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

What are flavors? The usual fundamental particle physics view
or of particles: The SM of Elementary Particles

Fundamental Interactions:

Electromagnetic Interaction, mediator: Photon y E
Weak Interaction, mediators: W and Z bosons

Strong interaction, mediator: gluon g

E

B s BB

Gravitational Interaction, mediator: Graviton G(?) ,
Particle mass generating mechanis: E
Higgs Mechanism (God particle reveals it); h ﬁ .

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

V, v, Vv, (electriccharge 0 ¢)  Leptons are elementary particles
e u T  (electric charge -1 €)  Three generations/families

34 mobel prizes!




The|SM of strong and electroweak interactions
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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=-Gm?/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 @ model for flavor for the known basics building blocks of our Universe!



Theg number of genrations

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

ffffffff

exist, their mass should be large, 9 times bigger production of
Higgs. LHC data ruled out more than 3 generations of quarks.

gg -> Higgs ~ (number of heavy quarks)?, if fourth generation ::j

LEP already ruled out more than 3 neutrinos with mass less than m,/2. ““<

Cosmology and astrophysics, number of light neutrinos also less than 4 i{f o

"
;

SM, triangle anomaly cancellation: equal nhumber of quarks and leptons! "i

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



ch and hadron physcis
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Wekk Interactions

eters in the standard model with 3 generations
oson couplings and masses: g;=9’, g>-4, 93=9s, M,, My, My

G

Fermion Masses: mg, m,, m, m,, m,, m,,
My, Mg, M, Mg, M, My

Higgs boson mass and couplings: m;, or A, m;/v to ith fermion
(Weak mixing angle 6: tanby, = g,/d;, € =g, sinBy,
Qem = €2/4M, 0,=0,%/4m, a3=as,-=02/4n; Gr = g2%/(\/2 my?)

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

) o ﬁv,ul/a
1672 H*

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)
8

1 possible strong CP violating parameter 6 : L =20



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

Qem= 7.035999084(21) sin26,,=0.23121(4) a3=0.1179(9) (G = 1.1663788(6)x10-> GeV-2)
m,=91.1876(21) GeV m,=125.25(0.17) GeV m=80.357(6) GeV

Charged lepton masses:

m.=0.51099895000(15) MeV m, ,=105.6583755(23) MeV m.= 1776.86(12) MeV
Quark masses:

light flavor: m, =1.16(+0.49, -0.26) MeV my=4.67(+0.48, -0.17) MeV,

m,=93.4(+8.6, -3.4) MeV, T Fremm ‘sa-ﬁffl_
Heavy flavor: m=1.27(0.02) GeV, m,=4.18(+0.03,-0.02) Gev, £ P
me= 172.69(0.30) GeV €le y
Higgs sector, all data with agree SM """ .+
Higgs. No nned of more Higgs! T | oot
Strong CP violating phase 8 < 109 104_"" ‘ '-f---lsmggmsonl _
What about quark and neutrino mixing angles g iE} +fﬂf

and CP violating phases, and neutrino masses? w1 10 1

Particle mass (GeV)

9



Quark and Lepton mixing patterns

mis-match of weak and mass eigen-state bases lead quark and
lepton mix within generations. i o on
Quark mixing  the Cabibbo wKoha,}?aﬁhiwl\-'Iaskawa (CKM) matrix Ve, :

lepton mixing  the Pontecorvo -Maki-Nakawaga-Sakata (PMNS) matrix Upyins

*
Via Vi

£3
‘/cd V;‘b

Y FifT F: I Fi g Fnl T AT TR — v
L=- \/’Qb Y Vexm DLW J — ﬁE L UpmnsNLW, + H.C. ya o

Up = (up.cp.tr,..)t, Dy = (dL.sL.hL....)T, Ei = ((’L,;I-L.TL....)TT and N; = (ul.vg.pg....]T

vud Vus Vub
A commonly used form of mixing matrix for three generations of fermions 1s given by  Viga = ( Vg Vo Vi
Via Vis Va
€12C13 S12€13 513¢ o “
vV o e e ib T B 1-%/2 A AN (p - i)
= | 7812023 —C1282813€ 7 C12023 = S1283813€7 523 ~| - - X2 AN
S12823 — €12023513€"°  —C12823 — S12C23513¢% €23 A¥(1-p-in) -AN? 1

where s;; = sin#;; and c¢;; = cos#,; are the mixing angles and o 1s the CP violating phase.

If neutrinos are of Px-‘IajoranEt type, for the PMNS matrix one should include an additional diagonal

matrix with two Majorana phases diag(e'1/# ¢'*2/#,1) multiplied to the matrix from right in the above.

1U



Stgtus of Quark and Lepton Mixing

Quark Mixing PDG Neutrino Mixing
| 1—22/2 A AX3(p —in) Am? —m3 (m2+m1)/2 Thus, Am? —AmSl Am2,/2 >0, if my < ma < mg
—A 1-—MA2/2 AN? + 0% and Am? = Am3, + Am3;/2 < 0 for m3 < m; < ma.
(AA3(1 —p—in) —AN 1 )
L L W B B U B Parameter best-fit 30
B excluded area has CL > 0.95 ' ’%’ ]
- Y Y i AmZ, [1075 eV 2] 7.37 6.93 — 7.97
= S0 Amy&Am, |Am2| [1073 &V 2] 2.50 (2.46) 2.37 — 2.63 (2.33 — 2.60)
“sin2p | ) W sin? 015 0.297 0.250 — 0.354
05 020 N \ ¥ sin? 63, Am2 >0 0.437 0.379 — 0.616
: Ay sin? fia3, Am? < 0 0.569 0.383 — 0.637
= g AR G : sin? 013, Am? > 0 0.0214 0.0185 — 0.0246
- ~— sin2 613, Am? < 0 0.0218 0.0186 — 0.0248
- el §/m 1.35 (1.32) (0.92 — 1.99)
0.5 - A ((0.83 — 1.99))
-1.()} SK {
- X ol o1CL2095) NUFIT 3.0 (2016) |
g IR |, SERNY 16 | NO
0 05 00 05 10 15 20 o5t | gaped) | B R
(e R U, v
A = 0.22500 + 0.00067, A =0.826700518, S of 5_ b
5 = 0.159 £ 0.010, 7 = 0.348 + 0.010. i : :
-0.5 = -
sin f;, = 0.22500 + 0.00067,  sinf;3 = 0.00369 + 0.00011, L e g fasl LD s o e e
sin O3 = 0.04182+0-00085 8 =1.144 £0.027. e et
11

Why they mix the pattern shown above?



rino Physics
iting data from Juno, last Nov. the most preciese data for 6,,

arXive 145903 A|ready 43 citations: sin? Blé = 0.3092 + 0.0087 anvd Amgl = (7.50 £ 0.12) x 10—3 eV?2
2 1 .
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6 V3 2 6 V2 V3 V2 V6 ~ 76 %4‘%6_“1 —%—l-isem
Popular model in early 2000, Simple and popular candidate, Compatible with data!
ruled out by Dayabay Data - now 3.6 ten3|on_W|th data 2 1 — 3sin? 613
m - I:)' Sin 12 —

3(1 —sin” 6
Juno finally mission: neutrino (1 —sin® 613)

mass hirarchies: NH or IH e T 2 2
pospheric ™ 5 . C —'BO.‘ S ECE
another ~ 5 years!? cp=arg(_e ** — &%)
Y 2

10 eV
My l— =

. & v »
"= Ipe—— Ty A S - T TOU

> 1.8 x 10?6 yr, at 90% CL , ,
compatible with

DUNE and hyperK: CP violation. Another N ~ 8 years1? ' inverted hierarphy.
Good by neutrino—

less double beta
decay measurement!

10"

m_ (eV)

Absolute neutrino mass Katrine and cosmology : 10°
mlc;f < 08 eV I[)"1

Neutrinoless double beta decays: PandaX XT, CDEX.... . 5
. i '8.0001 0001 001 0.1 i~ Theory? Later
A long time to wait!! Mg (€V)




Theory efforts to reduce model parameters

S S 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.

Gauge boson in 45 representation, Fermions in 16,

Examples: SO(10
xamp 1) Higgs fields 10 and 120, anti-126, 210...

10—3»5+5_ [ d ( 0w —uf w

16 > 10+35+1 : . j

45 =524 +10+10+1 - % U 0w
- +_+ + 16 =>1p =v°¢ + 5r=| d + 10 =] uf —uf O U3

54 515+15+24 5 —up —wy —uz 0

120 = 5+ 35+10+10+45+45 \_,,) \—dl —dy —d3 —ep

126 > 1+3+10+15+45+50

210 =>1+5+35 +10 +10+24 +40 +40 +75

13



SE(10) Predictions

16(Yi010 + Yi512611 + Yi201205)165

Minimal SO(10) Model without 120
Lyviukawa = Y101616105 + Y1061616 1264

Two Yukawa matrices determine all fermion
masses and mixings, including the neutrinos

100 | — .
75 ¢ .
50 - .

25 -

0 L L | L
0.05 0.075 0.1 0.125 0.15

in” 26

My = kuYio+ kY- o
Mu uylo ’qu26 Myr = (AR)Y126  Good prediction for 6

= K K

e a¥10 + Y126 M, = (Ap)Yizs 5Away from —m/2!l! Tobe tested!

MV :/fuylo_3/fuy126 .

_ /
M; = £KqY10 — 3KgY126

40 - 7

Babu, Mohapatra (1993) Bertolini, Frigerio, Malinsky (2004 20 |
Fukuyama, Okada (2002) Babu, Macesanu (2005) i
Bajc, Melfo, Senjanovic, Vissani (2004) Bertolini, Malinsky, Schwetz (2006
Fukuyama, llakovac, Kikuchi, Meljanac, Dutta, Mimura, Mohapatra (2007)

Okada (2004) Bajc, Dorsner, Nemevsek (2009) _1' |

Aulakh et al (2004) Jushipura, Patel (2011).




Flavor of our Universe: The SM of Cosmology

mpmsa

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

1.2
In general relativity. Matter determines space-time: ds? = g, dx+dxv

( Minkovski spa cetime: Jdoo= 1 ,Gii = - 1, others = 0) Siaspn b eagbetess o

Gu + Agw = E—ZETW Einstein equation
C

G,,, — space-time signature
T,,v — energy-momentum tensor of matter:
radiation, matter, dark matter, dark energy, . .
q Homogenous and isotropic accelerately
and... expanding Universe at large scales




Flalvor of our Universe

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

Dark Energy 68.3%

andaX-4T 2021 QCD axion WDM it unitarity limit
nT 2023 dot A
Z- I 4 102eV TERT keV GeV 10wy My 10 M,
I R T e -
1 | - ny
“Ultralight” DM “Light” DM WIMP  Composite DM Primordial
: ; = (Q-balls, nuggets, erc) h]ﬂ(‘,k h()l(‘§
non-thermal dark sectors
bosonic ficlds sterile v
can be thermal

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.rFlavor physics and CP violation

f-the-same gauge representations
light flavors u, d, s and heavy flavors, ¢, 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.

honaar

— gl
s
o W
lwse

botzomm

The mis-match of weak and mass eigen-state bases lead to generation mixing and CP violation

(Kobayshi and Maskawa).

)
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Stgtus of Quark and Lepton Mixing

Quark Mixing PDG Neutrino Mixing
| 1—22/2 A AX3(p —in) Am? —m3 (m2+m1)/2 Thus, Am? —AmSl Am2,/2 >0, if my < ma < mg
—A 1-—MA2/2 AN? + 0% and Am? = Am3, + Am3;/2 < 0 for m3 < m; < ma.
(AA3(1 —p—in) —AN 1 )
L L W B B U B Parameter best-fit 30
B excluded area has CL > 0.95 ' ’%’ ]
- Y Y i AmZ, [1075 eV 2] 7.37 6.93 — 7.97
= S0 Amy&Am, |Am2| [1073 &V 2] 2.50 (2.46) 2.37 — 2.63 (2.33 — 2.60)
“sin2p | ) W sin? 015 0.297 0.250 — 0.354
05 020 N \ ¥ sin? 63, Am2 >0 0.437 0.379 — 0.616
: Ay sin? fia3, Am? < 0 0.569 0.383 — 0.637
= g AR G : sin? 013, Am? > 0 0.0214 0.0185 — 0.0246
- ~— sin2 613, Am? < 0 0.0218 0.0186 — 0.0248
- el §/m 1.35 (1.32) (0.92 — 1.99)
0.5 - A ((0.83 — 1.99))
-1.()} SK {
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(e R U, v
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5 = 0.159 £ 0.010, 7 = 0.348 + 0.010. i : :
-0.5 = -
sin f;, = 0.22500 + 0.00067,  sinf;3 = 0.00369 + 0.00011, L e g fasl LD s o e e
sin O3 = 0.04182+0-00085 8 =1.144 £0.027. e et
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Why they mix the pattern shown above?



AAC’P = ACP(K+ K_) — ACP(W+7T_) = (—0.154 4 0.029)%

—
||

A = pntK~m~ Acp= ——= = (245 +0.46 £ 0.10)%.

=1

I'+

Acp (B° - Kt7~) = —0.0834 + 0.0032

Acp(B® - K*(892)*7~) = —0.27 + 0.04
Sps-p+ (B® = D*(2010)~D*) = —0.83 + 0.09

Spe+p- (B = D*(2010)*D~) = —0.80 + 0.09

S, (B> D**D*") = —0.73 £ 0.09

Sprp- (B® = D*D™) = —076*g13 (S =12)
S(B® = J/¥(15)p°) = —0.66 7015

Spie) o (B® > Dg'},h°) — —0.66 + 0.12

Syko (B® = 1 KP) = 0.63 + 0.06

Sy+ k- ko (B® = K+ K~ K% nonresonant) = —0.66 + 0.11
Syt K- K3 (B® - K+ K~ K2 inclusive) = —0.65 + 0.12
SsKS (B - ¢K2) =0.59 + 0.14

Cam (B = @¥m—) = —0.314 + 0.030
Sex (B = wt7™) = —0.670 + 0.030
ACyx (B° - pt7~) = 0.27 + 0.06
S KO (B° = ncK2) =093 +0.17

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

sin(28) = 0.699 + 0.017

5 1/4(nS) KO (B® » J/¥(nS)K®) = 0.701 + 0.017
Sde‘é (B® = Xxc1K%) = 0.63 + 0.10
sin(2Be)(B° = KK~ KZ) = 0777533
a = (85.27573)°

Acp(Bs & wHK™) = 0.224 + 0.012

Acp(B* = Dgp(41)KT) = 0132 £0.015 (S =18)
Asps(BT — DKT)= —0.451 + 0.026

Aaps(BY = Drt) =0.129 + 0.014

Aaps(BT = D*(Dy)KT) = —-06+13
Aaps(Bt — D*(D7°)KT) =0.72 £ 0.29
Acp(FAcp(BtY = wtn~at) = 0.057 +0.013
Acp(BT = pPK+) =037 +£0.10

Acp(BT = KtK—xt) = —0.122 + 0.021
Acp(BT - KTK—K*) = -0.033 + 0.008
v=(659%33)°

rg(BY = DPK*) = 0.0994 + 0.0026

6p(B* — DOKY) = (127.713)

rg(Bt = DOK**) = 0.101 73939

ép(B* = DOK*) = (48139)°

rg(B*Y - D*°K+) = 0.104 75013

6p(Bt - D*0K*) = (314.87[7)°




Sorpe interesting results

symmetry predicts

A(B® = K1) = VViT + VyVEP | A
A(Bg — K+7T_) — ubV:dT + V:‘,b‘/tzp A

(B - KTn7) = ViV, T + ViV, P,

(B = K~n") = VAV T + V;iVigP .
Acp(B° — K*7™) Ly Br(B? - K~7t)7po
Acp(BY — K—mt) = “Br(B° — K*71~)rpo

In SU(3) limit, r. =1. Data gives: r.=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.

=1 .

Citype: D — KK, mtn-  AAgp = Acp(KTK™) — Agp(ntn~) = (—0.154 &+ 0.029)%
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.

- | £ SM ic flict with data. R : hvei



The first CPV in baryon decay A} —prtK-n~
tulations to LHCb team!

=i

P —
Acp = ——= = (2.451+0.46 + 0.10)%.
or =g = )%

Observation of charge—parity symmetry breaking in baryon decays
LHCDb Collaboration « Roel Aaij (Nikhef, Amsterdam) et al. (Mar 21, 2025)
Published in: Nature 643 (2025) 8074, 1223-1228 - e-Print: 2503.16954 [hep-ex]

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

PHYSICAL REVIEW D 112, L.111302 (2025)

=i

d I‘(lv > hep-ex > arXiv:2509.16103

High Energy Physics - Experiment
[Submitted on 19 Sep 2025]

First evidence of CP violation in beauty baryon to charmonium decays
AAcp = A¥L(Ay — pr— J /) — ASS(Ay — pK~J /1)
= (4.31 + 1.06 £ 0.28)% , (1)

Large CP violation in Ag — pK~zw*zx~ and its U-spin partner decays

Xiao-Gang He,* Chia-Wei Liu ,T and Jusak Tandean®?

The LHCb Collaboration has recently found a large CP-violating rate asymmetry in the b-baryon b . f . f h
decay Ag — pK~#ntz~. This is the first observation of CP violation in baryon processes, opening How to obtain information from the

a new window to test its standard model (SM) origin. Many more baryon decays are expected to exhibit a bove? Again ﬂavor SU(3) Sym metry
observable signals of CP violation. We show that there also exists large CP violation in the U-spin comes to h elp: e-Print: 2511.06008

partner decay mode, B) - Xtz K*K~, with rate asymmetry Acp(E) > 2 KTK™)=—-Acp(A) -

0 =Y — 0 — _ 0 -
pK‘:zﬁr‘)%% in the U-spin symmetry limit. By neglecting a subleading contribution in AAcp = Acp(Ay = pr™ J/Y) — Acp(Ay = pK™ J /%)

— 0 0 0
the amplitudes, Acp(A) — pata~n~) = —(12 £ 6)%. These predictions can be tested in the near future. = Acp(Ay = nmJ/Y) — Acp(Ay = nKs,pJ/¥)

= Acp(B; = E Ks,J/Y) — Acp(A) = nKsLJ /) .




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!

Science Bulletin 70 (2025) 2598-2603

PHYSICAL REVIEW D 109, L071302 (2024)

Contents lists available at ScienceDirect =
- | Scighgs
Science Bulletin Babain Complete determination of SU(3); amplitudes and strong phase
www.scibull.com in Ac+ — 20K+

journal homepage: www.elsevier.com/locate/scib - - i 5 0
Chao-Qiang Geng,® Xiao-Gang He,” t Xiang-Nan Jin, * Chia-Wei Liu®,** and Chang Yang o

faree P violation i harmed Baryon decys Deacay amplitudes can be completely determined by data
Xiao-Gang He *, Chia-Wei Liu* AISO JHEP 09(2025) 193

Article

The B,Ac, and A%, are presented in units of 1073, The upper rows of Acp and Agp are obtained by taking h; = 0, while the lower rows are obtained through the FSR mechanism. The el ﬁffiism f;:b
uncertainties are quoted in the same manner as Table 1. There may be some SU(3), breaking effects that affect the results on the order of 107", as found in the hyperons. A; +X'Ks iy T =
AF 0K VAP T
Channels B Acp A% Channels B Acp A% AF s g F VE{4J5+3f7)
% . Fofe_ i 37 3fa P 5 fa
AF — pr® 0.18(2) ~0.01(7) —0.15(13) 2oz 026(2) 0 0 npospy | PACHRAR) o AGCER). g (B B ) PCRE)
0.01(15)(45) 0.55(20)(61) 0.71(15)(6) —1.83(10)(15) AF gy | LA | ) | e (BT ) Valoafg)
AF = nmt 0.68(6) 0.0(1) 0.03(2) =0 - 200 0.34(3) ~0.02(4) 0.01(1) Ai ) o o ¢
~0.02(7)(28) 0.30(13)(41) 0.44(24)(17) ~0.43(31)(16) Ai :‘;ﬁ ﬁﬂoiﬁ@fﬂ,—, v f?;:igﬁz
e e mEm  mmmE o e st ST ERER
e . . e o VBes(—fo-fe-afdZsfe)  JAsy(3fe fooofd ), VEsa(-37
Zr ozt 2.69(14) ~0.02(6) 0.07(4) =0 2%, 038(1) 0 0 Ef 5Tty s o BRLK : )| Voo (B B+ L +¥
0.05(7)(8) ~0.23(3)(15) 0.18(3)(5) ~0.38(2)(11) sfomty | Vee(CP-Foalool)  Aall) | g, (B4 B4 L) - Yie(5h)
g 20+ 3.14(10) 0.00(1) ~0.02(1) B L E Kt 1.26(4) 0.00(1) 0.01(1) o it VAP ) VE(AR- i)
0.05(8)(7) —0.24(6)(13) -0.12(5)(2) 0.21(4)(2) E; N e }nur 7 fgi %
5 B9k 1.30(10) 0.00(0) —0.02(1) 20 pk- 0.31(2) 0 0 = i VA(F-7) v
0.01(6)(17) -0.23(9)(52) —0.73(18)(6) 1.74(11)(14) = VB(= o2 7) VBT AR
& - Ant 018(3) ~0.01(2) 0.0(0) £ — ks, 0.86(3) 0 0 e 7e T+
~031(21)(13) 0.96(25)(44) ~0.14(3)(4) 0.27(2)(7) =0y 500 By E B Bigedieg
5 - pK, 1.55(7) 0 0 20— An® 0.06(2) 0.02(3) 0.0(1) vy | SelP S VG | g (BB R Yee(a)
~0.13(3)(4) 0.22(3)(7) —0.12(18)(10) 0.69(8)(43) w0 gty | llparesr) Vilr) | g (BB ) Vi)
CPV can be as large as a few times 10-3 ! gk
=0 L =0k V(=T 3—! +74) f_z_)fi ,
ing d d i ibuti b TR = B
El—=pK™ il 8+ 1§
Using data, tree and penguin contributions can be separated! == sl ¢
. . . . . . . . =0 And i ke ] \/E(Irhiﬁi-u’g_)
Deconding the amplitude pair with distinctive CPV phases in ot | (b £) e | (B el ) P
o o Fe e VZcs(-3f b 2 = VIcs(—af2
charmed baryon decays, arXiv: 2601.08502 e
, L] L]




CPVY in hyperon decays

a long history! Great Job done at BESIII

[ — BESII
0.04
[ — §M
a 4 003f — BSM
A —pm~ —54x107 —0.5x107* 3.0x 1077 I
E-—=A%- 0 —-0.7x10~* 8.4x10°* 002} T
I-—nw" 0 1.6x10~* -1.2x107? .
It —pn® —6.2x1077 —-32x1077 —4.2x107* 001
Zt—nnwt 6.0x 107 —1l6x10~* —8.4x1077 [ [ _
Signals of {CP} Nonconservation in Hyperon Decay Hyperon decays and CP nonconservation 0.00 L e Bl =
John F. Denoghue (Massachusetts U., Amherst), Sandip Pakvasa (Hawaii U.). [ o
Published in Phys.Rev.Lett. 55 (1985) 162 John F. Donoghue 1
TTT Tt o T T e wepariment oy Physics and A University of Mi h Ambherst, M hi 01003 —G.Dl A
r An =
Xiao-Gang He and Sandip Pakvasa . o Afp
Department of Physics and Astronomy, Ufliuersiry of Hawaii at Manoa, Honolulu, Hawaii 96822 - -
(Received 7 March 1986) L -
‘We study all modes of hyperon 1 ic decay and ider the CP-odd observables which re- —0.,02 r __EF ﬁ

sult. Explicit calculations are provided in the Kobayashi-Maskawa, Weinberg-Higgs, and left-
right-symmetric models of CP nonconservation.

A-.=A- + A, HyperCP (Femilab E871): A=,
Recent measurement from BESIII

(Nature 606(2022)64)

=]
o
ol

o+
a_

_|._

AC‘P = 1 BC’P =

2l
o
2l

[—6.0 + 2.1(stat) 4+ 2.0(syst)] x

Asp=(6+13+6) x 1073,

Ad o =(-4+124+9) x 107

So far not CP violation effects havé been established in baryon decay!

STCF is our hope

Similar ideas can be used for c- and b-baryon decays.

|0.04

{003

10.01

|0.00

10.02

|-001

1-002

14

Bipr~ 3 —¢5=(12+3.4+0.8) x 1072,
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Thd EDM of a fundamental particle

Magnetic Dipole conserves P and T

Hmdm = d'mg E1

Under P: B — B and under T: B —» —B

Relativistic expression: dmYot yF,,.

s o
dﬁ“ P (I¢
-—-.._;__.-‘r’ (]‘?
T~
v

Neutron |D,| < 1.8 x10-26 ecm,
electron |D.| <1.1 x102° ecm

In KM model, quark EDM only generated at two electroweak and one strong
loop level (3 loop effects), very small ~ 10-33 e.cm. (Shabalin, 1978, 1980)

In fact with two weak and one strong interaction vertices, EDM can also be

generated!
(He, McKellar and Pakvasa, PLB197, 556(1987),

1.6 x 1073 ecm > |D,| > 1.4 x 107** e.cm
J. Mod. Phys. Ad, 5011(1989)

v
M , \ M /
BRY M P " sl M.-o~M
~ N - "\\ M,’ \\?' M, ‘\\ Mf’ e ‘M' fl’ \\
! A 1 i 1 F X H 1. | X

BB
n i, n

— e

;
1
n 8 n n B LB’ n n 8 n n 8 n n B n
b

{a) (b)
(a) (
(c) (dl

Electron EDM is even smaller, generated at fourth loop level, D, < 10-38ecm

D, ~ —3.8 x 1079 ecm

Including all SU(3) octet contributions:

2.5 x 1071%0ecm < | D,,| < 4.6 x fecn

Using data |D,,| < 3 x 10~%"ecm, |6| < 10~11!

Why 6 is small is the strong CP problem.

One of the best solution is the Axion model, in which 6 is dynamically driven to zero!
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A ngw test of CP violation for Hyperon production

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

Testing of P and CP symmetries with ete™ — J/¥ — AA

_ i
AP = u(iq){V“Fv + md””quh'a + yHysFa+ J“”quysH:r]v(kz),

2e

gvda

— ko)? _
Gl =F/+H], G =G7- (k14mf"2) e, Hr=3
B

A—>p+morA—=p+m

2
Mg/

Zp, l5 and k momentum directions of p, p and A.

4o
3N

T T 8a o
A((ly x 1) - k) = Agf)’v ~ 2B BymE3Re (HrG5),

Ally -k + 15 - k) = Ay ~ ——2— B2 Im (H G5 + ymHrG5),




Elettric ipole moment contribution to Hy

H 18 Tlavor conserving CP violating. It is extremely small in the SM.
Beyond SM, it may be large. Consider now A edm contribution.
da

Leogm = —27A0uy75AF Hy

edA _ U
Exchange a photon: HT -> Te’Y”GAUW%AQ

Lambda |d,| < 1.5 x 10-'6 ecm,  Existing bound

cm)

@ BESII{Im{d.)) [ STCF(im(dy) a STCF+Poar(lm{d.)) d

Re(dpy) = (-3.1+£3.2+0.5) x 107 e cm,

Sensitivity of Re(dy) (e
|
Sensitivity of Im(d;) (e cm)

Im(dy) =(29+2.6+0.6) x 107" e cm.

I
\
—_
<
]

A r = =

Xuelei Sun et al, arXiv: 2411.19469

BESIII arXiv: 2506.19180 HB Li group




Perturbative QCD calculation for EDM with non-zero g2

(2026), arXiv: 2509.22087

g+
A gt
17,*1' (00000 )
4
A ®/\/V\/ A A AYAYAVAY,

ub ut
d dt

A st AT st N

(a) (b)

Figure 1: (a). A typical diagram for the contribution from the EDM d,. The photon vertex with a cross-circle
is the EDM vertex. (b). A typical diagram for the contribution from the CEDM d;. The gluon vertex with
a crossed square represents the CEDM vertex.

dx =5.29 x 10™4d, +4.61 x 107°(dy, + dg) +6.21 x 10"%ed, + 1.98 x 10 %edy — 2.14 x 10~ %ed,, .

When g2 not zero, experimental constraints are much stronger by
a few order of magnitudes!




Taupn edm measurement at ete- -> 1+ T -
X W Liu, LP Ma and ZY Zou, JHEP 04 (2025) 001; XR Zhou group.

Us ilar method replacing J/psi -> hyperon pairs by psi(2S) -> t+ T
o Oor just ete -> y* -> Tt T Re(d,) = (6.2+6.3) x 107 '® ecm,
STCF can reach a better resoltuion than Im(d,) = (4.0 +3.2) x 1078 ecm,
current best bounds. current bounds from BELLE II
Bell Il can also use Upsilon(4S) to do similar things \
~ For the the imaginary part, we have T(k) —> T[(l) + V, p(l) +V &
—e(3s + 6m?2 o s I T il Table I. The precision of d- that may be achieved‘ with Le =
Im(d,) = e(3s mz) (( h ) + ( h_+ >) . (6) 0.63ab™! is given in units of 107'®ecm. The absolute value is
4sy/s — 4m3 Xh &h! defined as 6|2d7| (D) = dre(D)? + 61m(D)?, where D is in units
. of pm. The case D = 0 corresponds to situations where the 7-
There are two different Il.let}.l()dS. to extract the real lepton momentum can be reconstructed with 100% accuracy
part of the EDM from the distributions: which is shown only as a reference number.
9 s+ 2m2 . N " \/g My (28) 4.2 GeV 4.9 GeV 5.6 GeV 6.3 GeV 7 GeV
Re(d;)* = e~ L (- x1y) k), (7) 61m 3.5 1.8 1.4 1.8 13 1.4
dapapmsy/s® — dsm? Sre(180)| 234 147 66 49 43 41
Sre(130)| 82 94 50 40 37 3.6
and Sro(80) | 20 62 39 33 32 32
O S Sre(30) | 11 4.4 3.2 2.9 29 3.0
Re(d,)’ = _ A5 (st 2mi)((p-k)(I- x1y)-P) (8) bre(0) | 7.7 4.0 3.0 2.8 28 29
4 apapm.(y/s—2m.)\/s — 4m?2 614,1(80)| 30 6.5 4.1 3.6 3.5 3.5




Thdoretical model study for tau EDM

71 Huang, XY Du, XG He, CW Liu, ZY Zou, arXiv:2510.23348
2.2

A light ALP example: £ = 3(0,0)(9"a) — 3maa
+ 7(i@ — m,)T + a7T(ay + ibyys)T,

(a) spacelike

5 5
— m,=3.0GeV

g4 i e GV g 4
[$) (S}
) — m,=0.5 GeV )
(=7} (=2}
2 2 7 3
(] o
= A
x 2] : x 21
/_l: I /_‘:
AR /N Z 11
w \

0 B e — —— 0

20 0 20 40 60 80 100 20 0 20 40 60 80 100

¢*(GeV?) ¢*(GeV?)
(a) Re(d-(g?)) (b) Im(d-(q?))




3. Flavor physics and new physics beyond SM

A Omalies 0.228

0.226

CKM unitarity anomaly?  [Vial® + Vi’ + Visl* = 1.

|Vupl?2 ~ 10-5 negligible, so usually study S 0224
A= |Vyg|2+[Vs| %1 |

0.222

Zoom in superallowed 0+ -> 0+ nuclei transition

. g 0.22 |
and K -> n | v show about 3¢ level deviation Goe0 0ses e o
ud

Figure 1: Consiraints in the VgV, plane. The partially overlapping vertical
bands correspond to 'If’:i: =" (leftmost, red) and 'I.e':l'ib“ * (rightmost. violet). The
. honzontal band (green) corresponds to V,ﬁ’"'. The diagonal band (blue) corre-
anIV . 2208 1 1 707 sponds 10 (Vi /Via)k o n,,- The unitarity circle is denoted by the black solid
" " line. The 68% C.L. ellipse from a fit to all four constraints is depicted in yel-
low (Vi = 0.97378(26). V,, = 022422(36), y2/dof = 64/2, p-value 4.1%),
it deviates from the unitarity line by 2.8c. Note that the significance tends to
increase in case 1 decays are included.

~0.00176(56) =0.00173(55) -0.00162(56) -0.00185(56) =0.00171(55) -0.00151(56) -0.00195(56)

—A,|r]" —_Js,|r1'“ —2.";"”" —.’:._‘u?‘ —_’s.|r1" —:.?r?' —3.5”‘

Ak
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T‘QLR A anomalies Deviation used to be about 40

n " o e it 40 Re — B(B*— Ktutp™) B(B*— Ktete™
« LHCbdata © ATLAS data K= BB = KtIWE ptu))/ B(BY= KT Jj(— ete))

» Belledata © CMS data 7
[l SM from DHMV ]
SM from ASZB 1]

T T,
i |

-e-LHCb -@-BaBar -4 Belle

_l_....l-...l....l..._.

0 ZBandgﬂcfrom SM 10 = 2 ; PRl?ll.‘y 20145!51601 ° 4* [Gez\c.”zfcﬂ
* JHEP 02 (2016) 10.4 '.ATLAS-CCE)NF—2017-023 q2 [Gev /64] : llzﬁ [833 23&;903721]8131
* PRL 118 (2017) CMS-PAS-BPH-15-008
2 _ +0.090 +0.029
% dU(BHO — K20+ ),-) 1 low-¢? Rx  =0.994 T30z, (stat) Toos7 (syst),
_ +0.093 +0.036
o2 dqg? 4 Rg- = 0.927 Tys7 (stat) Tg.g3s (Syst),
2]

2 kN
Bk o) = % dI'(BH+H0) 5 K(+x0)etem) s | Rx =0.949 1304 (stat) 1905 (syst),
/ dg central-q +0.072 +0.027
e dg? Ry« = 1.027 Tgoes (stat) Tooze (syst),
LHCb last year Christmas gift, e-print: 2212.09153 [hep-ex] Now 10
Ry low-¢* Rk central-g* Rg- low-¢° Ry~ central-g¢?

SM prediction 0.9936 1.0007 0.9832 0.9964
SM uncertainty 0.0003 0.0003 0.0014 0.0006




The|Rp+ anomalies lowered to 30

iy

Br(D™ — 75,) Ty
Br(D®™ — Ip)

s

R(D™) =

R
-i
!

5,"
_§:|

-x/-\ 0-4 B LELEL I LI L L I LI L I L I LILLELI I LI L l LI I LELLEL] I LI | i
e B HFLAV Ax2 = 1.0 contours i
e B ]
. BaBarl2 —
035 = Bellel5 .
03 ' : 9 —
B LHCb23 \» LHCb22 -
0.25 [ '};‘“BQ[IC’, Z _]
: Bellel7 PRD 94 (2016) 094008 World Average :
5

0.2 = $HFLAV SM Prediction JHEP 1712 (2017 060 %ﬁg&; ObS g gf fi;)(l)?&mm =
- e PLB 795 (2019) 386 = U =l -1
[ ROh-nzsisoons @B p=-037 =
B , P(?) =25% .

Ll I Ll 1 1 I Ll 1 1 I PF‘DIIOSI (Z(I)ZZI 03:‘509 Ll I L1 1 1 I L1 1 1 I Ll 1 1 I 1

0.2 0.25 0.3 0.35 04 0.45 0.5 0.55

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




Mudn g-2
Mu

BNL experiment (1997 — 2001) final result
for Aa, = a (exp) —a,(SM) at 2.7c larger than zero.

has also been measured to high precision.

FNL experiment first result announce in April, 2021, confirm

BNL result but with a high confidence level at 3.30.

Combining BNL and FNL results, Aa, =251(59)x10-1 .
The deviation away from SM was at 4.2c level! IN2021!

Recent Lattice calculation indicate the deviation is only
at one o level.

= 1165920705(148) x 1012,
Fermilab final data: “ (148) |

- P

Aay(new) = a%P(new) — a5 (new) = (39 & 64) x 101

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

BNLZZ4

,_" ¢ill = A:
(BMV*\?Z%E%-‘\QCD) I HE

< 42c

V

(Theory Initiative)

175 18 185 19 195 20 205 21 215

ay, X 10°

— 1165900

W mass anomaly

Overview of m_ Me:

LEP Combraten | ATLAS Preliminary

! \s=7TeV, 461"

11111111
® Meoasurement

Mstat. unc
W7o unc
g SM Predicion

80200

80300

80400

mw = 80360+5(stat) £ 15(syst) = 80360 16 MeV
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CPviolation anomaly in y Kgﬂ_vrf

SM prediction is as follow due to neutrak Kaon mixing

~ B(tT — Kgﬂ+17T) - B(t— — Kgﬂ_vr)
- B(tt — Kgfr+17T) + B(t™ — Kgﬂ‘vf)

Ag = (+0.36 £ 0.01)%

Experimental measurement differnt by a sign!

Ap = (-036+0.23+0.11)%

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

Need careful experimental checking!




Flayor violation in leptonic processes

Observable | Experimental bound 3N-SS Normal Ordering Inverted Ordering
68%CL 95%CL 68%CL 95%CL
Nee = [0.28,0.99] - 1073 | 1.3-103 || [0.31,1.0]- 1073 | 1.4-1073
T — ey 3.3-1078 [99] |62|
7 = -5 -7 -5
T = uy 4.2 1078 [100] Mo = 5~ 1.3-1077 1.1-10 1.2-10 1.0-10
|9‘r|2 —4 -3 —4 —4
= 3,3.9] - 0- 7. 1.1
. 1.0-10-12 [101] Nrr = — [0.3,3.9] - 10 1.0-10 1.7-10 8.1-10
T — eee 2.7-1078 [102] Tr[n] = |9| [0.35,1.3] - 10=3 | 1.9-1073 || [0.33,1.0]- 1073 | 1.5-1073
T = P 2.1-107% [102] Meu = ‘0 6 8.5-1076 1.2-107° 85-106 | 1.2.107°
pu — e (Ti) 4.3-10712 [103] Mer| = 1% 29 2 [1.3,5.1]-107* | 9.0-10~* 3.3-1074 8.0-1074
p—e(Au) | 7.0-107" [104] e = |9"207| 5.0-107° 5.7-107° 38-10¢ | 1.8.1075
7 (\/ 14+pUts+4/1 ) for Normal Ordering (NO),

for Inverted Ordering (10),

 (ViToUn+vi-s ;:1)

RE No flavor violation observed invovle
_ \/ Am%l - \/ Am% - . .
= /Aml, + JAm, for NO, charged leptons, nor CP violation.
_ \/ Am%?, - \/ Am§3 - Am%l
- VAMZs + /AmZs — Am3, for 10,




Whdt Anomalies tell us?

anomaly — Cambridge Dictionary

noun[CorU] « UK @ la'nom.a.li/ US @ /fa'na:.ma.li/ FORMAL

@ a person or thing that is different from what is usual, or not in agreement with
something else and therefore not satisfactory:

Statistical anomalies can make it difficult to compare economic data from one year to the next.

The anomaly of the social security system is that you sometimes have more money without a job.

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!!!
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Thelneed of new physics beyond SM

oW 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_ P(vy = v3) = | < vn1(0)|vae(t) > |2 = 5'1112(29)sing(Am:ﬁlL/iE),
Am3, = m3 —mi.

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
— Q Y, Hug+ Q. Y;Hdr+ L Y.Her + H.C.

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

Need to introduces vi in the model. Then one has —L.Y, Hvg — (Y, v/V2)vk

Then mv = Yv v/sgrt[2]! Problem: m,/m, =Y /Y. < 106
Why such a small number?
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Segsaw models

Type I seesaw model: v (1,1)(0) neutrinos, —f.;,}",_,f}un — (1/2)mpojvr, m, = (Y,v)*/2mpg
Type I seesaw model: x(1,3)(=1)small vevv,, =L Y, xL] — —u,r‘(}”’r‘/ﬁ)u};
Type III seesaw model: N (1,3)(0)- LpY, HNg — (1/2)mrN§Ng, m, = (Y, v)?/2mpg

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.

Atoms

Dark

4.9% Energy

. . Dark fas
Cosmological evidences: Dark matter, Dark energy Matter
26.8%

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??
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rino Physics

iting data from Juno, last Nov. the most preciese data for 6,,
sin® 61, = 0.3092 £ 0.0087 and Am2, = (7.50 + 0.12) x 10~5 eV?2

arXiv 14593 Already 43 citations:
2 1 2¢ 1 25 _ia .
5 75 O LB 5 5 Je
Vie=| -k & & | V| G d | = | - gV s
\{6 \45 \/51 _ﬁ_ie—iai %_&eia ¢ \{6\/5 y2© | 2 V3T
6 V3 2 V6 V2 V3 V2 W6 ~ 76 LS—I-%E_W —%—l-isem

Simple and popular candidate,

Popular model in early 2000,
now 3.6 tension with data

ruled out by Dayabay Data

Juno finally mission: neutrino -
mass hirarchies: NHor IH ™"
another ~ 5 years!?

10 eV
My l— =

"= Ipe—— o

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

10"

m_ (eV)

-2
210

Absolute neutrino mass Katrine and cosmology

-3
10°

Neutrinoless double beta decays: PandaX XT, CDEX....

'8.0001 0.
A long time to wait!! 0001 0.001

Compatible with data!

1— 3Sin2 913

. 2
sin“ @10 =
2 3(1 — SiIl2 913)
2 2
C ; g
) — ar g e gty
CP g( 9 2 )

Compatible with
inverted hierarchy.
Good by neutrino—

less double beta
decay measurement!

Theory? Later
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What are the links for flavor of the Universe

Atoms
4.9%

Dark
Energy

Dark 68.3%

Matter
26.8%

and the origin of the universe?

Why more matter than anti-matter in our Universe?




4. |Flavor Physcis and the Origin of the Universe

hermal history of the Universe

I y universe, all energy forms existed in form of elementary particles, or ....
Temperature is high and were in thermal equilibrium criteria for thermal equilibrium.

??2?Planck mass T ~ 10°GeV -> Inflation

Big Bang ~ T> 1016 GeV
(Not in thermal equillibrium by SM for particle physics)
Grand Unification ~ 10" GeV

History of the Universe

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

X



CMHB, BBN and CvB

mology 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.

Cosmic Microwave Background (EMB) Planck 2013
very cold (-270.275 C, 2725 K) and nearly uniform relic e Multipole moment, ¢

radiation left over from the hot bigbang 2 10 50 500 1000 1500 2000 2500
6000

(K]

5000
Physics Nobel Pri ize 2006 s " =4 4000
3000
|
20000 | |,

Temperature fluctuations

{
LT 1 0.2 0.1° 0.07
Angular scale

Universe is a homogeneous and Isotropic one
Location of the first pick determines Q0 =1,

5% energy budge from ordinary matter, many more ...

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




Earliest direct observational flavor effects for our Universe
B ig_ bang nucleosynthesis)

Baryon density Qgh?
001 G

0.005 002 003
T T T

Light elements start to form at T ~ 1 MeV

Abundance of each element depends on
baryon/photon ratio. Consistent value
emerges Q% ~5%

Also powerful probe of new physics:

L
. =.
gk :.:f_ I-'\-‘-"'
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SN vilaes
Ept LA
b i
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" - 2. ivu T
. 4 :‘ L i-
e e, 35
P 15 %‘L—"f i
1 % 1 1
1 ?/.//.’ L] L

BEN
e

i
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CMB
SO

- L}
Nesr=3 light neutrino \ .
1.20 Table 26.1: Summary of Neg constraints. /
= ANerr=0.5 /
3115 ANegr=1 Model 95%CL Ref. 5
T —— ANeg=1.5 CMB alone TLifHL, 5 oy
£110] —— ANeg=2 PII8[TT,TE,EE+lowE] ACDM+Ne 2.927030 [22] [ R P
= CMB + background evolution + LSS c hert mbte ot e i .;:u";: L
F 105 PII8[TT,TE EE+lowE-+lensing] + BAO ACDM+Negt 2.997033 [22] o
< 2 + BAO + R21 ACDM+Ny  3.34+0.14 (68%CL)  [11] 10-10 / 5]
& 1.00 - " +5-params.  2.85 +0.23 (68%CL) [23] : % 3
C 1 L L 1 N | 1 L]
103 1072 107! 100 P S
k [h'lMpc] 1 £ 3 4 sl 6 7 8 910

Baryon-to-photon ratio 1) x 10710

Any light new particles, axion, dark photon...will affect the expansion
rate, and therefore the flavor of our Universe is constrained!




Cogmic neutrino background, yet to be directly observed!

4/3
IC heutrino density: o _ zNeff (i)
py 8 i
Neutrino back ground temperature: T,/Tx = (4/11)173=1.95K
Ny = 440/cm3. n, = 339/cm?3

PB _ > My
pd. 93.14h%eV

Energy density from neutrinos: 2, =

Table 26.2: Summary of Y m, constraints.

1.0
Model 95% CL (V) C b d - h - I I -
5 CMB alons ombined with oscillation
| 0.8 PII8[TT+lowE] ACDM+5"m, <054
] PUS[TT,TE,EE-+lowE] ACDM+Ym,, < 0.26 d t 1 d N7 d I t 1
E RN >y 4 CMB + probes of background evolution a a Vi I n IVI u a ne u rl n O
0.6 VR PII8[TT+lowE] + BAO ACDM+Ym, <013 . I
—_— “\/ \/ Vo= ] . . & E
) $m, = 0.25eV glﬁngngﬂmEHBAo ACDMISm 5 params. <0515 NASS CAN be dete rmi ned _
a || o o e
=041 zm, = 0.5eV PITS[TT+lowE+lensing] ACDM+y.m, <0.44
‘%4: va =0.75eV P118[TT,TE,EE+lowE-lensing) ACDM+>"m,, <0.24
CMB + probes of background evolution + LSS
o2l ™ Im,=1leV PIIS[TT,TE,EE+lowE] + BAO + RSD ACDM S m, <0.10 CO nﬂ | Ct?
: i i i i P118[TT+lowE+lensing] + BAO + Lyman-a ACDM+3Y"m,, < 0.087 .
10~ 1073 1072 10-! 100 PI1S[I'T, TE,EE+lowE] + BAO + RSD + Pantheon + DES ACDM+Ym, <0.13
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1970 ApJ 159, 379

Spiral galaxy

T T
NGC 6503

Cluster would be unstable if there
were only luminous matters

Bullet Cluster

What is the real nature of Dark Matter ?

The Standard Model Beyond the sM
MATTER FORCE DARK MATTER

0ag
oo oa [ 17

Quarks Gauge Bosons

208 O
ana -

Leptons

rrr_—i
rrr_i

-

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???




- - Some interaction beyond gravitation
Dark matter candidate particles

W Interacting massive particle (WIMP)

Relic abundance

for example: Scalar, fermion, vector, SUSY particles,

ave like: fuzz dark matter, light axion... | SM: M M M

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

Wy

E® x Flux [m~2s~'sr'GeV?]
3
il
>

o
=]

Dark matter portal mechanisms: £ ”ﬂ,{ljk ]
Higgs portal, Nuetrino portal, dark photon portal... ’

o

100 1,000
Energy [GeV]

107+
- —— PandaX-4T 2021 . QCD axion WDM limit unitarity Limit
& XENONNT 2023 = classic window b 7
% 10-4 \‘ LZ 2023 j ] 0 2 CV ld:. $- :': eV kCV (J'CV 100 TeV A;\’[p] ] 0 *r\'[‘::)
X-] \ s PandaX-4T 2024 (this work) /,’/
3 \ - A < | l L 1 4 | | |
2 o | T g A |
g 1074 -
8
Z “Ultralight” DM “Light” DM WIMP  Composite DM Primordial
a 1074 . (Q-halls, nuggets, erc) hl 1 ._l, hl‘)l o
§ non-thermal dark sectors ack €
z 1047 bosonic ficlds sterile v

can be thermal

WIMP mass [GeV/c?]




Rare flavor decays and dark matter
He, Mp, Schmidt, Valencia, Volkas, JHEP 07 (2024)168; He, Ma, Tandean, Valencia, PRD112(2025)055025

BELLE-II and NA62 results The SM predictions
B(BT = KTvi)gy = (4.43+£0.31) x 107°
B(K+ — 7T+I/I7)SM = (84 + 10) % 10~H

B(BY - K" UD)exp = (234£0.7) x 107°
B(Kt — o'+ e = (13.0%55) x 1071

There is an excess for B to K vv DM couplings to SM are flavor dependent
There is the ABg = (4.6133) x 10711 There is the window of a light dark

window for something new ! matter for invisible decays!!!

A light flavorful dark matter solution -- DM couplings are flavor dependent |
0.20H
The B+ -> K+ invisible is due to B+ -> K+ @ @ (P dark matter). At the quark level due to: b -> s ® ®. = \
The allowed ABy = (4.6153) x 10711 for K* to i+ ® @ is due to, at the quark level: s ->d ® ¢ 2 ms\ ap=0i2___|—]
; 0.10F -
(mg+ — mg+)/2 = 177MeV in order that the K* channel with the DM could occur. - XENONIT (Migda o
0.05f e ]
If true, one should also check if the right relic density for DM can be realized. . | | . ]
At the quark level due to: ® ¢ -> dd, uu! o o i [OG'ZV] o *
EA"OWEdbyBe”e I 0250 _‘m R 7”‘ 7777777 I - ;
100 iﬁ(l)ljv:dw;thnlie.save _m:;”OMeV _ 1 \LHC monojet b = ~ (Planc Ni
'T: 50 93‘1_)K0y¢¢ ) 0.20F —my = 120MeV { TE 0.500 ;{ (; T %J q It Worked Well!
] B - K™ ¢¢p S [ iyttt yGes SM =B £ ‘ -
% on T om ] But aken Migdal
3010 '3 0.10F + 0% v; ] .
< N AT effect tinto account,
I kii—ﬂ ows -_— Qn? =012 — 7°7° (Planc § 1 I
B 015 i 115 é 25 0'000 ' : Zb : 4b : éﬂ ' 80 110 léO 1(‘50 14‘10 ¢io léO (P11‘70 k) ‘180 prOblem '

my [GeV] P+ [GeV] myg [MeV]




Direct observation of the Migdal effectinduced by
- neutron bombardment
Migdal effects !

Difan Yi, Qian Liu &, Shi Chen, Chunlai Dong, Huanbo Feng, Chaosong Gao, Wengian Huang, Xinmei

Th

Jing, Lingguan Kong, Jin Li, Peirong Li, Enwei Liang, Ruiting Ma, Chenguang Su, Liangliang Su, Junwei

Sun, Dong Wang, Junrun Wang, Zheng Wei, Zeen Yao, Yunlinchen Yu, Yu Zhang, Shigiang Zhou, Zhuo

Zhou, ... Yangheng Zheng®&  + Show authors

The Migdal effects and light DM constraints

Threshold of electron too recoil for Xenon experiment; ~ 100 gV Matue 649, 580-583 (2026) | Cite this article
The Migdal effects has been
N(k,r)|qq|N(k,7))

e S o = “fn - recently observed in ordinary
Rl f -\ #=00180), ff=002(7), ff2=003707)  nuclear interactions!
o— () | Wp N ™ —0.013(3), fi7) =0.040010), f& =0.037(17)

WiMP X !

Electron cloud B:;V = (

Nuclear Recoil

o

| | BT e shon T |
Light DM recoil energy on nuclei too small, not sensitive. DM THRSIIESE MRy 0 p ]
(No-quenching! ) | Nuceus) a4 /

But sensitive to electron reciol energy from Migdal effect ) isaton e et b Ml o E /// /:/ // ) %/

| e Yy - vy y ]
long . _Jii Z
d(o.n’l,v) a.n 5 9 Cdm 0: -15 -14 -13 -12 -11 % A
dlnEe = 8“2 [fPZ + fn(A - Z)] dq [quN(q)l /// Migdal effect |
n L d
. =501 Z Mg = 120 MeV]
x| Fom(@)*| 27" (Pes @e) " n(Vmin (¢, AEn,1))] : A [ s
- /j mg = 130 MeV |
CS,tm o CS,dd CS,SS / mye = 140 MeV
R_= ?uu iiS‘qf)dd7 R, = S,uud(p S,dd -150}4,,,,‘,,H.,,,‘.,H,_,‘,.‘,,f
= Cufb + Cdcb Ou¢ T Cdr;b -40 -30 -20 -10 0 10 20
R_
e, FUrther test of such models: Using another Nuclear target, such as CDEX

» data (68Ge...) carry out a similar ananlysis!!

my [GeV]

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!




Dark Energy

Ac

ting expansion of the Universe
e The Accelerating Universe: Dark Energy More data over the past 10 years
sigews  Grfe
~70% ark Matter
Eig Ne cience i
THE
ACCELERATING ~

UNIVERSE
High-Z Team N sl
Riess et al. Dark Energy
(1998)
Supernova
Cosmology
Project

Perlmutter et

al, (1999)

‘ | T
| “ — wow,CDM
‘ 4 Binned w(z)

_________________

—22 T T . T T . r
00 05 10 15 20 25 30 35 40

Cosmological constant or more dynamic changing equation of state parameter model

Recent data seem to indicate the later!!




Whiat is a dark energy?

A type of energy which causes our universe to expands with
acceleration!

Crucially depends on equation oif state parameter w= P/p

To have the decceleration parameter gy to be larger than zero,
w; < —1/3 is needed.

Vacuum energy has wy = —1

and can be a candidate for dark energy.

Fits data well!

The standard model of cosmology: Big Bang + Cosmological constant.

Dark energy candidates: Cosmological constant, (chanllenge from DESI data!)
Quintessences, ..... Or modify Einstein equation!




WHIl our local galaxy torn up by cosmological constant?

PHYSICAL REVIEW D, VOLUME &5, 121518

Future island universes in a background universe accelerated by a cosmological constant
amd by quintessence

Tahong Chiseh and Xiao-Gang He
D partment of Physics, National Tatwan University, Taiped, Tatwan 10764, Republic of Chinag
(Received 26 December 2001 published 18 June 2002

We study bound obpect Tommation in a background universe accelemted by a cosmological constant and by
quintessence . I the ucee leration lusts fome ver, due 1o the existence of an evenl horizon, one would have naively
expected the universe to approach a state of cold demth. However, we lind that many local regions in the
uni verse can in fact be protected by their own gravity o form miniuniverses, provided that their present matter
densities exceed some eritical value, In the case with o cosmaological constam (A cold dark matter cosmology ),
the condition for forming a miniuniverse is thit the ratio of the present density parameters {1711 4 should be
brger than o cntical value 363, Such mintuniverses typically weigh less than 2 x 10" solar masses, with the
lighter ones having tight and compact contigurations. In the case with quintessence. the linal ratio !I,.-'!I_f of a
miniunivemse s found to be always larger than v .- W, . where w, is the equution-ol-state parameter

ROE 1L PhysRev D63, 123518 PALCS mumberis): W8 K(.Es

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




Flajor physics and our matter Universe

In o niverse, matter dominates over anti-matter

In cosmological terms, the problem is as follows :

If initially, the universe is matter and anti-matter symmetric

np/My =ng)/ny ~ 10~

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

T TET T YT VT YT e—y

NOHTA COCP 199 15K
1

However observation, BBN and CMB, show that
n=(ng—ng)/n, ~6x1071"°

There is a 10'Y order of magnitude difference.

Andrei Sakharov on =
Soviet Nobel Peace Prize
winners, the USSR stamp
issued on 14 May 1851

Initially, there is a baryon asymmetry?
But inflation will dilute any asymmetry to zero.
Possible to generate a n which fits observtion

his is so is the problem of Baryon Asymmetry of our Universe (BAU) = SEE

027 g T

026 E
035 E
Y,
Poxu E

10-3

.

1 2 3 4 5 6 7 8910
Baryon-to-photon ratio 1) x 10710

Sakharov Conditions (1967)

Baryon Number B Violation

C and CP Violation

from an, initially, matter anti-matter symmetry universe?

Interactions Out Of Thermal
Equilibrium
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Legtogenesis

Fui and Yanagida, PLB174, 45(1986)

TraW8late 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: a (i)=a, ag(i)=0.

Sphelaron effect: Conserve B-L, but violates B+L

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

a (f) = a/2; ag(f) = -a/2

half of initial lepton asymmetry will be translated into baryon
asymmetry if complete.

SM Sphelaron effect: ag = - (28/79)a, Generating a none-zero a, ?
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Stapdard Model Has All Ingradients, But Too Small

n number violation: Sphelaron effects-tunneling effects from different vacuum
mber differences. Violated B+L, but conserves B-L.

C and CP violation: Electroweak |nteract|on wolates 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.

n~ 1020 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?
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Segsaw model plays the right role

Ly = —EL}@HER — ELYHHUH - %(ﬂb,ﬁE}M“ ( :‘:L ) + H.C.
R
The last term violates lepton number L by two units!

Out of thermal equilibrium decay, new CP violation in N -> L h(¢)

I'(N; = L¢) —T(N; = L¢)

N decays into L and anti-L differently a; =

T'(N; = Lé) + L(N; — L¢)

1 1 A A M?
B R ———— Im{ly. Y12 e

2 i
+In i
z—1 T

f(z) = v/a(

)

My and mv masses are correlated to obtain the right number for n,
mv of order 0.05 eV, My ~ 1000 GeV.

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

55



Earlyf leptogenesis concentrated on large heavy neutrino mass of order larger than
1 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? m, ~ m:2/M, M~ 6x107 TeV; m, ~ m,2/M, M~ 5 TeV
May be testable at colliders for heavy degrees of freedom!

Leptogenesis at TeV scale? Yes. Resonant leptogenesis (Pilaftsis and Undi Oé)gVQO% ébtr?ne e%%ate

enough for leptogenesis
Frampto, Glashow and Yanagida

........... 10!

10-2
1073

N " s
10-+ ] FASER2Z % o / LHC prgmpt

7 e
‘;\)7*\,\ o~ FCC-hh 1075
A

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

AR \

107° N
1077
E‘D L
1079 E

83 107¢ \\ ; LHC displaced
i
\

10710
101

Low-scale Leptogenesis .
10712 g ++-en 2 HNLs, thermal
—— 2 HNLs, vanishing
----- 3 HNLs, thermal
0y 3 HNLs, vanishing

1071

— Vanishing initial conditions

Occam Razor: no need the
107! 100 100 107 10% 10¢ tr 10 10" 10! 107 10% 10 3rd neUtrIno for IeptogeneSIS’
pice e and make use of it to

Left 2 (3) heavy neutrinos blue (orange) curves (my=0), right m, = 0.1 ev. address some other
problem-- plays the role of

Dark Matter!



5.-donclusions A lot of opportunities in flavor physics

Flavor physics is a very lively field of research with a lot of hew 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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