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Particle Standard Model

SU(3) x SU(2) x U(1)
Yang-Mills gauge theory for strong and electroweak interaction
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osmology Standard Model

Big-Ban Model + Inflation
General relativity with a non-zero cosmological constant
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Matter- antiMatter Asymmetry

In our Universe, matter dominates over anti-matter

- Why this is so is the problem of Baryon Asymmetry of our Universe (BAU)

In cosmological terms, the problem is as follows
If initially, the universe is matter and anti-matter symmetric
ng/n, =ng)/n, ~ 1072

np(ng) - baryon (anti-baryon) number density, n., - photon number density

However observation, BBN and CMB, show that

Andrei Sakharov on =

n=(np—ng)/n, ~6x107" = -
. 10 . . . .issued on 14 May 1891 YPZZ

There is a 10*° order of magnitude difference. Sakharov Conditions (1967) -

Initially, there is a baryon asymmetry? Baryon Number B Violation C -

But inflation will dilute any asymmetry to zero. and CP Violation
Possible to generate a 1 which fits observtion Interactions Out Of Thermal o

from an, initially, matter anti-matter symmetry universe? Equilibrum = J

2 4 5 6 7 8910
Baryon-to-photon ratio 1) x 1010




Standard Model Has All Ingradients, But Too Small a ng

-7-

Baryon number violation: Sphaleron effects-tunneling effects from different vacuum

states with non-zero baryon number differences. % /VVV\

Violated B+L, but conserves B-L.

um to.
3 |aepossible, witha dun'uhﬂl du. three units

C and CP violation: Electroweak interaction violates C, and phase in Kobayashi-
Maskawa mixing matrix violates CP.

But, CP violation rate too small, out of thermal equilibrium too weak. Not enough to
generate a large enough Baryon Asymmetry.

ng~ 1020 Too small. Needs to go beyond SM!

New physics beyond SM needed! Many possibilities.... Which one?

This talk, a case study of leptogenesis - parameters detetrnined at low energy
7



Neutrino Mixing and Non-zero Neutrino Masses
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the probability amplitude of find v2(0) at time t is given by

< v2(0) |t () >= cosf sin 9(8_5’7”'%1‘/2‘&; — e_i’ng‘b/gﬂ)

which leads to the probability of finding w2 (0) is
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INTERFERENCE PATTERN OF WAVE PACKETS DETERMINES
PROBABILITY OF THE NEUTRINO FLAVOR

100% MUON 100% TAY | !
NEUTRINO NEUTRINO ;

0% TAU 0% MUON el -
NEUTRINO HEUTRINO i

ENERGY
TO MAKE TAU

Need mixing and non-zero mass to have oscillation!

Active neutrinos mix with each other and have non-zero masses!
Must go beyond SM to have neutrino masses!



How To Generate Masses For Neutrinos?

Neutrinos have small mass, they mix with each other

There may be additional light sterile neutrinos

Electrically neutral, has the possibility of being its own anti-particle,
Majorana particle. Dirac or Majorana particle?

To have Dirac mass, need to introduce right handed neutrinos vg: (1,1)(0)

Dirac neutrino mass term
L=—L,Y,Hvp+ HC ,— —bymyvg,— m, = Y,
m,, <0.3eV,— Y, /Y, <107° very much fine tuned!




Majorana Masses For Neutrinos?

Neutrino is its own anti-particle, particle and anti-particle to pair up for ma-~ *-:=
o AP g e

The Seesaw Mechanism L=, (Y,v/V2)vg + 05 Mgrg/2

D>
fy 1
T
L "
b

The Seesaw mechanism refers to the neutrino mass matrix of the form

B 1 0 mp Iy,
L = _5(% h) ( mh, Mg ) ( VS, ) :

For one generation, if My >> mp, the eigenmasses are
m, & —mDMElmi,, my &~ Mp

A very nice way to explain why light neutrino masses are so much lighter than their
charged lepton partners.

(Minkowski (1977); Gell-Mann, Ramond, and Slansky (1979); Yanagida (1979); Glashow
(1980); Mohapatra and Sen ‘]d,n{mc(l%ﬂ))



Majorana Neutrinos and Seesaw Mechanism

Loop generation neutrino masses
H H
1 1 ]
£ 4 ¥ <dj> F
Type (LIII) seesaw : — e : Np:(1,1,0), N3:(1,3,0) " i Zee, 1980
Ny Ny 3 PASEN
/ \ h’ \H Slmplest model ruled out
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Provide understand why neutrino masses are small
but no information about mixing! May provide some
understadning of BAU because lepton number violation?



Seesaw and leptogenesis

Fukugita and Yanagida, PLB174, 45(1986) 12
Neutrino have Majorana mass, violate lepton number by two units!

Translate lepton number asymmetry generated to baryon number asymmetry!
Requires lepton asymmetry generated before Sphaleron effects to be in effective
(T~1012-a few TeV).

Initial: a(i)=a, ag(i)=0. "

Sphelaron effect: Conserve B-L, but violates B+L f’“‘__: é o /\/\/\/\

After: a (f)+as(f) = 0, a(i) - ag() = a(f) - as() .

a (f) = a/2; ag(f) = -a/2
half of initial lepton asymmetry will be translated into baryon asymmetry if complete.

SM Sphaleron effect: ag =- (28/79)a, Generating a none-zero a; ? 12



Seesaw model plays the right role

-13-
L = DL(Y,/’U/\/i)VR —+ p]C%MRI/R/Q

The last term violates lepton number L by two units!

Out of thermal equilibrium decay, new CP violation in N -> L h(¢)
In Mg diangonalized baisis, new CP sources in Y, I ( 2)

a4 N ——— Im{[Y, Y}
N decays into L and anti-L differently 8 [V, JL’@ Zj: U ] L

3

L, flz) =
Sphelaron effect translate lepton number to baryon number;
New CP violation sources in Yv and also MR;
Out of thermal equilibrium heavy netrino decay.

)-

Can explain Matter - antiMatter asymmetry, but not much predictions can be made!
Can predictive leptogenesis model work, all parameters determined at low energies?



Leptogenesis determined by Low Energy Physics

-14-

Mp and Mg arbitrary, now predictions can be made.
Efforts have been made The Seesaw Mechanism [, = 7, (Y, v/v/2)vg + 03 Mgvr/2

to make Mg to be
expressed in terms
of known low energy
parameters:

I\/Iu,d, e’ VKMa VPMNS

The S(?USH“’ mechanism refers to the neutrino mass matrix of the form

e 0 mp VL
L, = —i(I/Lﬁ”H«) ( mb, Mg ) ( Vg ) '

For one generation, if My >> mp, the eigenmasses are

m, & —rn,,)ﬂ[,}lrnlu, my ~ Mg R NNSSSe———

A very nice way to explain why light neutrino masses are so much lighter than their
charged lepton partners.

X-G He, S. Low and R Volkas, PRD 78 (2008) 113001

~ * ~—17771 2
Mp ~ Mg Upyins My, - Upying Md,u

]LIR 2 UCKM m, UCKM mq Mg ~ i, UE*)MNS m, UgMNS me



Example: A GUT model to realize: Mg ~ i, Upyins 725 " U vins Tu

PHYSICAL REVIEW D 78, 113001 (2008)
Determining the heavy seesaw neutrino mass matrix from low-energy parameters

Xiao-Gang He,"* Sandy S.C. Law,>" and Raymond R. Volkas>*
!Department of Physics, Center for Theoretical Sciences and LeCosPA Center, National Taiwan University, Taipei 10617, Taiwan,
Republic of China
2School of Physics, The University of Melbourne, Victoria 3010, Australia
(Received 13 October 2008; published 2 December 2008)

We explore how the seesaw sector in neutrino mass models may be constrained through symmetries to
be completely determined in terms of low-energy mass, mixing angle and CP-violating phase observables.

lc

Ug
u%{
. bra=| uf |~G-30);
A. Relating m?2 to i, via a flipped SU(5) model e,
We consider a flipped SU(5) group [14] augmented by —py
A, flavor symme 22,23]:
4 Y. tI'y [ ] 0 d;ec _JIZZC _ui _d},
— J3¢ lc — 2 —_ 2
G, = SUG5) ® U(1)y X Ay, @.1) w1 dif 0 df -~y —dp _
=gl & -df 0 v -d} |~(0Ddelel); g~(IUel'el’)
ul u u; 0 —
D SUB),®SUR), @ U)r ® U(l)y X Ay (4.2) d, & & v 0
%—J
Uy ha
haa
) = hf)d ~65-20)  Pleery~ (G -2Aelel”); AP ~(50,2)(1el' el
[©)]
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+ f()'(L)aﬁ(Xi)ya(‘I’Z‘mrmn))aeaﬁ“’S” YAleL(¢?3))eR — Yol ( (()3))141? + 7 (()3))VR)

= c a Y3 ,- -
+ YA4(XL)0:[3(XL))/§A AYS + H.c, e %(d;‘?di + deR)<¢’(()1$1191ﬁ))
- o . ’
(¢ = (53 = (U(3), V(3), U(3)) + Y/\4VRVR<A(1®1/$1H)> + H.c..

m: A1(éL<¢?3)))leR + M(EL(fb%)))yeﬁ + Ai’(éL(ﬁb?y,)))y'efa + H.c.;
my,: — Ayiig (¢ ?;))MR)l - A’ﬁﬂ(((ﬁ?;"))u;e)y - /\'zlﬁlL((fﬁ?;))uR)y' + Hec;

my: — A(F{dNi1vr — A (F{dE N1 vr — A (Fr{d3) 1 ve + He.



A

m, = mee; m, = MmuUw; m? = hUa)rh'u; 1 1 1
Mo, = diag(v3A1,v3) V3A| v, V3AT,ua). 3 (

D _ T A
vi =u,, Vi =v,e=1, Ve=-U, mb) = -V m,.

u

i, = V,m) Mg (my)"'Vy.

5 = Vv i MLV )TV
m, =V, V, m,Mpg (VeLm”) v Mg ~m U;MNSﬁl_IUItMNSﬁI
u v Wt

— 77t A -1 *
= Upyns™uMp " m,Upynss

Mg is completely determined by low energy physics inputs
m, and Mg are rank 3 matrices.



Sample solutions using most recent inputs for Model A

Normal Ordering (best fit) Inverted Ordering (Ax” = 5.9)
bfp +1o 3o range bfp +1o 3o range
= | sin® 012 03088155082 0.2893 — 0.3295 0:3088+9.5087 0.2893 — 0.3295
Z | 012/° 33.7615:42 32.54 — 35.03 33.7615:43 32.54 — 35.03
£ | sin® 023 0470007 0.435 — 0.584 0.55010:012 0.439 — 0.584
Z | 025/° 43.291996 11.27 — 49.86 47.901073 41.51 — 49.83
_; sin® 013 0.0224870 00055 0.02064 — 0.02418 | 0.0226270 00057 0.02093 — 0.02441
@ | /e 8621011 8.26 — 8.95 8.6510:11 8.32 — 8.99
2 | der/e 21228 125 — 365 274%22 203 — 335
2
= A’“::l - mom4-0.094 - 0an - Q0 - pam+0.004 - 0an - Q0¢
105 oV2 7.5377 010 7.236 — 7.823 7.53770:10 7.236 — 7.822
Am3, o £11+0.021 i e o 483 +0.020 Y
Tooovz | PROUILGL 42450 542576 | 248370050 2547 - —2.421

NO: MR, Mi (GeV)

mvl = 10_3

I0: MR, Mi (GeV)
mvl = 10_3

Quark masses at scale m,

mt =172.1

mc = 3.7%

b}

104 (-3) xmt;

mu=2.2%10" (-3) *mc;

No Majorana phase case

1.3345x10° + 456.629 i

eV

eV

-2.39867x10% - 3.39607x107 i

_2.39867x10% - 3.39607x10" i 4.84425x10%% +1.19671x10%% 1
8.95408 x 10'° - 9.74346x10° i

-1.68088 x10'% - 5.3156x 10 i

{498157., 1.44922x10"°, 7.45365x10"°}

-16946.3 - 6178.04 1
6.73963x10°%° - 9.95557x10" i
1.66143x10° - 2.43123%x10'% 1 5.24977x10"% + 2.33634x16° i

6.73963x10° - 9.95557 x 187 i
2.20666x10M +1.2827x107 i

{28349.9, 1.24781x10"%, 1.3237x10"°}

8.95408 x 10%° - 9.74346 x 10° i
~1.68088x10% _5.3156x 10 1
6.43154 x10%° - 1.29007 x10%° 1

1.66143x10% - 2.43123x10%1% i °
5.24977x 10" + 2.33634x10° i
1.32363x10%° +3.76133 %1011 i



Model A

Mp =~ By, Uppns My L U yng fiw. G1= SUGB) @ U(1)x x As

Model B G =Gg X Ay X Z3
= SU(S)g X SU(3)q ®SU(2)L & U(I)X X Ay X Zo "

Mg ~ mqUpyns ™, Upying M Zox

D(SUR)@U)7)®SUB),@SUR2)L@U(1)x x Ay X Z

Model C

MR = ﬁle U;MNS 'fﬁr;l UI.I:;MNS 'ﬁie G3 = SU(3)C X SU(Q)L & SU(Q)R X U(l)B_L X Aa



Model Predictions and Conclusions

. P o o
Seesaw Lagrangian —L£ 2 Ly o(Ye)a®PERa + hailp o ®Npg i + §N§1i(MR)I-jNR,j + h.c.

Lio = (I/Lja,eL,a)T are the lepton doublets, Er, = er represent the charged lepton

® = (¢F, ¢°)T, where ® = igy®*

@ the Higgs doublet. Rotated in the baisis where having vev alone ( => (v + q50 /\/2,
other components are much heavier). v = 242 GeV, h Yukawa coupling:

P _D .
In the basis, my = hv/v/2
(G _ 3 Tk i §(zji)
3= o T o o BB = s () 22
Uk MpUg = Mg = Diag(My, Mo, M3) o B s s En
D 5 ETETRN ) Rttt
m,, —m Ug.., h=hlpg.
= ]\/IJ-Q/ME, and the function &(x) is defined as
CP violating lepton number violation
is given by £(x) = j l(lﬂ)m(ll—m)_z—ﬂ |

lo— o2




Evolution of lepton number violation

Boltzmann Equation In the density matrix formalism, the B — L asymmetry is repre- S. Blanchet, P. Di Bari, D.A. Jones and L. Marzola, Leptogenesis with heavy neutrino flavours:

sented by a 3 x 3 matrix in the charged lepton mass basis. Its diagonal entries describe the from density matriz to Boltzmann equations, JCAP 01 (2013) 041 [11 19. 4528].

flavor asymmetries, while the off-diagonal entries encode flavor coherence. The abundance

of the heavy RH Majorana neutrinos N; satisfies the evolution equations [35]

dNy M; e
= M by (Ne - N9, (35) M; Kq[(M;/M L, s Mi
&= 3z, D) (N - ) Do) = Ko M5 K/MY) o Ly s (MY
‘ , My Ko[(M;/My) 2]’ 157\ g
with a dimensionless Nx = nxV, = nx /n (T > M;) denoting the number of X particles _
(with X = N;), or the amount of B—L charge asymmetry, in a co-moving volume V.. As a B = F1 + Fi ’ﬁ’Ll‘
convention, that volume is chosen such that it contains one ultra-relativistic RH neutrino in T = H (T = A 4’) . My ?

thermal equilibrium, meaning that Vcni?Z (T > M;) = 1, where nx is the number density.

The density matrix evolves as

Taking spectator and sphaleron

dNg?, 6 Mip oo ey LM oo e .
dz 1:1223{ a8 0, i(2) (NN, — N; 2M ()4 B1}oB effect Into aCCOunt,
1271;((32 e, e Np—rllog (3.6)

Final Baryon Asymmetry After solving the Boltzmann equations in Egs. (3.5) and
(3.6), the final B — L asymmetry is obtained from

NE_; =Te[Np_r(z)] , (3.12)

where the trace sums over the flavor components after the evolution. The corresponding

the baryon-to-photon ratio np is then related to N é_ ;. through the sphaleron process [14,
35, 48]

f

Np: . P
B = Gsph N— 208107 NS ¢ , (3.13)



Applied to our models

There are considerable information for quark and lepton masses and mixing,
taking them as known input numbers,

— . _ B 2 _ /2 2
c12C13 $12€13 s13€~cp 10 0 NO% My = Minghtest » mo = \/mi + Am3, , m3 = y/m{ + Amj; ,
UpmNs = 0 e 0
2 2
my = mg = 1/mj + |Am3,| .

00 &P

i, 1)
—512C23 — €12523513€"°CF C12C23 — 512523513€"°CF  S23C13

. = fiidh 2 2
idce iscp 1I0: m3 = Miightest ms + |Am%, | ,

—S12823 + C12C23513€ C12523 + S12C23513€ —C23C13

012 = 33.76°, 013 =8.62° (8.65°),  fa3 = 43.27° (48.15°)

Am3y gy = 2.521 (—2.500) x 107 eV? ,  Amg; = 7.537 x 107° eV?

I. Esteban, M.C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler, J.P. Pinheiro and
T. Schwetz, NuFit-6.0: updated global analysis of three-flavor neutrino oscillations, JHEP
12 (2024) 216 [2410.05380].

NuFit-6.1 (2025), www.nu-fit.org, .

Unknows are ligthest neutrino mass mjynst, CP violating Dira phase dcp and
the two Majorana phases a and 3.
Scan the parameter space to find ng around 6.8x10-10



Model A
=N —~ _]_ A~
Mp ~ m, Upyng M, Ul];MNS my,
Model B
i —~~ P _1 —~
Mp = Mq Upyins M, ' Upnins M

Model C

Mpg ~ me Upyins ™My, Upyving e

No solutions for both NO
and [O.

No solution for 10, Yes
for NO

No solution for 10, Yes
for NO



M 1 (GCV)
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Model B NO, m =i,
w/o spectator effect

o np<1x10710
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Model CNO, m;=im,
w/o spectator effect

e qp<1x1071°
emp=1x1071°

# ng € [5,7] x 10710

C i L |nl- C ul 1 13 ul
X = ; o e i : - .
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Model C NO, ﬁ1f=rl;le
w/ spectator effect
enp<1x10710
enp=1X 10710
~ng €[57] x 10710
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Model B NO, m =g
3x/2} 4 w/o spectator effect
N enp=1x1071°
s 7T | #np €[5,7]1x 10710
7T/2- _ s M =M,
" My~ M,
OL.
7r.., T T T T g
I J’ Y ] @@ b, W . |
PRI R T
TRy ey
Obu vvviw v v i i ) A
TF™ LN ALE LLLL B Lo T |{ﬁ T O ﬂl g
o
gj 4 - = 3 ‘é}
ﬁﬁl i g’? ool % ¥ &
- | 5 o R
% s B
Liaf ¥ & & ®
oL, g‘% P L :;\e, %&g
10‘4 10‘3 10‘2 10‘1 O 7r/2 T 371'/2 2r 0 /2 s
dcp a

Miightest (€V)

271". il ! R S A
Model B NO, ity =rng
3n/2}f 3 . w/ spectator effect
. £ e =1x10710
< ar & ) ang €[5,7] x 10710
2k A | s M =M,
/ fﬁ A s My~ M,
0 C 1l | aal =
ﬂ_ T T LL i = ) T T T 0
s nf2f 2 AR e
0 C IR ETTTT] "l ut 1 L 1 ol
TF T TR TP AT AL T qpF N =
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& s I
@ n/2F Y 12 As ; 1r B 1
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A 28 2
& 5 Y
0 2D o0 Py
104 102 102 100 /2 x 3n/2 2x0 /2 m
Mlightest eV) dcp *
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Model C NO, myg=m,
3x/2F o . w/o spectator effect
6 i o i '”BZIXIO_IO
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Benchmark solutions

Para. B, BP1 B, BP2 C, BP1 C, BP2
Mlightest 0.001557 0.002369 0.005583 0.009959
Scp 6.15933 1.34165 4.77529 3.91064
a 1.66069 1.63764 2.05725 2.03482
B 1.43194 1.47476 0.80768 1.01377
M, 2.4181127x10°% | 2.1204273x107 @ 6.4710113x10% | 4.5254428x10%
M, 4.9651357x10° | 2.1204309%x107 | 7.5011335x10° | 5.8975143x10°
My 4.9655608x10° | 8.5369030% 100 | 7.5012545x10° | 5.8976828 x 10?
nast | 5.8779x10710 | 6.1009x1071° | 6.0628x10710 | 5.9482x10~1°
pinite | 6.0760x1071° | 6.1032x1071% | 6.6893x10710 | 6.5820x 1010
Anp +3.37% +0.04% +10.33%

+10.66%



Evolution of the heavy RH neutrino
abundances Ni (left panels) and
flavored B — L asymmetries Na
together with the total asymmetry
Ntot (right panels) for the four

benchmark points.
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Preditions for neutrinoless double beta deays
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certain cases can be probed by next generation experiments with sub-10 meV sensitivity,
such as LEGEND-1000, nEXO, JUNO 50 tons, and CUPID-1T. This framework therefore
provides clear targets for future searches.
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Leptogenesis May Be Determined By Low Energy Parameters

with lighest neutrino mass fixed
testable consequences in neutrinoless double beta decay



