lpovR€” + He..

() U v U
Yg = —Yq S Yy = —yw—if\u, Yo = —yz—gAfz7 Y, = —Ya =
V2M,, V2M,, V2 My V2M 5

fa -
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We should keep in mind that the universal seesaw probably is not suitable for the top
quark. This 1s because the seesaw condition would result in a too small mass to the
top quark, i.e. My > y,v,/v2, fyv./v/2 in the heavy fermion singlet case and M, >
fuvs/V2 yyve/v/2 in the heavy fermion doublet case.

We could consider a weaker seesaw condition for the top quark, i.e. My ~ fyv./vV2 >
yU%/\/i and M, ~ vag/\/i > va(/)/\/i.

In this case, while the up component «,, of the left-handed doublet ¢, , rather than the
left-handed singlets U, ; dominates the standard model left-handed top quark ¢;, the two
right-handed singlets w5, and Uy, have a sizable mixing and then one of their two linear
combinations become the standard model right-handed top quark ¢5. Such arrangement
should be acceptable as long as the fermion singlet U, is heavy enough to suppress its
correction to the CKM matrix.

Similarly, the up components \I/};§ and w5 of the left-handed doublets W, ; and g, , have
a sizable mixing to form the standard model left-handed top quark ¢;.
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The heavy vector-like fermion singlets have two decay modes,

N, = l;+¢, N,>vp+&°.

TN o L) - TN I+ 6 _ TONE 5 v 6 — TN, > vy + €
N, T =
Z er I_]\/'Z

£0.

My, = TWN; =+ ) +TWN; g +8) =Ty =1L +¢7) + TNy = v +6).
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1 t i ’05” s Yy
NS 327 [2 (yNyN)u' T (foN)u'] My, - My = ~UN In=Yngyg Ja

E_M@mwmxmu}MM
N, 477[ (yNyN> (fN )} — M}

A CRNOTNIN AR A AR A

27 [2 (szvyN> . (foN)n'] M
1 My [ (shm s} |
£
v 2m Vel [2 <ijyN>m + (foJE)M]

. MyIm [(ykm,/f}fv) ] 1 M, mmax . .
17 < 2 for MNZ‘<<MN]‘7MA]€.

27 427 v
20V \/2 (y}LvyN) i (fo;f) i S

|2

IN
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The heavy vector-like fermion doublets also have two decay modes,

A, =l +E, A, —vp+ 0T,

. . r(Ai—>lL—|—§)—|_(A§—>l%—|—§*)_r(A§—>V]C_-{—|—qb)—|_(Ai—>I/R—|—qb*)
A — =
Z N A,

Fa, = T =L, +O)+T(A;mvp+ ) =T (AT = 1L +&) +T(AT = v+ ¢).
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Mo = = [(yTy> —l—(f fT)}M R ey
A; T AIA ) AlA ) A, v NQMNN AQMAA

(1

B Im {Zj;éi [(ZJTA?JA)U (fAfTA)ﬂ] } MAZ-MAJ-
R (CON R VAN

17

im {2, [(vhow),, (#78), ]} o1y M A
T an [(vhva) + (rash) | Ma - (43 (52|

1 Madm[(vhmish) |
o Vel [(ykyA)g T <fAfTA)n}

2

o MaIm|(vhmo k) | g, mmar
LESRS : for MX, < MR , My, .

87 8r  wv.v
R CANCTANER

IA

Pei-Hong Gu Topics of Particle, Astro and Cosmo Frontiers, T D Lee Institute, June 02-04, 2023 34



After the heavy vector-like fermion singlets N, or the heavy vector-like fermion doublets
A, go out of equilibrium, their decays can generate a lepton number L, = L stored in
the left-handed lepton doublets I, and an opposite lepton number L,, = —L stored in the
right-handed neutrinos v,,.

When the heavy decaying particles have a hierarchical spectrum, i.e. M3, < M3, , M3
or MR < MZ_ , Mg, ,the decays of the lightest N, /A should dominate the final L, i.e.

neq
L = ¢ N/ B
- N]_/Al S T:TD °

Here the symbols n{ /a, and T}, respectively are the equilibrium number density and the

decoupled temperature of the heavy decaying fermions N, /A, while the character s 1s
the entropy density of the universe (e.g. Kolb, Turner, The Early Universe.).

The sphaleron processes eventually will partially transfer this lepton number to a baryon
asymmetry,

eq
28 28 N/ A,
B = _7_9L T _EENI/Al ( s > ‘T:Tl) )
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The right-handed neutrinos will affect the effective neutrino number which is stringently
constrained by the BBN (e.g. Kolb, Turner, The Early Universe.).

The right-handed neutrinos should decouple above the QCD scale and hence give a neg-
ligible contribution to the effective neutrino number (e.g. Kolb, Turner, The Early Universe.).

We need check the annihilations of the right-handed neutrinos into the other light species,

2825 gy, 2825 s
S=—F -
3 x 2127 M7, 3 X 287'("02

Ovp = Z o(vp+vp— f+f)=

f:d7u75767,u7VL

1
(s = Mandelstam variable, M2, = Zg%/ug )
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The interaction rate then should be (Giudice, Notari, Raidal, Riotto, Strumia, 03.)

T [ .3/2 V'S
r L 3274 fO S / Kl <T> JVRdS . 2825 T5

o 273 643 v_g' '
™

(K = Bessel function) .

Comparing the above interaction rate with the Hubble constant,

8n3g.(T)]7 T2
H(T) = [ 9. ( )] =
90 Pl
we can find
Cyy <H(T) |psgomey = Ve > 14TeV.
Here M., ~ 1.22 x 10'°GeV is the Planck mass and ¢,(7T) ~ 61.75 is the relativistic

Pl
degrees of freedom at 7' ~ 300 MeV (e.g. Kolb, Turner, The Early Universe.).
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‘Summaryl

e In the conventional seesaw models, the neutrinos should be the Majorana parti-
cles. These seesaw models can accommodate a lepton-number-violation leptogene-
sis mechanism to explain the matter-antimatter asymmetry in the present universe.

e Currently, no experimental results require the neutrinos to be the Majorana parti-
cles rather than the Dirac particles. On the theoretical hand, the Dirac neutrinos
can nicely acquire their tiny masses in some Dirac seesaw models where a lepton-
number-conservation neutrinogenesis mechanism is available to explain the cosmo-
logical matter-antimatter asymmetry.

e Under aU(1)y gauge symmetry, both the neutral neutrinos and the charged fermions
can obtain their Dirac masses through the seesaw mechanism. The heavy fermion
singlets or doublets for neutrino mass generation can allow a successful neutrino-
genesis to explain the matter-antimatter asymmetry in the universe.

Thank you very much for your attention!
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