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1. Favor physics, where are we?

mental Interactions:
Electromagnetic Interaction, mediator: Photon
Weak Interaction, mediators: W and Z bosons
Gravitational Interaction, mediator: Graviton (?) E
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Particle aass generating mechanis:
Higgs Mechanism (God particle reveals it)

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 €)  Three generations/families

Leptons: Particles have no strong interaction
V, v, Vv, (electric charge 0 €)  Leptons are elementary particles

~e 1t (electriccharge-1 e) Three generations/families

3



Flavgr physics and CP symmetry

Flav d CP violation are intimately related.

Flavors: describe several copies of the same gauge representation, namely several

fields that are assigned the same quantum charges:
u,c,t;d, s, by e, U, T, ViV, Vs .

Flavor physics: the study of interactions that govern flavors.
Weak interaction one type of flavor change to another type
neutral currentt 2 c, ;b2 s, d&; T2 U, e Y, e V2V, V...,
charged current b, s,d 2 t,c,u; T, 4, e 2 V; vV, V...

CP symmetry: Combined symmetry of C-charge conjugation (particle and anti-particle

symmetry) and P-space parity (inversion of space directions).

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!
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THe SM of strong and electroweak interactions

X SU(Z) X U(1) gauge theory for strong and electroweak interaction
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Can one negeclects gravitation interaction when studying particle interactions?
The coulomb force between two protons: Fc= e?/r?,
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!




The 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



Quatk 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

L= T Vexm DLW, — ey Upmns Nt W, + H.C. |
V2 V2

0,0)

(130)
Ur = (-u.L._f:L,fL._...)T, D= (dL.sL.hL....)T, Ei = ((’L,;I-L.TL....)TT and N; = (ul.vg.pg....]T
For n-generations, V = Vegeng or Uppins 18 an nox noimitary matrix.
. . i 3 : ‘ i : ; : 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
C12€13 S12€C13 S13¢ an ™ “
; i3 i 1-2%/2 A AX¥(p - i)
V= —si2c03 — c12823813€"  c12023 — s12823813€" 823 o - X2 AN
S12523 — €12€23513€"  —C12593 — S12023513€ €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.

'
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Pgrameters in the standard model with 3 generations

boson couplings and masses: 9,=g’, g,-4, 93=Js, M,, My, M;

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

Higgs boson mass and couplings: m,, or A, mi/v to ith fermion
(Weak mixing angle 8,,: tan6y, = g,/g;, € =g, SinBy,
Gem = €2/41, 0,=0,%/41, a3=as-=02/41; Ge = g2/(4./2 my?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 6

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




Flavor physics tests for SM

Discovering new phenomena, and testing various theoretical predictions

-> establishment of a theory (Determine the model parameters, looking for
deviations -> modify the theory...)

Produce various particles and observe how they interact and decay
Production: e+e-, p anti-p, pp... colliders (v, e-, v, p..) hit on Nuclei target...
=> SM particles...

Observe various particle decays, quarks, leptons, gauge bosons, Higgs
boson...t -> W + b -> | v + c light hadrons (for lighter quarks, one needs
to study the hadrons containing the specific quark to see it decay
properties...)

Interaction with probes: g-2 of muon (muon under know magnetic field)...

Cross sections, decay rates, production and decay asymmetries.... Obtain
desired properties of a theory: coupling constants, mixing angles, parity
and CP properties...




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

Qem= 7.035999084(21) sin26,,=0.23121(4) a5=0.1179(9) (G = 1.1663788(6)x10> GeV-2)
m,=91.1876(21) GeV m,=125.25(0.17) GeV
(SM: m=80.357(6) GeV vs. Recent CDF II data: m\,=80.4335(94) GeV 7c away!)

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

CMS 138 fo™' (13 TeV)

E>;2 1?'“I'I'IH=‘;25.38IGI3I\:II‘ o = O

Quark masses: é | _‘ |

m, =1.16(+0.49, -0.26) MeV m=4.67(+0.48, -0.17) MeV, 2 ' i
m.=93.4(+8.6, -3.4) MeV, m.=1.27(0.02) GeV, 7 ol B

m,=4.18(+0.03,-0.02) GeV, m,= 172.69(0.30) GeV T e

i q generation fermions

* é o generation fermions
. . i -==+== 8M Higgs boson
Strong CP violating phase 6 < 10-° L T
= ST R T LR A AR LA !
UJ :' 1.05F '_
o - " M— .
What about quark and neutrino mixing angles § osf E
0.6

i i i 1‘(‘)*1 | ‘1 | 11) I%(IJE
and CP violating phases, and neutrino masses? B TESSGED
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oop level Meson-antiMeson mixing

i g . = .\I:'j‘l\j._ﬂ"W"\:rﬁ
s o T——————
d d W
0 a 0 0
i d W d
V] Vi v v

2 G?mw " = | =l
Heps=—3 Z(VdV ViaVi;) B, ;)8v, Ldsy"Ld

o Ty 1 1 rilnz y2£ny
B =0+ ga—9 " s—yla—27 ~a-v?)
1 1 zinz ylny

2T a-9 "z

ya-a2 -2

o PR
M12 - RﬂlHe_fflKu B e % GFmW

2 (ViaVi)(VjaVys) B(es, 5)C
i

C =< K°|5vy,Ldsy*Ld|K° >

Replacing (d, s) to (d,b) and (s,b), obtain By-antiByy mixing
Dominated by heavy top quark in the loop
For By)-antiByy mixing, VigVi,"(ViaVe, ") term dominate! Determination of Vi, and Vi, !
2ReM;; = Am,. Amg = 3.334(0.013)x10-10 MeV; Amg,=1.1693(0.0004)x10-8 MeV.
Amp = 6.56(0.010)10-12 MeV. Need long distance contributions in SM.
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P violation Tests

In KO-antiK® mixing

Data: Amy_g =~ Al's_1/2 = (3.484 +0.006) x 10~12 MeV,
e = (2.228 + 0.011) x 10-3ezp(id,) with (¢, = 43.52 =+ 0.05)°.

Assuming I'm(I';2) is much smaller than I'm(Mi;)
Theoretical estimate OK v v PRSRE. | SO, SN,

One finally obtains R g § . 4 N
o Im(M;3)
V2Amp_g ’

SM is consistent with data and € help to determine the phase §
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Status 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
13

Why they mix the pattern shown above?



iﬁsts for Standard Model of CV Violation

SM can explain CPV in neutral Kaon mixing. Only doing that
job is not enough to become part of a SM.

Predictions made and confirmed.
Many predictions been confirmed!

Observables: ', time dependent A and independent rate
asymmetry S and C: in K, D and B decays, and also to test

unitarity triangle predicted by SM
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The € in K1 s — nm, a measurement of direct CPV

» - N+— — Too AKp - ntn™) A(KL e 71-07;-0)
=3 T AKs s atr) T A(Kg o 700)
— .fmAu i(w/2+482—6p) REA2 fmAg ImAg
Mo T T Red, T V2ReA, \ ReA;  ReA,
Mo = €+1 Eho — 2¢'(7/2+82—8o) ReAs (fmflz _ fmf-lu) ’
ReAy V2ReA, \ Red;  Ag

¢ = = —Too _ ReA; (fm«‘-'lz 3 Ion) ¢i(m/2+82—80)
3 \/':’REAQ ReAs ReAy

d; are determined from phase shift analyses in m — 7 scattering,
and 7/2 + §, — &y is found to be close to 7 /4.

CPT symmetry implies that this phase is equal to the phase ¢, for e.

In the literature the quantity €’ /e is usually used.
Experiment value from NA48 and KTeV: £'/e=16.6(2.3)x10-4




3 e a2
SMicalculation for €'/e 01=5 Gd)y-a2 €,(dQ)v-a>

Og= > (-‘-‘ v - AE e (39:)v+as
e and penguin contributions

G Q';r— (5d)y- AE eq.(qq)v
He(AS=1)= A V:fsvuﬂ'zl [z(p)+7 ¥ () ]Q(p).

3

= £ Qm— S;d;)y - AZ o(q;9:)v

Q=05 y-aud;)y_ 4, V;Vrd /_\w
Qr=(su)y-a(ud)y—_4, i Vivud' 2 r = S é 7

Z“"" g

Q3={3_d}v—.q§ (4q)v-a, 1. e : S .
s->uq'q,s->dqq s_ SN o« s .

Qaz(i'?_idﬂv—ﬂE (di9:)v-a- S W
g " (17 ’ o g*r,z .
Os=d)y- 42 (@9 vsas S : i q ; e q

g S . ,_ )
_ _ w\ (w i ]
Qﬁ={35d;)v—,q§”; (giqi)v+a. o ¢ [i / @ q \T’f q

Replacingstob, qtod, ors, applyto b->uqg”q, b->qq"”q decays.
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Experimental measurement of €' /e

1993 NA31 at CERN, €' /e = (2.3 +0.7) x 1073
1993 E731 at Fermilab, ¢’ /e = (0.74 + 0.59) x 10~3.
1999 KTeV at Fermlab, € /e = (2.8 + 0.41) x 10~

1999 NA48 at CERN, Re(€'/e) = (1.85 +0.45 + 0.58) x 103
Experiment value from NA48 and KTeV: &'/e=16.6(2.3)x 10~

Lattice calculation: 21.7(8.4)x10-4 (PRD 102 (2020) 505459)
Chiral perturbation calculation: 14(5)x10-4 (Conf. Ser. 1562(2020) 012011)

SM is consistent with data
There are rooms for new physics beyond SM...Keep an eye on this
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Conditions for CP asymmetry: |A¢| # |1‘-1f|

Parametrized

Af — AIELEE;*JIII-) _+_ AEEI{EEH’-J;) i

A7 = 1PP(AE I8 4 A,eiE-80))

d¢ are the strong phases and 6% are the CP violating weak phases. |[n°F| =1

—2A, Aysin (8 — 8¥)sin(8: — 83)

Acp

~ A%+ A2 + 2A; Agcos(6F — 6%)cos(6¥ —

%)

There must more than one amplitudes with different strong and weak phases!

9.
Acp(BY - 77K 0.224 £ 0.0124 and Acp(B° - 7~ K*) =—0.0834 + 0.0032 ®) 7y

These measurements are in consistent
With SM predictions!

b—+dgfd B°—f BY—f CKM dependence of A 7 Suppression
b—ces  YKs Vo (VaVe)T + (Vi Vi) P* loop x X
b— 555 ¢Ks dd  (ViV)Pe+ (V4V, )PY A2
b—aus 7Kg KYK— (ViV,)P°+(ViV)T  X2/loop
b—éed D'D™  ¢Ks  (VaV)T+ (VaVa) Pt loop
b—ssd KsKs o6Kg  (ViV,)P+ (ViV.,)Pe <1
b—aud wtn~  pPKg  (VEV.OT + (ViV, )Pt loop
b—céud Depn® DepKs (V3V, )T+ VRV, )T A2
b—éus DgpKs Dcepod  (VEV, )T + (VARV. )T <1




Time dependent asymmetry

- r(ﬁ':'f(t) = fep) —T(M(t) = fcp)
T(M(t) = fop) +T(M(t) = fop)

A(t)cp

In the limit |g/p| = 1, one obtains

—Cycos(Amt) + Sysin(Amt)

Al)or = CoSh(ATt/2) + AR sinh(AT¢/2)
1— g2 BAp) 4on . A g20r
— T TN IWE T 1+ 2 A “pAcp
Cr=TamE T TEE A T TEE M T p Ao

CPT sum rule: |Cy|? + |S¢|* + |APT|2 = 1.

In the SM, for B] — BY system, good approximation ¢/p = V;; Vi, /Vi V3,
For By — B" system, q/p = V3Via/VaViy. la/p| = 1.

Measurements of Sy and Cy in B decays played an important role
in verifying the standard model for CP violation.

C: type: D -> K+K-, it ; S¢ type: BO -> J/yp K0, ttm—.
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Allarge number of CP violating observables measured

AAcp = ACP(K+ K_) — ACP(W+7T_) = (—0.154 = 0.029)%

Acp (B - Kta~) = —0.0834 + 0.0032

Acp(B' = K*(892)T7~) = —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
Sp+p- (B° =+ D¥D7) = —0.76* 773 (S = 1.2)
S(B® - J/(15)p%) = —0.667 518
9 .o (B° > (*) ) h%) = —0.66 + 0.12
e )
Syko (B = 7 KP) = 0.63 4 0.06
Skc+ K- KO (B° - K* K~ K2 nonresonant) = —0.66 + 0.11
Siitic= K2 (B° - Kt K~ K2 inclusive) = —0.65 + 0.12
SeKQ (B°—a oK2) = 0.59 + 0.14

C‘n"rr (B°—> ata~) = —0.314 + 0.030
Sex (B® = mHm™) = —0.670 £+ 0.030
AC,r (B » ptm~) =0.27 + 0.06
S KO (B° > ncK2) =093 +0.17

sin(28) = 0.699 + 0.017
sJMns)Ko (B° — J/¢(n5) K9%) = 0.701 + 0.017

Sy ke (B° = X1 K§) =063+ 0.10
sin(2Be)(B° = KT K~ K%) = 0.777 013
a = (85. S

Acp(Bs = ©t K—) = 0.224 £+ 0.012

Acp(B* — Dgp(41)K*) = 0132 £0.015 (S = 1.8)
Asps(BT — DK+) = —0.451 4+ 0.026

Aaps(BT — Dmt) =0.129 + 0.014

Aaps(BT — D*(Dy)K*t)=-06+13
Aaps(BT — D*(D7°%)K*) =0.72+0.29
Acp(EAcp(BT = wtn~at) = 0.057 + 0.013
Acp(Bt — pPK*) =037 +0.10

Acp(Bt - KTK—wt) = —0.122 £+ 0.021
ACP(B+ - KtK~ K+) —0.033 £+ 0.008
v=(59430r

rg(B* - DPK*) = 0.0994 + 0.0026

op(Bt = DOK+) = (127.7F35)°

rg(Br - DOK*+) = 0.101 73510

op(Bt - DOK**) = (48732)°

rg(B* - D*OK+) =0.104 13013

op(Bt - D*0K*) = (314.87/9)°




The Unitarity Triangle

Z VijVik = Z ViiVii = djk

VudV), s VedVy,

(p.n) ; : g
/D\ SRR R =0 ey g
VaVio| 72=% 3
V.V fé a = (85.2715)° \ The Jarlskog parameter J (1985)
- (65_9*3 2)°  sin28 = 0.699 £ 0.017 Im[l’;‘jvkﬁ i?vk*j] = .J Zm:n EikmEjin.
il P=¢, ] = 515C15,3C53513C1325ING
0.0) (1.0) 12%12923%23°213%13
= (3.08+015, ,.)x105
a+ B+ = 180° o
P0G The area of the triangle = J/2
a+pf+vy=(173+£ 6)9_ CPV in SM is always proportional to ]

a = Arg(—VaaViy/ Vi Vua), B = Arg(—VeaV3/ Vi3 Via), and v = Arg(—VuaVy5, /Vi Ved)
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Spme 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)%
Unexpected! 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



Flavor changing hadronic decays 0= Gy 42 @)y

3 .. _
Qg=§(3,-d,,-}v-,42 e, (49 vias
q

Tree and penquin contributions - ]
Qs=3 (Sd)v-42 €4(dq)v-4

Gr
HLf[{ﬂS=1} E VET-F “ﬂlz {(‘M + ¥ -}'{ }]Q‘(#} Qlﬂ:%(ﬁ_“sdj}v—:izq: €4(q,q:)v-

u s iV

Q1=(5upv-alud)y-— 4 ‘é %E
Qr=(su)y_(ud)y_ 4, V;ﬂ.:-vrri B i} q ) } q
o .
e - VEY
QE_(Sd)V—Ag () v-a, ws © ud S /f?\w a S ; q
} W
Q4:(§idj)v—.q§ (99:)v-a. S->Uu a’ q,s -> d a’q’ q q gY Z q
Q5={§d)v—,q§q; (Gq)v+as Yo S S i q S W q
- - - - -
) ) w> gw i i
Qrs:(ﬂsdj)v—.qza; (q;gi)v+a. g q’ i q q W q’

Replacingstob, gtod, ors, applyto b->uqg”q, b->qq” g decays.
Similarly for, ¢ -> s u d, udd, uss. Tree dominate, Penguin very small...
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THeoretical calculations

actorization (M. Wirbel etal, A. Ali, ...) QCD factorization (M. Benek et
al., Lu, Xiao,...) and PQCD caculations (HN Li et al, , Lu, Yang, Xiao...et al),
for hadronic B-meson, b-baryon decays better than D-meson, c-baryon
decays. Resonable results for branching ratios, and CP violation for B to PP.

SU(3) flavor symmetry approaches (Chau, Cheng etal., Savage etal, Gronau
et al, XG He et al, Chiang, HN Li, et al, Geng, liu et al, Hsian et al, Wang,
Shi, He...). Fitting for B-meson to Octet meson P, B -> PP.

New measurement enable do some detailed analysis for anti-triplet c-
baryon T to Octet baryon Tg+P well. minimal-chi-square/degree ~ 1.

But large SU(3) breaking for seemi-leptonic T -> Tg+| v badly (He,
Huang, Wang, Xing; Geng et al, Wang et al...).

A puzzle!




Charm baryon decays: T -> Tg+P and SU(3)

H

ing,He, JHEP05(2022)191; Xing, He, Huang, Yang, arXiv: 2305.1854

N ) e (i ) g=(se3k10)p M7 w0 AN
TCE = :éi _('):0 :nc ,P: }—7;— —7;%‘_%% KO ¢ —_— ( . . ) + b15 v (Tcg)z(Hﬁ)izk}(Tg)ggﬂ]
c —ec - Ne . .
50 A° + + e x (T3)i(Hys) ™ (Ts)] P
ntvw X p S T
T, — ( 5= DM g ) (77,) — (C?qu sin (35) (nq) + dis x (T,3)i(Hrg) 7™ (T5)L P
= e o)\ S oSO SNk @) P TR
: T.3) % (Hz) (i1 (To)2 P}
(Hg)3' = —(Hg)3® = (Hg)3” = —(Hp)3' = sin), . ZG . ((Tcg))['k]((Hﬁ)){ J}((TS))lkplj
. I X c3 ¢ 6/{ij
(His)3' = (His)3° = —(His)3' = —(His)z” = siné. o o T
o o o . _—_— + ¢c6 X (Te3)™" (Hg) 153 (Ts); Py
(Ho)s = —(He)s” =sin"0, (His)3 = (Hus)s" = sin™0. + ds % (T3) ™) (Hg) 11y (To )i P
21 =
dl’ — GF|an|(EBn +MBn)(|F|2+I€2|G|2) = 2R€(F* G)f’fz/(lFlz +F\32|G|2),
d cos @ 87 M o
x(1+awi-p3n), 4 = ae — r_
_ . rq q = a¢ —Qa15, G = Qg T 15,
g6 = Gru(fg —9gsrs)u, g=a,b,c,d, f* = fe—fis 9% =98 — gt
di5 = GFﬁ(ffE) o gg575)ua q=a, b; C, da c. f = fe + 115 9" = 96 + 915

F&G known functions of gi, currently no measured decay parameters is related to a’




TABLE I: Experimental data and fitting results of anti-triplet charmed baryons two-body decays.

Branching ratio

Channel Lastest measurement in 2022(%) Experimental data(%) Previous work(%) [14] This work(%)
Ar = pK2 — 1.59 + 0.08 [39] 1.587 + 0.077 1.606 4+ 0.077
A = pn - 0.142 + 0.012]39)] 0.127 + 0.024 0.141 =+ 0.011
AY > py’ 0.0562 1 0705 + 0.002630] | 1484 + 0.0091(30, 34] 0.27 4+ 0.38 0.0468 -+ 0.0066
0.0473 + 0.0082 = 0.0046 + 0.0024[34]
1.328 4+ 0.055

1.30 + 0.06[33, 39]

1.307 £+ 0.069

Al — Axt 1.31 £+ 0.08 & 0.05[33]

Al — 3O0pt 1.22 4+ 0.08 + 0.07[33] 1.27 + 0.06[33, 39| 1.272 + 0.056 1.260 -+ 0.048
Al - Ztg? — 1.25 + 0.10[39] 1.283 £ 0.057 1.274 4 0.047
Atr =0t = 0.55 &+ 0.07[39] 0.548 + 0.068 0.430 £+ 0.030

0.0621 + 0.0044 + 0.0026 + 0.003431]

0.064 + 0.003[31, 35, 39

0.064 + 0.010

0.0646 + 0.0028

AY 5 A°KT ;
0.0657 4+ 0.0017 + 0.0011 + 0.003535]

Al 3ty 0.416 4+ 0.075 4+ 0.021 + 0.033[36) 0.32 =+ 0.043[36, 39| 0.45 £ 0.19 0.329 &+ 0.042
Al -2ty 0.314 &+ 0.035 = 0.011 = 0.025[36] 0.437 & 0.084[36, 39] 1.5 £ 0.6 0.444 =+ 0.070
A — DOK+ 0.047 4 0.009 & 0.001 £ 0.003[32] |, 5389 4 g.0025(32, 35,39]|  0.0504 + 0.0056 0.0381 + 0.0017

0.0358 & 0.0019 + 0.0006 -+ 0.0019(35] -
0.035 £ 0.011 0.0651 =+ 0.0026

Ar — nxt

0.066 + 0.012 + 0.004[33]

0.066 + 0.0126 33|

0.048 =+ 0.0145(32]

0.0103 + 0.0042

0.0327 + 0.0029

Ar 5 THRD 0.048 + 0.014 + 0.002 4 0.003[32]
=t — =20+ — 1.6 + 0.8[39] 0.54 + 0.18 0.887 + 0.080
=0 4 AKS — 0.32 4 0.07[39] 0.334 + 0.065 0.261 + 0.043
I — 1.43 + 0.32[39] 1.21 +0.21 1.06 + 0.20
0.047 + 0.0083 0.0474 =+ 0.0090

= L =-Kt

0.039 + 0.012(39]

=0 5 TOKS

0.054 + 0.016(39]

0.069 + 0.024

0.054 £+ 0.016

0.18 &4 0.04[39]

0.221 + 0.068

0.188 £ 0.039

=2 s ntK- -
Ohanie Asymmetry parameter o _
Lastest measurement in 2022 Experimental data Previous work[14] This work
a(AS — pKS) — 0.18 4+ 0.45[39] 0.19 £ 0.41 0.49 £ 0.20
a(Al — Ant) —0.755 & 0.005 + 0.003[35] —0.755 £ 0.005835, 39| —0.841 £ 0.083 —0.7542 £+ 0.0058
a(Al = Z%H) —0.463 £ 0.016 £ 0.008[35] —0.466 £ 0.0178[35, 39| —0.605 = 0.088 —0.471 & 0.015
a(Af - 2tz0) —0.48 4+ 0.02 £ 0.02[36] —0.48 4 0.03[36, 39] —0.603 £ 0.088 —0.468 £ 0.015
(22 - ="7h) — —0.64 + 0.051[39] —0.56 + 0.32 —0.654 + 0.050
a(Al - 2K —0.54 + 0.18 + 0.09[35] —0.54 & 0.20[35] —0.953 + 0.040 —0.9958 + 0.0045
alAl - AKT) —0.585 =+ 0.049 + 0.018[35] —0.585 + 0.052[35] —0.24 +0.15 —0.545 + 0.046
alAl — ETn) —0.99 + 0.03 £ 0.05[36] —0.99 + 0.058[36] 0.3 +3.8 —0.970 £ 0.046
—0.46 + 0.067[36)] 08+1.9 —0.455 + 0.064

a(Al — By

—0.46 + 0.06 + 0.03(36]

SU(3) symmetry p

arameters from fitting (x*/d.o.f.=1.21)

F = 0.0155 =+ 0.0040

f& = 0.0215 + 0.0092

f§ = 0.0356 + 0.0071

f& = —0.0138 + 0.0080

Vector(f)

fi = —0.0161 + 0.0042

&5 = 0.0149 + 0.0080

fi = —0.0253 4 0.0031

J

fi5 = 0.0798 =+ 0.0087

g®* = —0.039 £+ 0.012

gt = —0.240 + 0.011

ge = 0.121 + 0.019

=219

gd = —0.067 = 0.014

Axial-vector(g)

g% = 0.1134 + 0.0074

g%s = —0.0387 =+ 0.0085

gfs = 0.014 + 0.018

gis = 0.0209 &+ 0.0092




TABLE II: SU(3) amplitudes and predicted branching fractions (the third column) and polarization parameters (the

fourth column) of anti-triplet charmed baryons decays into an octet baryon and an octet meson.

o |

TABLE IIL: SU(3) amplitudes and predicted branching fractions (the third column) and polarization parameters
(the fourth column) of anti-triplet charmed baryons decays into an octet baryon and 7 or ', In this table “~"
represent the channel can not be prediction due to the limit of experimental data.

= - nat

0.00194 + 0.00031

—sin? f (cg + €15 — dus) V2

0.9997 £ 0.0091

Channel SU(3) amplitude Branching ratio(10~%)
Al = Bt (—bs + bis +cs — 15 + da) /V2 1.260 + 0.046 —0.470 £ 0.015
Al = Ant —(bs — bis + s — e1s + do + 2e15) /6 1.328 + 0.055 —0.7542 -+ 0.0058 | Channel $U(3) amplitude Branching fmct,jgnfm—?)l o
AF 5 ota® (b6 — bis — ca + 15 — da) /2 1.274 + 0.047 —0.468 + 0.015 = = :
AL = oK (5020 (—da + diz = ex2) + bo — bro — o)/ V3 HE LT T A:— — E_w]f c?s¢(—2as+2a1a — be + b1s — s + 15 + ds) /2 — sind(—as + a15 + dis) 0.329 +0.042 —O.Q?i-)iO.Mﬁ
AT S ERT b 0,430 + 0.030 0.955 + 0.018 A = X7y smqb(—Qae + 2ais — bs + bis — o6 + 15 + ds)/\/‘?‘ + cos(—as + a1s + dls) 0.444 4+ 0.070 —0.455 £ 0.064
= ETKY (sin® 8 (b — bas — e15) —ds + dis + €15)/V2 0.77 £ 0.32 0.29 +0.29 ey sin 0 3(-’5‘1"(_2“G+2315 — s+ 15 +ds —e15) V2 0441 +0.011 0.03+ 0.1
Ef 5 8%" —ds — dis —e1s 0.887 + 0.080 —0.902 + 0.039 —sing (—ag + ay5 — b + bis +dis + e15) )
=0 nOKY (_aillfajba+515—gm)+(cﬁ+cm +dg — e15))/2 0.054 + 0.016 —0.75 £ 0.24 At gt sinf( sin ¢ (—2as + 2015 — s + 15 +ds —e1s) [+/2 0.0468 + 0.0066 —0.990 < 0.018
=0 AKD ﬁf:‘/é?;:j:;;_2““_26‘5;2”’“'&);2 /6 0.261 + 0.043 0.984 + 0.084 +cos ¢ (—ag + a1 — bg + bis + dis +e5))
6 15 — €6 — €15 — d — €15 .
ES - 6+ 15 - dig 0.188 + 0.039 0.98 + 0.20 Er 5ty sin 0 cos ¢ (~2as + 2a15 = bs +bis — o + 15 +das + e3) /V/2 0.114 +0.022 0.97 +0.11
=0 =gt b +bis + x5 1.06 £ 0.20 —0.654 + 0.050 —sing (—as +a15 +ds — ers) )
=0y 200 (—bs — bis + dg +d15)/\/§ 0.130 4 0.051 —0.28 + 0.18 =+ E+nl Slnﬂ(mnd’ (—2as + 2a15 — bs + bis — es + c1s + dis + eas) .‘{\/r:} 0.125 4+ 0.022 —0.456 + 0.070
Af - XK+ sind(—bs + bis + dg + dis) V2 0.0381 £ 0.0017  |—0.9959 + 0.0044 +cos ¢ (—as + @15 +ds — €15) )
+ + | —sing (bs — bis — ; ‘ —0.545 + 0. ; in® @ 2ag — 2 — 15 — d; o}
A AKT | sind (b = b = Bcs + Bess + do + oy + Bes) /VE| 0.0G46£0.0028 | 0545 0,048 = oo ein H0on ¢ (Zag —~nssd g eryi—~dhn] fy) 0.00938 £0.00071 | —0.003+ 0.61
AF 5 DTKY/KD sin @ (—be + bis + ds — dis) /v/2 0.0327 + 0.0029 —0.52+£0.11 — sin ¢ (as — @15 + be — bys — ds) )
Al = pr® sinf (—cq + c15 — ds + €15) /V2 0.021 + 0.010 —0.21 +0.18 sin? @ (sin ¢ (226 — 215 .
s = s — a5 + c5 — 15 — dis) /2 -
AF st —sinfl (cg — c15 + da + e15) 0.0651 + 0.0026 0.533 + 0.047 El 5y _(‘_cmw (05 — 015 + b — b 1_ de) )); 0.0095 £ 0.0011 —0.9981 £ 0.0058
= 52" —sin® (bs — bis — 6 + e15 + dis + e15) /2 0.3194 + 0.0088 —0.728 4 0.018 == P 5 Rt 6 - 15d )6\/513 T S——
8in 0 (—bg + bis — ce + c1s + 2dg + 3ddis + e15) /v6 | 0.0222 £ 0.0032 —0.16 £ 0.17 SetS | oo ¢(2as + 2a15 15 — do + dis)/ V2 —singlag +axs + e + e1s < =
= utal Bi-ﬂﬂ(:bﬁ*h15*%+515*d15*315)f\ﬁ 0.247 + 0.020 0.46 + 0.19 E.—=E7n sin ¢(2a6 + 2a15 + b +b15—dﬁ+dl$)/\/§+ CDSQ}(&S"—G.IS-FCS‘FCIS) = =
= - pKY/KY sind (—be + bis + ds — dis) 0.177 £ 0.016 —0.361 + 0.081 =0 50, sin( cosg (2a + 2a15 + bs + bis + ¢5 + 15 + dis — e15) /2 ] i
=t =Kt —sin (es — c13 +ds + e1s) 0.1361 + 0.0063 0.371 + 0.036 2 — sin ¢ (as + a5 — ds + e15) /v/2)
=0 50 —1sin8 (bs + bis + 6 + 15 — dis — €15) 0.00014 + 0.00030 03+23 o g sin O(sin (206 + 2a15 + be + b1z + €5 + 15 + dis —exs) /2
=0 Ar° sind (bs + bis + es + €15 — 2ds — 3dis + 15) /23 0.0375 + 0.0076 0.74 £ 0.16 E.—= Xy - -
S : —cos ¢ (ag + ais — ds + e15) /v2)
e =2 Xw —sinf (es + c15 + dis) 0.0116 + 0.0026 0.96 + 0.25 ” P m——— 3d 2\/5
=0y pK- sind (g + 15 + dys) 0.0138 + 0.0045 0.89 £0.38 20 5 Ap | (08¢ (6ac +6a1s + b +bis + s + 1 — 2do + 3dis + e1s) /(2V3) 2 i
EE — sinf (bs + bis + e13) 0.057 £ 0,011 —0.723 £ 0.050 —sing (—3ag — 3ars — 2 — 2bis — 2e6 — 2e1s + dg + e15) /V/6) sin g
=0 5 nK3/KY sin @ (—bs — bis + e + 15 + de) 0.0234 + 0.0060 0.66 +0.34 =0y Ay ( — sin ¢ (Bas + Bais + ba + bis + o5 + c13 — 2ds + 3dis + e15) /(2./:5) ~ B
= E K sinf (bs + bis + eas) 0.0474 + 0.0090 —0.610 + 0.048 “ +cos ¢ (—3ag — 3a1s — 2bg — 2by5 — 205 — 2eg5 + ds + e15) /./5) sinf
= ERYKY sin 0 (bg + bys — g — ey5 — dg) 0.0114 + 0.0023 0.87 +0.30 =0 oy sin® B(cos ¢ (2as + 2ars + 6 + c15 + dis) V2 ]
Ai'—r;aK% (singe(—ds-ll-d;s—ke,lsj—ba+b15+e|5}/ﬁ 1.688 & 0.080 0.56 £ 0.20 £ —sin ¢ (as + ans + bs + brs — dg) )
i\: anﬂK_.— b 0(ds + dis + es) 0.001022 + 0.000091 | —0.980 + 0.019 o S D d (2 - dassik ek o b dia) I3
=F 2K sin® 0 (bs — bis + e15) /v2 0.01156 + 0.00033 | —0.9961 =+ 0.0014 E: =+ nn iiwib g ibes ok b o bis — e]) - -
= 5 AK* sin? f (bs — b1y — 2¢5 + 2015 — 2dg — €15) /VB 0.00441 4 0.00019 | 0.624 +0.033 Liifskhe o dali o Tt
=2t otr? (sin®@ (bs — bis — e15) +da — dis — e15) /2 0.95 + 0.35 0.57 +0.28
=t = pr® sin® @ (cs — 15+ das) /V2 0.00046 + 0.00021 —0.29 4+ 0.38
= = nart sin? 0 (cg — c15 — dis) 0.00619 + 0.00040 | 0.945 + 0.020 P d 't th d t H d b h H t'
= =+ 2°K7 (—sin” 0 (bs + bis — e15) — (es + c15 + ds — e15)) /2 0.069 + 0.019 —0.51 +0.29 re CI e Un e erl I “ne ra nc Ing ra IOS
3 T ——
2 KD V/3sin® 0 (bs + bis — 2¢s — 2e15 — 2ds + e15) /6 0,243 + 0.043 0,996 4 0.043
—/3(2bg + 2b15 — ca — €15 — dis — €15) /6
2 s pr sin® 0 (cs + e1s + das) 0.00082 + 0.00029 0.87 4+ 0.40 f a,f a g a,’ a
B TK” sin® 6 (b + bys + e13) 0.00258 £ 0.00049 | —0.689 & 0.050 T — ] e = g g z
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FIG. 1: The branching ratios which depend on the v/ (first line) and 79 (second line) for the 8 undetermined decays:
29— 20\ E0 5 200 =0 5 A0p) =0 5 Z03() In these figures, we set another parameter r/(@) = 0.
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branching ratio(%)
channel -
experimental data|SU(3) symmetry
Af = A%Tv.| 3.6+0.4[33] |[3.640.4 (input)
AY — A°utv,| 35+£05[33] [3.540.5 (input)
EF - Z%Tv. | 2.341.5[33] 12.17 +1.35
=0 5 = e+1/e 1.54 4 0.35 [4, 5] 4.10 + 0.46
20 - E ptv,| 1.274£0.44 [4] 3.98 £ 0.57
channel amplitude
AY = A%ty |—y/2a? Vi
AF s bty | e}V ( ) -
T B L SU(3) fit:
=] _Za | @ very bad
Ef - 8%w| —ap™Va | oOne |
20 5 20ty eV
20 5 2 4Ty, ai‘ A 7

arge SU(3) breaking in T3 -> Tg+l v

Huang, Wang, Xing, PLB823, (2021) 136765.

G _
Heorass = f (Vaar* (1 —vs)e Devu(l — 7s)€] + hec.,
(H3)' =0, (Hs3)*=V}, (Hs)®=V_.
A g
Hyx, = a3 x (Te3) " (Hs) €im (T5) T
B = G| v + g + f5 L [u(h)en ()
! M, M; a
~a() | £ L eutog o)
branching ratio(%)
channel
experimental data fit data
AT = AT, 3.60 £ 0.40 1.94 £0.18
AY = Auty, 3.5+05 1.87 +0.176
= — Eletv, 2.3+ 1.5 6.53 £ 0.60
20 5> =2 et 1.54 £0.35 2.17 +0.20
20 s E uty, 1.27 £ 0.44 2.09 +0.19
x?/d.o.f =14.3| f1 =1.054+0.30 |f; =0.11 £0.95




SU(

breaking effec

(S

H)\,)\m (Tcgw — Tcﬁ) =

mass * 0 A
HY'XY o Vii(a

"X (Tcé)[m] (Hs) €ipm (To) T

J

- X N A
+ a5

J
wn

¥ x (Toz) ™ (H3) % € jim (To) P?,

d)\’)\“’ X (Tcg) [43] w;-“ (Tcﬁ) {ki}-

20/+mass — cosf x E9/* +sin 6 x ES/JF’,

)\)\w

4/_

0),

branching ratio(%)

m, 0 O 00O
M=]10 mgq 0 |~mzs|000]|]=msXuw.
0 0 mg 001
A A i k
Hypy = a3™ x (To3) (Hs)* €ipm (T5)T + a3
. - n k
+ a3™ x (Toa) ™ (Ha) ¥ erjm (Ts) Pwi, + a)
X N ij k
+ ag’ X (Tcg)[ 7] (H3) Eznm(TS) k
A A w A I A
a]™M = aP™ 4 P0/v/2 and oM = ad P + 20,
channel amplitude I amplitude IT
Ao ATy —y/3a? + v /3@ + Vs
=AY a1V a1V
P e v
Ed = 2%ty (03 a3 “j;“’ —7g Ve (ai’*‘”+a§’*j§—af’*‘”>vc§

SUBY AN AN AN g Aw
=t s A0£+V (al “’+2a2 “’—a3 7""—0.4 w+—;6)v*d _( A, k'u)_'_2a/>\ s Aw ag,kwga::\,)\w)vc):i
e t /6 /6
— —0 >\ A XA /A A I >\ A
Ed = E%ve|—(a}”" +a w_a4 “+a 5 )ch —(@™ +ay ™ —ap™ +ag Vg
= _ Ao € A /A A
252ty ( o4 ‘13 —ay’ 9)‘/;1 (a7 + ‘13 o “)Wea
=0 = I AN P AN A AN %, X
20 - 2 tue| (a2 + a3 —a)™ +ap v (a7 +agt —at +agt ) Ve

channel
experimental data |fit data(pole model) |fit data(constant).
AT = ATy, 3.6+04 3.61+0.32 3.62 +0.32
AT = Auty, 3.5 0.5 3.48 +0.30 3.45 +0.30
=5 - 2%, 2.3+1.5 3.89 +£0.73 3.92 +0.73
20 > E et e 1.54 +£0.35 1.29 4+ 0.24 1.31 +0.24
2 Euty, 1.27 4+ 0.44 1.2440.23 1.24 4+ 0.23
fit parameter | f1 = 1.01 £0.87, §f1 = —0.51 £ 0.92 2/do.f =16
(pole model) | fi =0.60 4 0.49, §f; = —0.23 4+ 0.41
fit parameter | f1 =0.86 £0.92, §f1 = —0.25 £ 0.88 2/do.f =19

(constant)

£l =0.85+0.36, §f, = —0.43 & 0.50

of; and of,’ breaklng effects, as large as the symmetric effects!




2:.|Anomalies, confirmed?

CKM unitarity anomaly? 0.228,

4 3 4 -
EII"I'IHJF- + Fvlr'.t- + Il'l‘)rrrhE- = ] 0.226

:;3 0.224_—

|V,p|2 ~ 10> negligible, so usually study _
A= |Vy4|?+|Vs[?-1 0.222

Zoom in superallowed 0+ -> 0+ nuclei transition o2z
and K -> | v show about 3o level deviation R

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,::’"'. The diagonal band (blue) corre-
- . sponds 1o (Vies | Vit e - The unitarity circle is denoted by the black solid
anIV . 2208 - 1 1 707 line. The 68% C.L. ellipse from a fit to all four constraints is depicted in yel-
low (Vg = 0.97378(26), V,,, = 0.22422(36), y*/dof = 6.4/2, 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)

-3l -3l =29 -3, 3¢ -3l -2 -3.5

Ak
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T‘.ERK(*) 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 Rpx) anomalies lowered to 30

Br(D® - 77,) T
Br(D® = I7) e T

R(D™) =

&-‘\ 0.4 B L] ) L) I LILIL ] I L] LI I 1 | L] I n ) L] L] I LI ] ) I L] LI I 1 LI I ) ]
2 = m Ay* = 1.0 contours
e B Prelim. 2023

0.35 BaBarl2

Bellel5

— ® s S ’%ﬁi : =

025 ‘ o~ Belle19 \ ]
B Bellel7 PRD 94 (2016) 094008 i

B PRD 95 (2017) 115008 World Average 7]

0.2 =  $HFLAV SM Prediction  JHEP 1712 (2017) 060 R(D) =0.356 +0.029,,,, —
= R(D) = 0.298 + 0.004 PLB 795 (2019) 386 R(D*)=0.284 £0.013 =

L PRL 123 (2019) 091801 =3
R(D*)=0254£0005  gpjc g0 (2020)2, 74 e

PRD 105 (2022' 034503
i L1 1

P(x?) = 25%

02 025 03 035 04 045 05 055
R(D

A lot of BSM studies, Higgs. Z’, Ieptoqua?rk...




Mu , has also been measured to high precision.

BNL experiment (1997 — 2001) final result 2
for Aa, = a,(exp) —a,(SM) at 2.7 larger than zero. ¢

Py

T= 7Y = :

FNL experiment first result announce in April, 2021, confirm

< 725 >
BNL result but with a high confidence level at 3.30. o, |
Combining BNL and FNL results, Aa, =251(59)x10-11 . T
The deviation away from SM is at 4.2 level! W mass anomaly
Recent Lattice calculation indicate the deviation is only e —
at one o level. More accurate theory calculations and FEoT I I s
Experimental measurement needed to confirm this anomaly. +—
A lot of efforts have been made to explain this anomaly ™" = -
Z', leptoquark, higgs.... New data to be released soon S Sl S

mw = 8036045(stat) £15(syst) = 80360 £16 MeV

by Fermilabl!?
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CP violation anomaly in 7 — Kgﬂ Ve

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!




What Anomalies tell us?

anomaly -Cambridge Dictionary

noun [CorU] « UK @ fa'nom.a.lif US @ /a'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:

Slatistical 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??? More Data!!!
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Flavor violation in leptonic processes

. Blennow et al., arXiv:2306.010040
Observable | Experimental bound 3N-SS Normal Ordering Inverted Ordering
68%CL 95%CL 68%CL 95%CL
U — ey 4.2-10713 98] 10,2
Nee = — [0.28,0.99] - 1073 | 1.3-103 || [0.31,1.0]- 1073 | 1.4-1073
T — ey 3.3-1078 [99] |62|2
T — wy 4.2 108 [100] M =~ — Lg-10~7 1.1-107° 1.2-1077 1.0-107°
|9‘r|2 104 . 103 104 .10—4
25 Ee 1.0-10-12 [101] Mer = [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 = 2.1-107% [102] Meu = ‘0 6 8.5-10 1.2-1075 85-1076 | 1.2.10°°
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"20: | 5.0-1076 5.7-1075 3.8-1076 1.8-107°
7 (\/1 +pUls+ /1 U(’;z) for Normal Ordering (NO),
7 (\/ 1+pUs++/1-p Ua1> for Inverted Ordering (10), . ] .
No flavor violation observed invovle
\/Am§1 - \/Am%
= for NO, . :
Am3, + /A, ‘” charged leptons, nor CP violation.
_ VAmMZ; — \/Am3y — Am, for 10,
VAmMy 4 \/Am3; — Am3,




3il The need of going beyond SM

IS @ beautiful and successful model to describe strong and electroweak
interactions. But how good is it and 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. Neutrino oscillations observed requires some of
the neutrinos (at least two of them) to have non-zero masses. 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

B QLYuﬂHH + QLYdeR + LLYEHER ~+ H.C.

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

Need to introduces vy in the model. Then one has —L.Y, Hvr — vp(Yov/V2)vg

Then mv = Yvv/sgrt[2]! Problem: m,/m, =Y /Y, < 106
Why such a small number?
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Seesaw models

Type I seesaw model: vg (1,1)(0) neutrinos, —~LLY, Hvp — (1/2)mpvjrn, m, = (Y, v)?/2mpg
Type Il seesaw model: x(1,3)(=1)small vevv,, =L Y, xL} — —u,r_(}"’r\/\/ﬁ)u};

Type III seesaw model: N (1,3)(0)- LY, HNg — (1/2)m rN§NR, 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. Kioms s
4.9% Encidy
Dark 68.3%
Cosmological evidences: Dark matter, Dark energy Matter

and matter-antimatter asymmetry
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Neutrino mass hierarchy and CPV

Fractional flavour content of massive neutrinos

[}
[aY]
)
o
£ T2K
= —] N e o
[ T2K, NEUTRINO 2020: M BF =—=<90% CL -+~ =68% CL | 2]< 25 N T2K preliminary
L - ] E — Normal ordering )
0.3 NOvA: +BF | |<90% CL 568% cL_]| F Inverted ordering
L : : ; - -
07F _ . “ oL
[ Inverted Ordering 90% CL
0.6}
5ol
R 0.5?
= F
0.4
[ T2K, NEUTRINO 2020:
B NOvA
0.af ‘
0 fid
2

JUNO, DUNE, HyperK...

Whether neutrinos are Dirac or Majorana particles

1

Excluded by KamLAND-Zen,

Normal Inverted |Uei|2 [ ] DO not knOW the abSOIUte Values . ﬁgfﬁiﬁ?-wo’CUo}m
2 ordering ordering |Uui|2 — f t . o
S — (U, . OF NEULING Masses & e
E 1 — Do not even know the mass
S _ NORMAL
! — > hierarchy, Normal or Inverted

1 \
0.00001 0.0001 0.001

m [eV]

CP violation

Normal hiearchy seems to incline to
have a phase & = 11/2

Inverted hierarchy to have a phase
O = -11/2 (NOVA) & = 11/2(T2K)




Model building for 8,5 = /4 and &6=+(-)11/2

X hin. J. Phys. 53(2015) 100101 E Ma, PRD92(2015)051301; G-N Li, X-G He, PLB750(2015)620

my = VPMNSmVVgMNS
A C C*
m, = C D* B
0 = —7/2 and 635 = /4, C* B D

_ ) . @ — T conjugate symmetry
For 6=+m/2, C <-> C"and D< -> D W. Grimus and L. Lavoura, PLB579(2004)11:

Z.-z Xing and Y. L. Zhou, PLB693(2010)584.
A A4 model to achieve this: under A4

vr = (Vg, vp, Vi) lo=(1, 3, 8), (g 1%1%), 3,(1,1”,1) and 3

O = (B, By, 3) (SM doublet), ¢ (SM doublet) x = (x1, X2, X3) (SM singlet)

In the charged lepton mass eigenstate basis,

o a\nd_'x both transform as 3,1 'Elﬁd\(b as 1

< DPio3>=vp, < x13 >=0, < x2 >=1v,, and < ¢ >= vy,




Neuitrino Chiral Oscillation

(2@ - m)77b =0 ’ Z&)T/JL - m@bR =0 y i@’gbR - mQ/JL =0 i ?,b(t,x) — U(t),w(o)e’ip-x

V=159, Yrp=1tBy, Y=y +yr. U=eHt H=+'v p+my’=a -p+mp
How lept-handed and right-handed are entangeled in in free space?

In chiral representation: 7’ = (? é) 7 = (_% %ﬁ) , Y= (_01 ?)
A . S— . h’
¥(0%) = UV O™ = g0 E P o) = o (VETIE )

$(0)T(0) = 1. h = £1 - heliciuty, p-out = (h-p)u”, p = (P, Py, p.) = p(cos ¢ sin 0, sin ¢ sin 6, cos 0).

= (aee ) = (T )

Oscilation probability from i to k for dirac neutrinos:
P(yi = ¥x) = | < P(Orlp(8)i > |* = | Y VijVigge " FitP))2




In the SM neutrinos are produced by W and/or Z interactions.

At production ¢ = 0 point, they are left-handed and normalized, 97 (0) = |/ 72 > X5 4hh(0).

() = / g HHS Yk (0) = 91 () = /52 (e‘“’E“‘%wh(O) — i'g sin(Et) [ﬁ, 1 ‘2’””] wh(O))-

oa-p+mpB

Used U(t) = e " = cos(Et) — i sin(Et)

21¢ﬁ(t) = (cos(Et) + zhE—p sin(Et)) e’P ™ ¢ ¢L( ) = ( z% sm(Et))

2 2
P(vf = vh) = WL YR =1 - 5 sin(BY), P(v} — vi) = [WH v (1)2 = 75 sin(BY
Left-handed neutrino oscillated into right-handed one!
P(v; — viy) = |Vij Vi (cos(Ejt) + zhE—p sin(E;t))[*, P(vi; = vige) = | — @Vngkg L sin(Ejt) ¢ ¢ (1))
J J

S-F Ge & P Pasquini, PLB811(2020)135961; V Bittencourt, A. Bernardini & M. Blasone, EPJC81 (2021)411.




Sedgsaw Neutrino in Matter

The general seesaw neutrino Lagrangian in matter propagation
_ = e = M; MZT v _ = g% 4% v
— _ 1 c L D L _ c I JRL L
L= I/L‘Z(?I/L 4 NR’LaNR 5 ((I/L NR) (MD MR) (N}C{) -+ hc) (VL NR) (JETL in Yu Nlcg
= ’lELZ'((Ith = % (’IEEM%’L + h.C.) = IELJ“")/;ﬂpL

For homogeneous, isotropic, unpolarized electrical neutrality matter medium at rest, only j? is non-zero

Pe 0 0 \/ﬁGF (Ne - %Nn) GO 0
.72 =|(0 Pu 0| = 0 _TgNn GO
0 0 pr 0 0 —TgNn

In terms of the mass eigenstate ¢, = V47", the Lagrangian is

L= (I~ WD) — grToy, ey, gm =g + @), A= VIV,

(i — M)y™ — Jhy, 152e g™ 4 (JHY y, I Emgm =0 .




L

Vs ; .t i it ¥
a-p 0 ) BM; 0O T(Jﬁ J%L) 0. 1—9° ( T(JL JRL) ) 0. 144°
H= + = | +V': wr | Vo V'L wr |V
( 0 ea-p ( 0 BM, e —i ok i, —jhT W3

Because the off-diagonal interaction, difficulty to get U(t). For just one light
and one heavy neutrinos, can get a closed analytic expression.

Let M; = m and M, = M, similar to Dirac case j* = (p,0) and Ios =4e.=0,
- 14 L ein gi
Ty = VIV, = (2(1 + cos20) Le™sin 26 ) o

Le " sin20 £(1— cos26)

L(1+cos20)—p-o m Le™ sin 20 0
H_ m p-o — 5(1+ cos20) 0 —£e"sin 20
N £e~"sin 20 0 £(1—cos20)—p-o M
0 —£e* sin 20 M p-o — 5(1— cos26)

For more details, see poster by Ming-Wei Li




4} More CP violating observables

jolation with polarization measurement
a spin-1/2 -> spin-0 + spin-1/2

o=y 16m3% ’ 167my
_:—S+ﬁg'ﬁc
4?Td’11 — — — — =Y = — — - — —
?E:1—|—a33-n—|—3;-[(&+33-ﬂ)n+ﬁ33Xn+’}’(nx(SHXH))]
_r-F , Ta+fa _ TB+DB i=pe/lpl
A=t37’ 4 ~Ta—ta’ ®*~15-15" B = (1-a?)/2sing
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CP |violation in Hyperons

F — BESII

A A B 0.04] e 0.04
A —pm~ —54x107"7 —0.5x10-* 3.0x10°? 0.03-— — BSM looa
== =A% 0 —0.7x10~* g84x10-* i
p g T, 0 1.6 10~* ~12x10? 002 or lo.o2
It —pn® —62x10~7 -32x10"7 —4.2x10"* |
It —nnt 6.0x 107 —1.6x10~* —8.4x10"7 001F loo

Signals of {CP} Nonconservation in Hyperon Decay
John F. Denoghue (Massachusetts U., Amherst), Sandip Pakvasa (Hawaii U.).

Hyperon decays and CP nonconservation 0.00 L g2 == otk 0.00
Published in Phys.Rev.ett. 55 (1985) 162 :

John F. Donoghue

Department of Physics and A 1y, University of M h Ambherst, M h 01003 001 A-ﬂl =001
- =
Xiao-Gang He and Sandip Pakvasa r cF Afp
Department of Physics and Astronomy, University of Hawaii at Manoa, Honolulu, Hawaii 96822 = =
i 7 - - 4
(Received 7 March 1986) —0.02 E5—EF 002
‘We study all modes of hyperon 1 ic decay and ider the CP-odd observables which re- -

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=, — [-6.0 + 2.1(stat) + 2.0(syst)] = 10"

Recent measurement from BESIII
(Nature 606(2022)64) ;’WE : AEC‘P — (El deyd it ﬁ) % 1[]—3

./‘ Bipr~ 3 —¢5=(12+3.4+0.8) x 1072,
o Ad o =(-4+124+9) x 107

o

ot o

o

+
B =
a—ﬁ’ cr o —

AGP =

=]

So far not CP violation effects havé been established in baryon decay!.
Similar ideas can be used for c- and b-baryon decays.
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new way of testing P and CP violation at BESIII

-G He, J-P Ma, B. Mckellar, PRD 47(1993) 1744; X-G He and J-P Ma, PLB839(2023)137834

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

= i
./43“ = u(k])|:quV + Z—GuquHU T VMVEFA “f O’“”QuVSHT]V(kZ)a

ma

2. d;
A, =< 2 .p>=0.60d;, = 1.52 x 10~
d; =< 3lp P> 7 93 x 104

: P Fy
Ar. =< —(l, — 1) - k >= 428 F4 = —0.46 x 1073
F <2(lp [5) -k >=428F, = —0.46 x 10 TN
Ay =3 (i i) b >=32.7Hy — —0.73 x 10-2—%
HT_§<(10X15)' >= 32.7 "= T X 1.5 x 10—16 ’

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

P 3 — 8sin? Ow M3/11) Hp = 228 gyvda
7 39 cos? Ow sin? Oy, M2 SmJﬂ/J

BESIII, accumulated 10 x 10° J /1), Br(J/¢ — AA) = 1.89x 1073. Sensitivity d4; ~ 4.5x 1074
STCF, 3.4 x 10'2.J/4 /year, one year running, 6A; ~ 1.2 x 107!




P violation in Higgs h decays into t+1-
yreter, He, Valencia, arXiv:1603.06326, arXiv:1606.00951)

(He, Ma, McKellar, Mod. Phys Lett. A9, 205(1994);
Berge, Bereuther, Kirchner, PRD92,096012(2015))

General Higgs to fermion coupling: L = —f(r F+iTsys)fh
Define the density matrix R with polarization 7if(7if) for f( )

R = N¢Bg[Im(rs7%)py - (if — 7if) — Re(rs7s)py - (fig x 7if)]

Ny - normalization constant, p - three moment of f, 85 = \/ 1 — 4m%/m;,
Application to h = 777~
4 dI’

Using 7 — 7~ v, to measure 7y, ¥ 55 = (1 + a-fir - pr), ar = 1.

ﬁT{ﬁf}cﬁf)_}ﬁT(ﬁn xﬁﬂ'*)
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One construct CP violating observable
_ N(O; >0)-N(O, <0)

A,

Theoretically

_ N(O, >0 —N(0,<0) =

~ N(O; >0)+N(0, <0)’

Ot=ﬁf'(ﬁw+ xﬁﬂ") .

A= N0, >0+ N0, <0) 47" * g2y -

Data still allow A to be as

large as /8. Experiments
should look such CPV.

Inthe SM AT =0

Br(h ->771) ~ 5x10-2.
Br(r—>mnv)~0.1
106 Higgs bosons,

sensitivity to A. can be
10% at CEPC.
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The EDM of a fundamental particle

Glassioally.s BOM 1= J o silo () duferpots withian cleckrio field. B In KM model, quark EDM only generated at two electroweak and one strong

The interaction energy is given by H = D-E, allowed by P and T symmetries. |Qop level (3 Ioop effects)l, very small ~ 10-33 e.cm. (Shaba"n’ 1978’ 1980)

Under P, D — —D and E — —E, H conserves both P and T.

) In fact with two weak and one strong interaction vertices, EDM can also be
A fundamental particle, D is equal to d.g, Hoy =dS - E.

generated!
Since under P, S — S and under T, § — -5 (He, McKellar and Pakvasa, PLB197, 556(1987), 1.6 % 10~3l e.cm > |Du| > 1.4 x ]0—33 e.cm

J. Mod. Phys. A4, 5011(1989)
H 4 violates both P and T, CPT is conserved, CP is also violated! ‘ ¢

/ ¥
= i = M
Quantum field theory, Heam = —i3d%0" % Fru, = —i5dpc" ys9F,, ,—L!‘\ .. M,-l\\M' r}"”“‘\ M/-"'uqf fpm{
/ \ ! \ { ) 1 \ i b { \
In non-relativestic limit H.q4,, reduce to d%- .E=d§ E. n 8 n n B lB' n n 8 n n B n n B n n B g B n
(o) (1-]] Y

One easily sees that H,4,, violates P and T, violates CP, but conserve CPT. “ * (e) (a

A non-zero fundamental particle EDM, violates P, T and CP! Electron EDM is even smaller, generated at fourth loop level, D, < 10-38ecm

3 Magnetic Dipole conserves P and T Dn ~ —3'8 4 10_160 ecm
dﬁv P Ii Hopigm = dmg gm
e o Under P: B —» B and wnder T: B s _B Including all SU(3) octet contributions:
TN
L Relativisti ion: dp Yot yF,,. - -
b ativistic expression Yol Y F, 2.0 X 10 16966""’1 < |Dn| < 4.6 % GCCTR

Neutron |D,| < 1.8 x10-26 ecm,  Using data |Dn| < 3 x 10~*"ecm, |6] < 107!
electron [D,| <1.1 x10 ecm  \why gis small is the strong CP problem.
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5. [heory 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 10 iggs fields 10 and 120, anti-126, 210...

10 55+5
_ de 0 ¢ e

16 >10+3+1 ( i ) ( I R B
45524 +10+10+1 - % 0w

- +_+ + 16 =>1p =v°¢ + 5r=| d + 10 =] uf —uf O U3
54 —15+15+24 o —u; —us —ug 0
120 = 5+ 35+10+10+45+45 \_,,) \—dl —dy —d3 —ep
126 > 1+354+10+15+45+ 50

210 =>1+5+35 +10 +10+24 +40 +40 +75
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SJ(10) Predictions

lﬁp(}qulﬂH T Yﬁmﬂ -+ ]flgﬂ IZDH) lﬁp

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 1 L
0.05 0.075 0.1 0.125 0.15

in” 26

My = ruYi0+ 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 :Iﬁluylo—3lﬁ:uY126 .

_ /
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).




Conclusions

vor Physics is a very lively field of research with a lot of new
data coming from experiments. SM is being tested to better
precision, perturbative and global fitting..., Data now demands
more accurate theoretical hadronic matrix element calculations.

SM is in good shape except in neutrino sector. There are some
anomalies..., but the error bars are shrinking, still posing
chanllenges to theoretical studies. A lot of new ideas have been
proposed to to explain possible anomalies, and new experients
are going on to provide data to test SM and provide hints for
new physics beyond. Stay tuned!

Thank you!
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