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摘要

基本粒子是构成宇宙的基本要素, 不同的基本粒子, 即粒子的“味道”
以及它们之间的相互作用决定我们的宇宙的起源, 演化以及我们赖以
生存的宇宙的“味道”.  本演讲将从基本粒子和宇宙学的标准模型出发
, 展开一场色香味俱全物理寻根之旅, 着重味物理中包含夸克, 轻子,
中微子,希格斯以及传递相互作用的规范粒子, 特别是CP破缺, 新物理
寻找等面临的挑战,以及对近期突破的一些展望.

More details to come from later talks of this meeting 
味物理前沿研讨会暨味物理讲座100期特别活动

Workshop on Flavor Physics and the 100th Lecture on Flavor Physics

 



1. Flavor physics, what it is about and where are we

2. Flavor physics and CP violation

3. Flavor physics and new physics beyond SM

4. Flavor physcis and the origin of the Universe

5. Discussions
2



4

 1. Flavor Physics, what it is about and where are we?
        What are flavors? The usual fundamental particle physics view

Flavor of particles: The SM of Elementary Particles
Fundamental Interactions:
Electromagnetic Interaction, mediator: Photon γ
Weak Interaction,  mediators: W and Z bosons
Strong interaction, mediator: gluon g
Gravitational Interaction, mediator: Graviton G(?)
Particle mass generating mechanis: 
Higgs Mechanism (God particle reveals it); h

Quarks: The building block of Hadrons
u       c      t    (electric charge +2/3 e)   Quarks are elementary particles
d       s      b   (electric charge -1/3 e)     Three generations/families 
Leptons: Particles have no strong interaction
e      (electric charge  0  e)       Leptons are elementary particles
e       (electric charge -1  e)      Three generations/families              

34 mobel prizes!

 
        

22 1 1 . Status of H iggs boson physics

to the full mγγ distribution in each category. All categories are fitted simultaneously to
determine the signal yield at a particular mass. In the full dataset, the mγγ distribution
after combining all categories are shown for the ATLAS experiment in Fig. 11 .6 and
for the CMS experiment in Fig. 11 .7. ATLAS observes [119] its largest excess over
background at mH = 126.8GeV with a significance of 7.4σ compared with 4.3σ expected
for SM Higgs boson at that mass. CMS observes [120] its largest excess at mH =
125.4GeV with a significance of 3.2σ compared with 4.2σ expected for SM Higgs boson
of that mass.

The signal strength µ = (σ ·B)obs/(σ ·B)SM which is the observed product of the
Higgs boson production cross section (σ) and its branching ratio (B) in units of the
corresponding SM values, is 1.65+ 0.34

−0.30 for ATLAS and 0.78± 0.27 for CMS at mH = 125.5
and 125GeV respectively.
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F igure 1 1 .6: The combined invariant mass distribution of diphoton candidates
observed by ATLAS [119]. The residuals of the data with respect to the fitted
background are displayed in the lower panel.

I I I .1 .2. H → Z Z (∗) → + − + −, ( , = e, µ )

In the H → ZZ (∗) → + − + − channel a search is performed for a narrow mass
peak over a small continuous background dominated by non-resonant ZZ (∗) production
from qq annihilation and gg fusion processes. The contribution and the shape of this
background is taken from simulated events. The subdominant and reducible backgrounds
stem from Z + b̄b, tt and Z + jets events. Their contribution is suppressed by requirements
on lepton isolation and lepton impact parameter and their yield is estimated from control
samples in data.

To help distinguish the Higgs signal from the dominant non-resonant ZZ (∗)

background, CMS uses a matrix element likelihood approach [2] to construct a kinematic

A ugust 21 , 201 4 1 3:1 8



Parity violation, a coner stone of SM: 70 years of pairty violation, 1956, Lee and Yang.

Can one negeclects gravitation interaction when studying particle interactions?
The coulomb force between two protons: Fc= e2/r2, 
And Gravitational force: Fg=-Gm2/r2                     |Fg|/|Fc| = 7x10-38 

Gravitational force is much weaker than electromagnetism!

But when study cosmology, gravitational force always add up, but electromagnetism can cancel between 
positively and negatively charged particles! At large scale and electromagnetically neutral system, like our 
universe, gravitational effects dominate!

This is a model for flavor for the known basics building blocks of our Universe!
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The SM of strong and electroweak interactions
SU(3) x SU(2) x U(1) gauge theory for strong and electroweak interaction
Glashow, Weinberg and Salam
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The number of genrations

In the SM, only 3 generations of quarks and leptons are allowed.

gg -> Higgs ~ (number of heavy quarks)2, if fourth generation 
exist, their mass should be large, 9 times bigger production of 
Higgs. LHC data ruled out more than 3 generations of quarks.

LEP already ruled out more than 3 neutrinos with mass less than mZ/2.

Cosmology and astrophysics, number of light neutrinos also less than 4.

SM, triangle anomaly cancellation: equal number of quarks and leptons!

There are only three generations of sequential quarks and leptons!

Why 3 generations? How do they mix with each other?
Beyond SM, conclusions may change, X-G He and G. Valencia, PPLB707 (2012) 6

Dark matter  cannot  be the 
par t icle  in the standard 
model, which has to be:

Dark Matter : 26.8%

Massive

W IMP

Non baryonic

No charge (electric or color)

Stable (τ > 1026 s, τuniverse ~ 1017 s)

Ax ion

Ster ile neutr ino

. . . . . .



QCD and hadron physcis

QCD and hadron physcis is going strong. αs 
running established and measured to good 
precision!

Lattice started doing real physics, hadron 
spectroscopy, even parton distribution!

A lof XYZ particles discovered,  tightly bound 
or molecular states? gluball to be discovered 
soon?

Yet, QCD confiment direct understanding a 
question STCF needed to provide more data 
to answer many related questions!



Weak Interactions
Parameters in the standard model with 3 generations
Gauge boson couplings and masses: g1=g’, g2=g, g3=gs, m, mW, mZ

Fermion Masses: me, m, m, me, m, m

                         mu, md, mc, ms, mt, mb

Higgs boson mass and couplings: mh or mi/v to ith fermion

(Weak mixing angle W: tanW = g2/g1, e =g2 sinW)

em = e2/4, 2=g2
2/4, 3=s==gs

2/4GF = g2
2/(4     mW

2)

Mixing: quark mixing (3 mixing angles + 1 Dirac-phase)
           Neutrino mixing (3 mixing angles +1 Dirac-phase + 2 Majorana-phases)

1 possible strong CP violating parameter 

Total independent model parameters: 18 +1 without neutrino masses.
                   Another 9 if include neutrino masses at low energies or more. 
(3 gauge couplings + 1 W or Z mass + 1 Higgs coupling or Higgs mass + (6 quark + 3 charged lepton masses) 
+ 3 quark mixing angle + 1 Dirac-phase, 1 strong phase,     and 3+6 neutrino masses, mixing angles and phases)

In the SM flavor physics has a lot to do with these free parameters f
8



What do we know about the SM parameters? 
                                             Many are well measured

em=1/137.035999084(21)  sin2W=0.23121(4)  3=0.1179(9) (GF = 1.1663788(6)x10-5 GeV-2)
mZ=91.1876(21) GeV  mh=125.25(0.17) GeV mW=80.357(6) GeV

Charged lepton masses: 
me=0.51099895000(15) MeV   m=105.6583755(23) MeV  m= 1776.86(12) MeV
Quark masses: 
light flavor: mu =1.16(+0.49, -0.26) MeV md=4.67(+0.48, -0.17) MeV, 
ms=93.4(+8.6, -3.4) MeV, 
Heavy flavor: mc=1.27(0.02) GeV, mb=4.18(+0.03,-0.02) GeV, 
mt= 172.69(0.30) GeV

Strong CP violating phase  < 10-9

What about quark and neutrino mixing angles 
and CP violating phases, and neutrino masses? 

9

Higgs sector, all data with agree SM 
Higgs. No nned of more Higgs!



10

Quark and Lepton mixing patterns 
The mis-match of weak and mass eigen-state bases lead quark and    
lepton mix within generations.                      
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Status of Quark and Lepton Mixing 
   Quark Mixing                                            Neutrino Mixing

Why they mix the pattern shown above? 



Neutrino Physics
New exciting data from Juno, last Nov. the most preciese data for θ12

arXiv: 511.14593  Already 43 citations: 

Popular model in early 2000, 
ruled out by Dayabay Data

Simple and popular candidate, 
now 3.6 tension with data

Compatible with data!

Compatible with 
inverted hierarchy. 
Good by neutrino-
less double beta 
decay measurement!

Theory? Later

Juno finally mission: neutrino 
mass hirarchies: NH or IH
another ~ 5 years!?

DUNE and hyperK: CP violation. Another N ~ 8 years1?

Absolute neutrino mass Katrine and cosmology

Neutrinoless double beta decays: PandaX XT, CDEX....  
A long time to wait!!



Theory efforts to reduce model parameters
SM has many free parameters. Possible to reduce them?
Extensions of SM usually introduce more paramters in the model!
SUSY, Multi-Higgs, New symmetries, usually, introduce more parameters
(some of them may reduce the parameter in certain sectors)...

Unification is one wayto try: Unify forces - reduce gauge couplings, Unify 
representation - reduce Yukawa coupling, relate masses of particles and etc...
Have more particles with higher masses scale than electroweak scale... but a progress 
for us looking at electroweak scale physics.

Examples: SO(10)

13

Gauge boson in 45 representation, Fermions in 16,
Higgs fields 10 and 120, anti-126, 210…

16 =>             +                 + 



Model has only 11 real parameters plus 7 phases

Babu, Mohapatra (1993)
Fukuyama, Okada (2002)
Bajc, Melfo, Senjanovic, Vissani (2004)
Fukuyama, Ilakovac, Kikuchi, Meljanac, 
Okada (2004)
Aulakh et al (2004)

Bertolini, Frigerio, Malinsky (2004)
Babu, Macesanu (2005)
Bertolini, Malinsky, Schwetz (2006)
Dutta, Mimura, Mohapatra (2007)
Bajc, Dorsner, Nemevsek  (2009)
Jushipura, Patel (2011).             

SO(10) Predictions

Minimal SO(10) Model without 120 

Good prediction for  
Away from Tobe tested!!



Flavor of our Universe: The SM of Cosmology 

In general relativity. Matter determines space-time:   ds2 = gμνdxμdxν 

(Minkovski spacetime: g00=1,gii = -1, others =0)

                             Einstein equation 

Gμν – space-time signature
Tμν – energy-momentum tensor of matter:
         radiation, matter, dark matter, dark energy, 
         and ...

At large scale of universe - gravity! Newton equation: F = -

9/23/2015 GPB circling earth - Spacetime - Wikipedia, the free encyclopedia

https://en.wikipedia.org/wiki/Spacetime#/media/File:GPB_circling_earth.jpg 1/2

 

 

 

More detailsArtist concept of Gravity Probe B orbiting the Earth to measure space-time, a four-dimensional description of the universe including height, width,
length, and time.

NASA - http://www.nasa.gov/mission_pages/gpb/gpb_012.html

Homogenous and isotropic accelerately 
expanding Universe at large scales



Flavor of our Universe

There are more flavors than fundamental 
particles we know from laboratory in our 
Universe, the dark matter and dark energy!

Dark matter and dark energy all gravitationaly felt, not direct detection yet!  
These and elecmentary particles all affect the evolution of our Universe. 
Cannot be separated!

Why our Universe has more matter than ani-matter?
The baryon number asymmetry problem!



2. Flavor physics and CP violation
 
Flavors: describe several copies of the same gauge representations
light flavors u, d, s and heavy flavors, c, b, t
Flavor physics: the study of interactions that govern flavors. 
Electromagnetic interaction light, g-2 and flavor diagonal ...
Strong interaction gorverns hadron physics, color confinement 
- key to spectroscopy...
Weak interaction one type of flavor change to another type 

CP symmetry: C-charge conjugation and P-space parity.  
Last year 60 years of CPV! (Cronin and Fitch)
This year 70 years of parity violation (TD Lee and CN Yang)
Strong and electromagnetism interactions respect these symmetries.
Weak interaction violates (breaks) these symmetries.
The mis-match of weak and mass eigen-state bases lead to generation mixing and CP violation
(Kobayshi and Maskawa).

) 4
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Status of Quark and Lepton Mixing 
   Quark Mixing                                            Neutrino Mixing

Why they mix the pattern shown above? 



A large number of CP violating observables measured
Besides the original K-antiK mixing, varification of unitarity triangle



Some interesting results

SU(3) symmetry predicts

In SU(3) limit, rc =1.         Data gives: rc=1.26+-0.18
SU(3) is a good approximate symmetry. Deshpande and He, PRL75(1995)1703; He, 
EPJC9(1999)443; He, Li, Lin, JHEP08(2013)065.

Cf type: D K+K-

LHCb measurement. Unexpected large!!  Short distance contributions are small
Long distance strong interaction effects important at Charm scale.
SM ~ 2*10-4  need new physics (Chala, Lenz, Rusov, Scholtz, JHEP07(2019) 161)
Global fit for D -> PP decays, can accommodate 
C.W. Chiang and H.Y. Cheng, PRD86(2012) 034036; HN Li, CD Lu, FS Yu, PRD86 (2012)036012.

Cannot be sure if SM is in conflict with data. Room for new physics.



The first CPV in baryon decay 
congratulations to LHCb team!

LHCb paper has 58 citations so far! 
Theoretical understanding: difficulty, multi hadron final states!
Can be partially tested by flavor SU(3) symmetry!

How to obtain information from the 
above? Again flavor SU(3) symmetry 
comes to help:e-Print: 2511.06008 



CPV in other baryon systems: Charmed and Hyperon baryons
CP violation in charmed baryons have not discovered. Surprises as what 
happen in CP violation charmed messon decay? May be!

Deacay amplitudes can be completely determined by data
Also JHEP 09(2025)193

CPV can be as large as a few times 10-3 !!!
Using data, tree and penguin contributions can be separated!
Deconding the amplitude pair with distinctive CPV phases in 
charmed baryon decays, arXiv: 2601.08502



CPV in hyperon decays       a long history! Great Job done at BESIII

A=A + AHyperCP (Femilab E871): 

23

Recent measurement from BESIII 
(Nature 606(2022)64)

So far not CP violation effects have been established in baryon decay! 
STCF is our hope
Similar ideas can be used for c- and b-baryon decays.



The EDM of a fundamental particle

24

Neutron |Dn| < 1.8 x10-26 ecm,     
electron |De| <1.1 x10-29 ecm 
One of the best solution is the Axion model, in which θ is dynamically driven to zero! 



A new test of CP violation for Hyperon production
a

    X-G He, J-P Ma, B. Mckellar, PRD 47(1993) 1744; X-G He and J-P Ma, PLB839(2023)137834
        Yong Du, X-G He, J-P Ma, X-Y Du, PRD 110(2024)076019



Electric ipole moment contribution to HT

HT is flavor conserving CP violating. It is extremely small in the SM.
Beyond SM, it may be large. Consider now Λ edm contribution.

Exchange a photon:  HT ->
Lambda |dΛ| < 1.5 x 10-16 ecm,    Existing bound 

BESIII arXiv: 2506.19180 Xuelei Sun et al, arXiv: 2411.19469
HB Li group



Perturbative QCD calculation for EDM with non-zero q2

KB Chen, XG He, JP Ma, XB Tong, PRL (2026), arXiv: 2509.22087

When q2 not zero, experimental constraints are much stronger by 
a few order of magnitudes!



Tauon edm measurement at e+e- -> τ+ τ -
XG He, CW Liu, LP Ma and ZY Zou, JHEP 04 (2025) 001; XR Zhou group.

Use similar method replacing J/psi -> hyperon pairs by psi(2S) -> τ+ τ 
-, or just e+e- -> γ* -> τ+ τ -
STCF can reach a better resoltuion than 
current best bounds.
Bell II can also use Upsilon(4S) to do similar things

τ(k) -> π(l) + v, ρ(l) + v

current bounds from BELLE II



Theoretical model study for tau EDM

ZL Huang, XY Du, XG He, CW Liu, ZY Zou, arXiv:2510.23348

A light ALP example:



3. Flavor physics and new physics beyond SM 

Anomalies

CKM unitarity anomaly?                                

|Vub|2 ~ 10-5 negligible, so usually study 
= |Vud|2+|Vus|2-1

Zoom in superallowed 0+ -> 0+ nuclei transition 
and K ->  l show about 3 level deviation

aeXiv:2208.11707
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The RK(*) anomalies
Deviation used to be about 4

LHCb last year Christmas gift, e-Print: 2212.09153 [hep-ex] Now 1 



The RD(*) anomalies lowered to 3

A lot of BSM studies, Higgs. Z’, leptoquark...



W mass anomaly

Muon ahas also been measured to high precision.

BNL experiment (1997 – 2001) final result
for a = a(exp) – a(SM) at 2.7 larger than zero.

FNL experiment first result announce in April, 2021, confirm 
BNL result but with a high confidence level at 3.3

Combining BNL and FNL results, a =251(59)x10-11 . 
The deviation away from SM was at 4.2level!   IN2021!

Recent Lattice calculation indicate the deviation is only
at one level.  
Fermilab final data: 

A lot of efforts have been made to explain this anomaly 
Z’, leptoquark, higgs….  

33

Muon g-2



CP violation anomaly in 

SM prediction is as follow due to neutrak Kaon mixing 

 Experimental measurement differnt by a sign! 

Difficult to produce such a large CP violation even with new physics BSM

Need careful experimental checking!



Flavor violation in leptonic processes

       M. Blennow et al., arXiv:2306.010040

No flavor violation observed invovle

charged leptons, nor CP violation.



What  Anomalies tell us?

Unitarity, B decays and muon g-2 that are different from SM predictions and 
therefore not satisfactory.

These anomalies might be some hints of something more that just SM.

Will these anomalies stand with time??? Some of them already went away!
More Data!!!

36

–Cambridge Dictionary



The need of new physics beyond SM

37

How good SM is? Is there indications that is may not be the complete theory 
addressing all problems facing particle physics? 

Yes, there are many hints. Some of the prominent phenomenological ones are:

The neutrino mass problem. 

To give a mass to a fermion in the SM, one needs to pair up a left and right 
handed partners, example up, down quarks and charged leptons

In the minimal SM, there is not right handed neutrinos in model available, 
therefore need to introduce them.

Need to introduces R in the model. Then one has 

Then m = Y v/sqrt[2]!    Problem: m/me = Y/Ye < 10-6  
Why such a small number?



Seesaw models

 And models of generating neutrino masses at loop levels.

If only confined to leptons, flavor physics and CP violation will be affected in the 
lepton sector.

Cosmological evidences:  Dark matter, Dark energy 
and Baryon Asymmetry

But what are the specific new physics, not clear!!! A lot to do!
new Higgs, axion, new gauge boson, new fermions, new CPV source, neutral flavor 
changing current??

38

SNe Ia

LSS

CMB

Concordance region:

Cosmological scale Galaxy cluster scale Galactic scaleObservations 
support Dark 
Matter at

☞

☝



Neutrino Physics
New exciting data from Juno, last Nov. the most preciese data for θ12

arXiv: 511.14593  Already 43 citations: 

Popular model in early 2000, 
ruled out by Dayabay Data

Simple and popular candidate, 
now 3.6 tension with data

Compatible with data!

Compatible with 
inverted hierarchy. 
Good by neutrino-
less double beta 
decay measurement!

Theory? Later

Juno finally mission: neutrino 
mass hirarchies: NH or IH
another ~ 5 years!?

DUNE and hyperK: CP violation. Another N ~ 8 years1?

Absolute neutrino mass Katrine and cosmology

Neutrinoless double beta decays: PandaX XT, CDEX....  
A long time to wait!!



What are the links for flavor of the Universe

 and the origin of the universe?

Why more  matter than anti-matter in our Universe?

SNe Ia

LSS

CMB

Concordance region:

Cosmological scale Galaxy cluster scale Galactic scaleObservations 
support Dark 
Matter at

☞

☝



The thermal history of the Universe
In early universe, all energy forms existed in form of elementary particles, or …. 
Temperature is high and were in thermal equilibrium criteria for thermal equilibrium.

???Planck mass  T ~ 1019GeV -> Inflation

Big Bang ~ T> 1016 GeV
(Not in thermal equillibrium by SM for particle physics)

Grand Unification ~ 1016 GeV

EW symmetry breaking 300GeV
Color confinement ~300 MeV
BBN ~ 1 MeV,      CMB ~0.3 eV

Large structure formation
...
Today ~2.7K        Our universe is 14 billoian years old (brong big-bang)

*

4. Flavor Physcis and the Origin of the Universe

Particle Flavors deeply related to the  Origin and the evulation of the Universe



Cosmology becomes a precision science, started from CMB.
At z = 1100, the universe became transparent to photons, 
isotropically come to us, now temparature about 2.7 K.

CMB, BBN and CvB

Universe is a homogeneous and Isotropic one
Location of the first pick determines Ω0 =1, 
5% energy budge from ordinary matter, many more ...

What consists the other 95% energy budget of our universe?

Cosmic Microwave Background (CMB)     
very cold (-270.275 C, 2.725 K) and nearly uniform relic 
radiation left over from the hot big bang 

1992 2003 2013

1965

Physics Nobel Prize 1978

Physics Nobel Prize 2006



Earliest direct observational flavor effects for our Universe 

Dark matter  cannot be the 
par t icle in the standard 
model, which has to be:

Dark Matter : 26.8%

Massive

W IMP

Non baryonic

No charge (electric or color)

Stable (τ > 1026 s, τuniverse ~ 1017 s)

Axion
Sterile neutrino
. . . . . .

*



Relic neutrino density: 

Neutrino back ground temperature:  Tѵ/TϪ = (4/11)1/3 = 1.95 K

           nϪ = 440/cm3,  nѵ = 339/cm3

Energy density from neutrinos:

Cosmic neutrino background, yet to be directly observed!

Combined with oscillation 
data, individual neutrino 
mass can be determined!

Conflict? 



*

COMA cluster

Zwicky (1933) used the radial velocity dispersion 
in the Coma cluster to conclude that the mass of 
luminous matter ~ 10% Gravitational mass .

• Evidences Dark Matter 

Cluster would be unstable if there  
were only luminous matters

The need of dark matter

Spiral galaxy

Gravitational Lensing

Also from large structure formation! Need dark matter to have the correct cluster 
structure!  Only 27% of the energy budget of the Universe is enough! 
Enlarge the flavor content of our universe? But what is it???



Dark matter candidate particles

Weakly interacting massive particle (WIMP)
for example: Scalar, fermion, vector, SUSY particles, Axion, Sterile neutrino …
ave like: fuzz dark matter, light axion...

No clue! Many ways to detect it, collisions, cavities, 
Migdal effects? Key to detect something! Not just limits!!

Dark matter portal mechanisms:
Higgs portal, Nuetrino portal, dark photon portal…

*



Rare flavor decays and dark matter
Recent BELLE-II and NA62 results The SM predictions

There is an excess for B to K vv
There is  the 
window for something new !

DM couplings to SM are flavor dependent
There is the window of a light dark 
matter for invisible decays!!!

It worked well!
But aken Migdal 
effect tinto account, 
problem!

He, Ma, Schmidt, Valencia, Volkas, JHEP 07 (2024)168; He, Ma, Tandean, Valencia, PRD112(2025)055025 



The Migdal effects

If there is only one type of flavor interaction, Migdal effect rule out the model!
But there are different quarks inside the nuclei, can cellation may happe, the model can work!

Further test of such models: Using another Nuclear target, such as CDEX 
data (68Ge...) carry out a similar ananlysis!!

The Migdal effects has been 
recently observed in ordinary 
nuclear interactions!



Dark Energy 
   
Accelerating expansion of the Universe

• The Accelerating Universe: Dark Energy

*

Cosmological constant or more dynamic changing equation of state parameter model? 
Recent data seem to indicate the later!!



What is a dark energy? 

A type of energy which causes our universe to expands with 
acceleration!
Crucially depends on equation oif state parameter ω= P/ρ

*



Will our local galaxy torn up by cosmological constant?

*

Please to report: No. We are safe. 
Our local galaxy density over comes cosmological constant torn. 



Flavor physics and our matter Universe

52

Dark matter  cannot be the 
par t icle in the standard 
model, which has to be:

Dark Matter : 26.8%

Massive

W IMP

Non baryonic

No charge (electric or color)

Stable (τ > 1026 s, τuniverse ~ 1017 s)

Axion
Sterile neutrino
. . . . . .

Cosmic Microwave Background (CMB)     
very cold (-270.275 C, 2.725 K) and nearly uniform relic 

radiation left over from the hot big bang 

1992 2003 2013

1965

Physics Nobel Prize 1978

Physics Nobel Prize 2006

Baryon Number B  Violation
C and CP Violation
Interactions Out Of Thermal 
Equilibrium

Sakharov Conditions (1967)



Leptogenesis
Fukugita and Yanagida, PLB174, 45(1986)

Translate lepton number asymmetry generated in the early universe 
to baryon number asymmetry!
Requires lepton asymmetry generated before Sphelaron effects to be 
in effective ( T ~ 1012 – a few TeV).   

Initial: aL(i)=a, aB(i)=0.
Sphelaron effect: Conserve B-L, but violates B+L
After: aL(f)+aB(f) = 0, aL(i) – aB(i) = aL(f) – aB(f)
aL(f) = a/2;  aB(f) = -a/2  
half of initial lepton asymmetry will be translated into baryon 
asymmetry if complete.

SM Sphelaron effect:  aB = - (28/79)aL     Generating a none-zero aL ?
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Standard Model Has All Ingradients, But Too Small
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Baryon number violation: Sphelaron effects-tunneling effects from different vacuum 
states with non-zero baryon number differences. Violated B+L, but conserves B-L.

C and CP violation: Electroweak interaction violates C, and phase in Kobayashi-
Maskawa mixing matrix violates CP.
Out of thermal equilibrium: Electroweak symmetry breaking
But, CP violation rate too small, out of thermal equilibrium too weak. Not enough to 
generate a large enough Baryon Asymmetry.
If Higgs mass is less than 70 GeV, second order phase transition at electroweak 
symmetry breaking, too weak. 
Too small.   Needs to go beyond SM!

New physics beyond SM needed: well related to flavor physcis
Having larger CP violating effects: from multi-Higgs model, left-right models..... 
experimentally well connected to EDM searches
Electroweak baryogenesis, Leptogenesis, Gut baryogenesis…. Which one?



Seesaw model plays the right role

The last term violates lepton number L by two units!
Out of thermal equilibrium decay, new CP violation in N -> L h()

N decays into L and anti-L differently
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MN and m masses are correlated to obtain the right number for ,
m of order 0.05 eV, MN ~ 1000 GeV.

Neutrino Seesaw model is a viable model for Baryon Asymmetry of our Universe 



Early leptogenesis concentrated on large heavy neutrino mass of order larger than 
109GeV.  Really need that high? How to probe it? 

Usually taken to be grand unification scale (SO(10) model requires so) Not possible to probe the heavy 
degrees of freedom directly.

Lower seesaw scale? mν ~ mτ
2/M, M~ 6x107 TeV; mν ~ me

2/M, M~ 5 TeV 
May be testable at colliders for heavy degrees of freedom!

Leptogenesis at TeV scale? Yes. Resonant leptogenesis (Pilaftsis and Underwood (2004)).  Degenerate 
heavy neutrino, large rate asymmetry  (Y. Georis, arXiv: 24-1.04840...)

Left 2 (3) heavy neutrinos blue (orange) curves (m0=0), right m0 = 0.1 eV.

2 heavy neutrinos are 
enough for leptogenesis
Frampto, Glashow and Yanagida

For Type III, there is an 
associated charged particle, 
a TeV mass, may be probed 
at colliders.

Occam Razor:  no need the 
3rd neutrino for leptogenesis, 
and make use of it to 
address some other 
problem-- plays the role of 
Dark Matter!



Flavor physics is a very lively field of research with a lot of new data 
coming from experiments.  Flavor physics  is deeply related to the 
origin of the Universe, and its evolution. 
 

SM is being tested to very good precisions in many ways, but in many 
cases experimental data precisions are better than theoretical ones, 
need more support for theoretical calculations and then allow theory 
to play the role of guiding!  g-2 of muon is an interesting example. 

New physcis is needed from laboratory and cosmological data. A lot 
of new ideas have been proposed. Need more data from laboratory 
and cosmological observations to lead the direction to narrow down 
possibilities! 

Thank you for your attentions
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5. Conclusions  A lot of opportunities in flavor physics


