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2.1 Flavor Physics tests for SM
e standard model

Standard Model is based on SU(3)-xSU(2),xU(1)y gauge interaction.

In SM mis-match of weak and mass
eigen-bases, leads to flavor mixing
and CP violation.
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Parameters in the standard model with 3 generations

boson couplings and masses: g;=9g’, g,=4g, g3=g;, My, My
Fermion Masses: m,, m, m, m,,, m,, m,,

My, Mg, M¢, Mg, M, My
Higgs boson mass and couplings: my, or A, mi/v to ith fermion
(Weak mixing angle 6y: tan6,, = g,/d;, € =g, Sinby,

Oem = €2/4m, 0,=0,%/4n, az=0.-=92/4n; G = g%/(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
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What do we know about the SM parameters?

aem=1/137.035999084(21) sin20,,=0.23121(4) a5=0.1179(9)
(Ge = 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

Quark masses:
m, =1.16(+0.49, -0.26) MeV m4=4.67(+0.48, -0.17) MeV, m.=93.4(+8.6, -3.4) MeV,
m.=1.27(0.02) GeV, m,=4.18(+0.03,-0.02) GeV, m= 172.69(0.30) GeV

Strong CP violating phase 6 < 10~

What about quark and neutrino mixing angles and CP violating phases, and neutrino
masses?
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Status of Quark and Lepton Mixing

Quark Mixing PDG Neutrino Mixing
I( 1—)22/2 A AXN3(p — zn)) Am? = m3 — (m2 + m%_)/2. Thus, Am? = Amgll — Am2,/2 >0, if m; <my <mg
—-A 1—)2/2 AN? + 00 and Am? = Am3, + Am3; /2 < 0 for m3 < m1 < ma.
A1 —p—in) —AN? 1
1'5_""|""l""%,l""l""l"" Parameter best-fit 3o
B excluded area has CL > 0.95 ' ;%
B Y % Am3, (1075 eV 2] 7.37 6.93 — 7.97
or % |Am?| 1073 eV 2] 2.50 (2.46) 2.37 — 2.63 (2.33 — 2.60)
sin? 019 0.297 0.250 — 0.354
05 sin? 693, Am? > 0 0.437 0.379 — 0.616
sin? B3, Am? <0 0.569 0.383 — 0.637
= 00 sin? 613, Am? > 0 0.0214 0.0185 — 0.0246
sin? 613, Am? < 0 0.0218 0.0186 — 0.0248
§/x 1.35 (1.32) (0.92 — 1.99)

0.5 ((0.83 — 1.99))

1.0 , |
U é (o e 009 | [ NUFIT 3.0 (2016) |
(excl. atQL>0.95) - u g
-1l5 L l ! L I L L : L l L 1 L L l L 1 L . I . L 1 L I s . | LI B | I LI T T I LI L l L L Illo Nlol T I L T I L LR I L I T
40 05 00 05 10 15 20 0sf o -

2z ———
*
Uu‘ U,-S

A =0.22500+0.00067,  A=082610515, T

p = 0.159 £ 0.010, 7 = 0.348 = 0.010.

0.5

sin 612 = 0.22500 £ 0.00067,  sinf;3 = 0.00369 + 0.00011, . _ ) ,
sin fa3 = 0.0418270000%7 § = 1.144 £ 0.027. Re(z) Re(2)

[
-~ [T
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The Unitarity Triangle

* *
zvii ik = Ojk ZVjiniz ik s
1 i

VudV.5 Via Vi
VCdVC’Z + VudVJb . thVtz =0 = 1+ d” ub + td Vb

VoV, | VeV

ViV ViV The Jarlskog parameter J (1985)
Voa Vi Vea Vo

Im [V;; Via Vi Vit ] = J Yo EikmEijin.

B =0, J = $13C1573€3513C13%SINS

a+p+v = 180° (1.0) = (3.08%01> 13)x107

(0,0)

PDG

) The area of the triangle = 1/2
a+pB+vy= (173::6)0.

CPV in SM is always proportional to ]
Q= Arg(_‘/td‘/tz/VJqud)a B = Arg(_VchC‘i,/VtZ‘/td), and v = Arg(_VudVJb/Vc?,Vcd)
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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 (y, 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...
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SM interaction features

interaction fermions force carrier  coupling flavor
Electromagnetic  u,d,? Al e@ universal
Strong u, d g gs universal
NC weak all Z° e(ti‘;j‘:‘ Q) universal
CC weak ud/lv W= gV/g  non-universal/universal
Yukawa u,d,? h Yq diagonal

NC — neutral current; CC-charged current.

QED test: Experimental data test for photon interactions to multi-
loop level precision. No flavor changing effects. Agree with SM.

QCD test: Gluon and quark jets observed, no conflict between data
and theory. No flavor changing effects.
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Charged Current Interaction

u
CN weak: W interactions, v/
W -> | v~ g W W -
W ->q; q; ~ 9(Vim)s - d .
g = / 7, Vi, ¥ ,

Ii -> W + \ e |1 Vj + v; : C ” Lo b~ n LK 2~
Gi-> W + G -> g 4y + G G I N y

) Gem;, m?2 m?2 . m?, m2 . ,m?
L(p — ev,v,) = 1993 (1 — sz + 8(m$nu) — (mﬁ) — 12(m3) ln(mﬁ))

providing information for Gg.

A quark can decay into another generation of quarks (flavor changing)
Providing information for V.
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B’I‘(W+ — 6+l/e) — (1071 + 016)% ’ Agree with SM predictions
N . . g2../g%, =0.992 (0.020)

BT(W — WU V“) = (10.63 + 0.15)%) y gzrv/gzev =1.063(0.025)

Br(WT - 17v,) = (11.38+0.21)% .  Universality better than 3

Br(W — hadrons) = (67.41 = 0.27)%

Normalizing T(W -> | v) ~ 1

—> (W -> q; g;) ~ 3 |V;/|2 (3-colors, 15t and 2" generations)

Vad|? + |Vas|® + [Va|? = [Vea|? + |Vies|2 + Va2 = 1
I'(W — hadrons)/I'(W — leptons) ~2  Data: 2.06 £ 0.1

Look into detailed W induce decays V;; can be determined to good precisions

More later
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. . 4 A
Neutral current interaction &% i
A \‘\\ f;

Neutral: Z interactions forward-backward scattering asymmetry ~gyga
et e [ ( 3.3632+0.0042) % g{, = —0.03783 =+ 0.00041
ptp— [A] ( 3.3662+0.0066) % g¥, = 0.266 + 0.034
o [h] ( 3.3696-0.0083) % gd = -0.38+9%
A [b,h] ( 3.36580.0023) % gh = —0.50123 + 0.00026
invisible [A] (20.000 #0.055 ) % u _ +0.028
hadrons [A] (69.911 +0.056 ) % g ".0.040
L g4 = —0527" 5
(ut+cc)/2 (11.6 £06 )% A 0.028
(dd+ss+bb)/3 (156 +04 )% gt = 0.5008 = 0.0008
cc (12.03 +021 )% g’e =0.53 £ 0.09
bb , (15.12 +£0.05 )% g’# = 0.502 + 0.017
M(uTp~)/T(ete”) = 1.0001 £ 0.0024 Agree with SM predictions
I'(T"' T‘)/I’(e+ e‘) = 1.0020 4 0.0032 Universality holds
In SMinvisible width from Z -> vv  Data: number of light neutrinos N, =3.0026(0.0061)!
ei;ﬁ LF  []< 75 x 10~7 CL=95%
et 71T LF [l < 5.0 x 100 CL=95%
No FCNC ptrF LF  []< 65 x 100 CcL=95%

- no q; g; flavor changing quark decays neither!
How to explain FCNC observed in K-K, D-D and B-B mixing? Loop. More later
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Higgs boson interactions

uplings to fermion flavor proportional to particle masses.
oduction Decay branching ratios = Compare data with SM prediction

016

[ I 7T TTTT ‘ Tt ‘ T TT ‘ T | T LI | LU ‘ T T | LI | S
2 — _ ] - - - T T T T T T I T T T I T T T I T T T | T 1
3]0 F M(H)= 125 GeV s Decay channel ~ Branching ratio  Rel. uncertainty — |ATLAS Preliminary +—itora ~ stat. ==Syst. 1 sm cms_ 138107 (13 TeV)
2 r cD +NO W) 8 5:2132?33 S E>|9 U3 m,=125.38 GeV L3
> [ W (NaL02 f H- 2.27x 1073 2.1% Py = 87% ! Total Stat Syst > ;
>§ Fopp2 g 1Y ogF vy - 103 soar( 008, %) \é
Fzz . 094 3 . -
T10¢ 1 H-ZZ 2.62 x 1072 +15%  |arw oo 31 5 107 - 3
F ggF T ey 1.02
l i H-oWHW- 2.14 x 1071 15% e ar glf b .
a2 7 VBF 22 LI 125 1072 :’
° 1 E H— T+T— 6.27 X10—2 :‘:1-6% xz;:w E’_L_‘ ?:?: ’ $  Vector bosons
r VBF bb 303 @ ) )
I h -1 +1.2% VBFcomb, L115 10 . ¢ 3“ generation fermions |
i H — bb 5.82 x 10 -1.3% VH vy = 132 0 Fw ¢ 2™ generation fermions
VH ZZ ———y 153 [ "
107" H-ct 2.89 x 1072 B we ey | [ SM Higgs boson
r —20% VHcomb. = 110 4l i
3 ttH+tH vy bt 090 s 1?1'* —— : — ;:; ——— -
H _) Z’y 1.53 X 10_ :t5.8% ttH+tH VW e 1.72 73] 12._ ] E
ftH+tH 11— 120 * o . 1.08] ﬂ
_ _ _ ttH+tH bb v 079 1% 2) e 0 o e b + ---------------------- oo - - g+ -
10725 4 Hoput 218 x 107 FLT% | = Mo AT 8 ogf t S
E Y = 0.8
Lo b b b b b b s i | N IR A B N AT B B A o 0.6 N X N Ll —
6 7 8 9 10 11 12 13ﬁ14 15 -2 0 2 4 6 8 107! 1 10 102

\s[TeV ;
[Tev] o x B normalized to SM Particle mass (GeV)
W,z

g q q q . .
ZD,, z >Wﬁﬁ Main production channel, pp -> gg -> H

» o o Cross section proportional to heavy quark number N
- G4 in Figure (). Cross section ~ N2 If there are 4th
, generation quarks, the must be heavy, N=3
o s o compared with 3 generation model, there is a factor
a ¢ . ¢ of N2 = 9 enhancement! Not in agreement with data.
_“é L _"é*:’ No more than 3 generations!
0 9 Couplings consistent with standard model

53



Determination of KM matrix elements Vij « o
level determination of KM matrix 4 —— )/
-> p | v (supperallowed 0+ —>0+nuclear B decays A "
> 1t V(). V4= 0.97435(0.00016) “
Vis: K-> ut v(y), K| — ne(n) v, Kt—>n’ e*(u*)v, 1l
Ks —>mnev, Hyperon 3 decays... IV sl=0.22500(0.00067)
Vg: Dt -> p*(t*) v, D¢t -> pu*(tt) v,
D(D.)->n(K) | v,vd -> c X |I... IVs| = 0.22486(0.00067)
Vet Dt -> p*(c*) v, Dt -> p*(c) v,
D(D)->n(K) | v... V| = 0.97349(0.00016)
Vg: B->D (D) v, B->D(D*) X, B-> X. | v,
Bs ->D*uv, Ap -> Adp v... |IVep|= 0.04182(+0.00085, — 0.00074)
Vip: B> X, lv,B->nlv,B—>1vV,
B. -> K u* v, Ay-> P pov... IV,s|= 0.00369(0.00011)
Vgt B(t —> W b)/B(t->W q)... |Vip|= 0.999118(+0.000031,-0.000036)

Viq and Vi need to have loop effect to determine. More later
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FCNC at one loop level in SM

enomenology of neutral Kaon mixing

The weak interaction mixes K° and K°
Work in the basis ®(t) = (K°(t), K°(t))T, i%® = H®(t),

H can written as the sum of two Hermitian 2 x 2 matrices M and I,

T M —il'11/2 My —il'12/2 )
H=M—-i—-
z ( M12 —ZF12/2 M22 —ZP22/2

M is related to the masses of the particles, I' is related to the life-times
Both separately must be Hermitian

The appearance ¢ in front I', naive 7" violation because particles decay.

CPT symmetry is exact, M;; = My and I'1; = I:22.
The off diagonal ones M;, and I'y2 mix K° and K°.

CP violation requires M;5 and/or I';2 be complex!
4(p1p) = 92 ¢+ $192¢ — @t (iMT —TT/2)® — &' (iM —T'/2)® = —&'T®

I must be positively defined! I';; = I's2 > 0 and Det(I") > 0.




|

- Diagonalize the mixing Hamiltonian H
One obtains the mass and life-time eigenvalues for Ks and Ky,

I I I I
(m—ZE)S=M11—Z%—Ea (m—zE)L=M11—z%+E,

E = /(M2 — iT12/2) (M3, — iT},/2) .

One also finds, €; = €2 which will be denoted by €. One obtains:
Amyp_s=mp—mg and Al's_; =I's —TI'L.

% - Ky+eKY (1+€K°+(1-¢K° (1+e)2_Mf2—iI"{2/2
L v 1+ |e|? 1+ |e|2 ’ 1—e€ My —il'12/2
KY+eKY (1+€K°—(1-¢€KP° iIm(Mi2) + Im(I'12/2)

KS — — ] €E =~ -
Vv 1+ |€]? 1+ |e|? Amp_s+iAls_1/2
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Data: Amp_g =~ AFS_L/Z — (3484 + 0006) x 10712 MeV,

e = (2.228 + 0.011) x 10~ 3ezp(i¢,) with (¢, = 43.52 + 0.05)°.

Assuming I'm(I';5) is much smaller than I'm(Mi3)
Theoretical estimate OK

One finally obtains

Im(Mis) 4.
€ )
V2Am; _g

To understand CP violation, one must understand

E

How Im(Mi2) is generated and what is the origin of it.
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Calculation of Im(My,)

v, v v, V]
————N N NN ———————
! d i s - d W s
0! 0 0, 0
K v W W |K K v 1 ] |K
5 g j § d ‘\,: II' .: 5 W d
- - . - -'.—-’}/W\_/—-c
v, ' M Vg
2 G2
Hepp=—+ me Z(Vzdv )(ViaVis) B(ei, ;) 87, Ldsy* Ld
B(z,y) = (1+ :cy)( 1 N 1 ( z3lnz y2lny )
’ (l1-z)(1-y) z-y (1-2)2 (1-y)?
1 1 zlnzx ylny

22—y T r—yl-oP A=y’

N 1G2
My = <RKO|H, KO >= ——GF""W Z(v,dv )(V;aVio) Blas, a;)C

C =< K°|5vy,Ldsy*Ld|K° >

Replacing (d, s) to (d,b) and (s,b), obtain Bgy)-By) mMixing
Dominated by heavy top quark in the loop
For Bg(s)-Bg(s) mixing, VgV, (VigVi, ) term dominate! Determination of Vg and Vi !
2ReM;, = Amy,, Amg = 3.334(0.013)x10°10 MeV; Amgs=1.1693(0.0004)x108 MeV.
Amp = 6.56(0.010)10-12 MeV. Need long distance contributions in SM.

58



Vacuum saturation approximation C =< K°|sy,Ldsy*Ld|K° >

=< K°|(5%v,Ld,8°vy*Ldg) + (§*v,Ldss°vy*Ld,)K° >

=2 < K°|(5%y,Ld.|0 >< 0|5°y*Ldg) + (8%, Ldg|0 >< 0|5°y*Ld,)K° >
= 2(1+1/3)(1/4) fzm3 /(2mi) = —2/3fEmk.

Q; = mf / m%v’ frx = 160 MeV is the kaon decay constant

< 0|8y#y5d| K° >=< K°|sy"75d|0 >= i fxp};

None factorizeble effects introduce bag factor By, C = —2/3f#my By

Vacuum saturation, Bg = 1. Lattice calculation gives B = 0.766 £ 0.010
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With QCD corrections, the matrix element M, is given by

2 mi GZm? ~ -
My = TETEEETW Bt B (VeaVs)? + neBa(ViaVis)’
+ 2773§3(V6dvc;‘/td‘/t;)] ’
Bl = B(ac, ac) - B(au’ac:) - B(ac’ au) + B(a"’a“) )

N2
|

- B(ata at) - B(au, at) - B(ata a‘u.) -+ B(au’a‘u) ’
B; = B(oay,on)— B(ac,ay) — B(at,ay) + Blas, ac)

n; QCD correction factors 7;,next-to-leading order and are given by:
m = 1.38, 2 = 0.574, and n3 = 0.47

The parameter € is given by

le| = 4.39A2BK17[1731~33 —mB; + n2A2/\4(1 — p)Bg] .

Successful explain CP violation in Neutral Kaon Mixing!
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A consistent flavor physics picture in SM

r By(s)"Bas) Mixing, VgV (VigVe, ) term determination of Vg and Vi !

MK, My,Bd, M,Bs (include higher order corrections) explain data:

Amg = 3.484(0.006)x10-12 MeV,
Amgy =3.334(0.013)x10-19MeV,

le|= 2.228(0.011)x1073,
Amgs = 1.1693(0.0004)x10-8MeV

Combining tree level constraints, KM matrix elements are dertmined!

1.5 LI l T l T T | TT | T T I
| | excluded area has CL>0.95 :

10~ Amg& Amg
C sin2p

0.5 — i 4
L Ay Amd .
- & /@\\ ]

e L B o -
1 5 |
= |Vub| :

-0.5 — —

-1.0 — € —

Y
_1 .5 L1 1 1 | 1111 i L1 1 I | I - | L1 11 | | S S -
-1.0 -0.5 0.0 0.5 1.0 1.5

0.22486 - 0.00067 0.97349 £ 0.00016  0.0418270:00085
004110738 09991187416

0.97435 4+ 0.00016 0.22500 4 0.00067 0.00369 + 0.00011
\Vekum| =

0.00857+59002

A = 0.22500 £ 0.00067 ,
p = 0.159 = 0.010,

0.018
A = 0.826+0.0{5 y

7 = 0.348 £ 0.010.

sin #12 = 0.22500 £ 0.00067 ,

. B +0.00085
sin fp3 = 0.041827 (00074 »

sin 13 = 0.00369 £ 0.00011,
0 = 1.144 £ 0.027.
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ﬁ.z Tests 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 and being awarded
Nobel prize.

Predictions made and confirmed.
Many predictions been confirmed!

Observables: ¢’, time dependent Acp 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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g’/e: CP violation in K -> © © decay

The € in K1 ¢ — 7w, a measurement of direct CPV

g = T=—"o _AKL—»mtn) oo _ A(KL — n'7°%)
3 » T A(Kg = )  A(Kg — m0m0)

What €' is measuring?

14 € 1-—
AK; = nm) = AK® = 7)) + AK® = o
(K = 7m) = A ) +||2 ( )
A(Kg = ) = 1te A(K0 — ) — 1- A(KO — )

V1 + |e|? \/1+| |2

Isospin decay decomposition for K°(K°) — 7m decay amplitudes
Isospins I of 7 is 1, isospin components (7+, 7% 7~) — (1,0, -1),

Isospin I of K is 1/2, isospin components (K°, K°) — (=1/2,1/2)
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Imt ™ >=1/1/3|2,0 > ++/2/3/0,0 >, |7°7° >= 1/2/3|2,0 > —+/1/3/0,0 >

11 151 2
0 *or— ~— | = = tor™ N~ —
<K°| |77n >= 2,2>|7r7r >= | \/;22>

11 2 5 2
0 1.0
< K°| |m'n —|2,2>|7r7r >= — \/;22 \@22>

To induce the decay to happen, the Hamiltonian needs carry isospin
1=5/2, I=3/2 and 1=1/2 inducing As/2, A3/2 and A,/, amplitudes

In the SM, 5/2 isospin amplitude is very small
(more than four quark operators to generate). Neglect them!
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R’ena‘ming _(2/\/5)143/2 = A23i62 and A1/2 = —\/§Aoei60

AR s wm) = 2age 4 [T ae,
0 0,0 1, s 2, s
AK° 5 n°n”) = §A06 0 — gAze 2,

d; are the strong final state rescattering phases (strong phase)
Ay and A, are complex in general due to weak CP violating phases.
The corresponding anti-particle decay amplitudes are

AK® = n°n°%) = —\/gAge“" - \/gA;e“s? .

AK® = ntn™)
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- ,Ion i(w/2+6,—8;) R6A2 (ImA2 Ion)
T = € Rea, T ° V2ReA, \ ReA;  ReA, )’

- ,Ion i(m/2482,—8;) RCA2 (ImA2 Ion)
Mo = €t pea, %€ V2ReA, \Red; ~ Ao )’

) _ M- =Moo _ ReA (ImA2 3 Ion) ¢i(/2+82—80)
3 \/iRer ReA» ReAy .

d; are determined from phase shift analyses in m — 7 scattering,
and 7/2 + §, — &y is found to be close to /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~
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3
I =5 _d - 7 + ’
SM calculation for ¢’/¢ 07=35 (Gd)y-22: €(4Q)v+a

3
Q8=§ (Eidj)V—AE €(4i9:)v+as
- . . q
e and penquin contributions
3
Q9=5 (Ed)v-,éq) eq(qq)v-a,

G 10
He(AS=1)= EF ViV [2(m)+ 7 yi(m)]Qiw)

3
i i Q=5 (Eidj)V—Az e(qiq:)v-4-
Q1=(s5u)v-alud)y-4, ViV, !

Qr=(Su)y-a(ud)y_4, = VE*V,a

s u s Y a
q'_‘ '

Q3=(§d)V_A§ (G v-4a>

Ew
s->uG'q,s->dqq s Y 4 s i q
S

Q4=('§idj)V—A2 (9;9i)v-a.

q q q q SY*Z q
Q5=(§d)V—A§q: (49)v+a> L s i 4 s W
e NI
Q6=(sidj)V—A; (4iqi)v+a. o c _ q q \ g

Replacingstob,qtod, ors, applyto b->uq”q, b->qg7q"” q decays.
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AS=1 Wilson coefficients at u=1 GeV for m,=170 GeV. y,=y,=0.

AEL=215 MeV AGL=325 MeV AR =435 MeV

Scheme LO NDR HV LO NDR HV LO NDR HV

Z; -0.607 -0.409 -0.494 -0.748 -0509 -0.640 -0907 -0.625 -0.841
V&) 1.333 1.212 1.267 1.433 1.278 1.371 1.552 1.361 1.525
Z3 0.003 0.008 0.004 0.004 0.013 0.007 0.006 0.023 0.015
24 -0.008 -0.022 -0.010 -0.012 -0.035 -0.017 -0.017 -0.058 -0.029
Zs 0.003 0.006 0.003 0.004 0.008 0.004 0.005 0.009 0.005
Zg -0.009 -0.022 -0.009 -0.013 -0.035 -0.014 -0.018 -0.059 -0.025
Z5la 0.004 0.003 -0.003 0.008 0.011 -0.002 0.011 0.021 -0.001
zgla 0 0.008 0.006 0.001 0.014 0.010 0.001 0.027 0.017
Zy/a 0.005 0.007 0 0.008 0.018 0.005 0.012 0.034 0.011
Z /e 0 -0.005s -0.006 -0.001 -0.008 -0.010 -0.001 -0.014 -0.017
¥3 0.030 0.025 0.028 0.038 0.032 0.037 0.047 0.042 0.050
Va4 -0.052 -0.048 -0.050 -0.061 -0.058 -0.061 -0.071 -0.068 -0.074
Vs 0.012 0.005 0.013 0.013 -0.001 0.016 0.014 -0.013 0.021
Vs -0.085 -0.078 -0.071 -0.113 -0.111 -0.097 -0.148 -0.169 -0.139
yila 0.027 -0.033 -0.032 0.036 -0.032 -0.030 0.043 -0.031 -0.027
yela 0.114 0.121 0.133 0.158 0.173 0.188 0.216 0.254 0.275
yola -1491 -1479 -1480 -1.58 -1576 -1.577 -1.700 -1.718 -1.722
Yla 0.650 0.540 0.547 0.800 0.690 0.699 0.968 0.892 0.906

Buchalla et al., Rev. Mod. Phys. 68, 1125(1996)



Experimental measurement of €' /e

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

1999 NA48 at CERN, Re(€'/¢) = (1.85 +0.45 £ 0.58) x 103
Experiment value from NA48 and KTeV: ¢’/e=16.6(2.3)x10~*

Lattice calculation: 21.7(8.4)x10+ (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...
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ime dependent and independent rate asymmetry

The mass eigenstates are

|ML = pIM > +QIM >, Mpy>= le > _Q|M >,
1 - 1
M >= %(lML >+|My >), |M>= %(lML > —|Mg >).

IM(t) S>= 21p ( —1mLt—FLt/2|ML > +e—-imut—rut/2|MH >) ,
— le—im"t—rnt/2 (1 + eiAm+APt/2)|M > _g(l _ eiAmt+Art/2)|M > ,
2 p
IM(t) S—= — 1 ( —szt—FLt/2IML > _e—im1{t—F[1t/2|MH >)
2q ’
— %e—imut—rnt/2 (_g(l _ eiAm+AFt/2)IM > +(1 + eiAmt+Art/2)|M >) ,

Am=my —mp, AT =Ty =Ty, T = (T +Ty)/2, (2)? = Mia=iTia/2
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Define decay amplitudes
M — f: Ay =< flHIM >, M_, f: Aj =< f|[H|M >,

[ — f: A=< flHIM >, M — f: A; =< f[HM >

< flH|IM(t) >= %e—imnt—l"n/2(1 4 iAmt+AT/2) 4

< fIH|M(t) >= — ; —impt— r‘,,/zzq)(l zAmt+Ar‘t/2)Af_ ’
< FIH|M(t) >= ;e—zm”t Cu/2(] 4 giAmt+ATt/2) 4

< fIH|M(t) >= — ; —impt— r‘u/2§(1 giAmI+ATY/2) f
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Uncorrelated M and M production

Flavor specific case, f # f, Af = A; =0
Time dependent CP asymmetry,
Such as BY 5> 7" K~ and BY - 7~ K+

_T(M@) = /) -T(M@) = f) _ |Af* — |45

A(t)cp

Actually no time dependence!

How to measure this experimentally?

- D(M(t) > f)+T(M(@) = f) A2+ 471>
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Usually M and M are produced in pairs.

If produced uncorrelated, like production at hadron colliders
Make sure each decay is originated from M for M(t) — f
by having good tracking measurement

One trace at origin, whether the particle is M or M.

Time integrated CP asymmetry,

_ ST () > ) - [ TM(E) > f) A - 4
PTIETM@E) = f)+ [ST(M(t) > ) JAsP+|A72

A(t)cp = Acp. Direct CP violation.
For charged M no need of tagging because there is no M and M oscillation.

There is no mixing between M and M, such as Bt — K+ 70...
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Conditions for CP asymmetry: |As| # |/if‘|

Parametrized

A = nCP(A16i(5;_6;U) + A2ei(6;_65u)) ,

>
“~
|

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

0 [ dors
o —24A, Ay sin(6Y — 6%)sin(85 — 83) B L
P = AT 1 A3 + 24, Azcos (0} — 6% )cos(3F — 03 B2
“
There must more than one amplitudes with different strong and weak phases! ’
q,
Acp(BS — 7 K'0.224 + 0.0124 and Acp(B® — n~K+) =—00834 + 00032 ¥

b—gqg B°—f BY—f CKM dependence of A f Suppression

These measurements are in consistent ~ 22es vks  we o (VaVo T (VaVu) P loop x X

b—3s5 0Ks o6 (V3V.)Pe+ (V3 V,,) P
: PR b—uus w°Ks KYK— (ViV, )P+ (ViV,)T  X?/loop
With SM predictions! bgod D'D-  pKs  (VAVOT4(VAVSPt  loop
b—ssd KsKs ¢Ks  (ViV, )P+ (V3V,)P° <1
b—aud wtr~  pP°Ks  (VaV)T + (ViV,,) P loop
b—cud Dcpn® DepKs (ViV, )T + (Vi V, )T A2
b—cus DcpKs Depd  (ViV, )T + (V3 Vo,)T' <1




Purely mixing induced CP

If measuring M(t) — f and M(t) =

Aep = TMO > 1) ~T(@) ~ 1) _ |5PIALP ~ [5PIAP
(M(t)—>f)+I‘( ()—)f) |g|2|Af|2+|§|2|Af|2

Information about mixing can be extracted!

In the case |Af| = |Af],

A™(t)op = AZP =

WK |k

Qe (afe
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Example: K° = p*v and K° = pu~v. Ay = Ay

p=(1+¢)/y/1+|e*> and ¢ = (1 —¢€)//1 + |¢|?

[ M, —il* /2
p/q= Mf:-ir‘,g/l

' Im(M;.I""
25 = (11— el = [1+€*)/(11 + ¢l + |1 = ) ~ —2Re(e) ~ 215

If one can identify K first, then

N DNKp—>ltyn)-T'(Kr = U ipnt)

Or =
Lo T(Kp— > 1tun )+ (KL = I-igrt)

6 ~ 2Re(e) = (3.32 £ 0.06) x 103, Agree with data!
For BY - 1" X, Ay, = AZ¥ = (-7.5+4.1) x 1073,

Compared with SM A%; = (1.9 +3.0) x 107°.
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M and M decay into CP eigenstate f = f = fop

Let Acp =< fclelM > and /icp =< fcp|H|M >

2

rM() > for) ~ 5o

5 (|Acp|?* + |§ACP|2) + e2Ttcos(Amt)(|Acp|* — |§ACP|2)

- |Acp|*(1- eAI~t)R€(g?) — IAf|2Sin(Amt)eAFt/2Im(g ﬁ)) :
b AcP pAf

16—P11t (1+6Al"t

L(M(t) = fep) ~

; 5 (1Acpl* + 17 Acpl?) + e cos(Amt)(|Acr * - | _Ace )

—  |Acp*(1 - eAFt)Re(eﬁ - |x‘icp|2.<>'z'n(Amt)eA”Im(2 A_—CP ) ,
q Acp qAcp

Time dependent asymmetry

I'(M(t) = fep) —T(M(t) = fcp)
L(M(t) = fep) + T(M(t) = fep)

A(t)cp =
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Time dependent asymmetry

_ P(M(t) > fcp) —T(M(t) - fcp)
L(M(t) = fcp) +T(M(t) = fcp)

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

A(t)cp

—Cscos(Amt) + Sysin(Amt)

Alt)cp = cosh(AT't/2) + AF' sinh(Al't/2) ’
1— AP 22()  ari_ 2R0) a2
= ’ — ’ A = ’ A “pAcp
Cf 1+|Af|2 Sf l+|Af|2 f 1+|,\f|2 f pAcp

CPT sum rule: |Cy|? + |S¢|? + |[A2T|?* = 1.

In the SM, for BY — B system, good approximation ¢/p = V3 V;,/Vi V3,
For By — B system, q/p = V;;Via/VasViy. 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-, ntn™ ; S¢ type: BY -> J/y K0, ntn-




c type: BY -> J/y K

VoV , 0
Imyk, = Im (9) b co (9) — —sin(28)= — 0.699 £0.017 ©*
P) B, vcbvcs P) ik

Expected and consistent with SM

C; type: D —> K*K-, -
AAC’P = AC’P(K+ K_) — Acp(ﬂ'-'-ﬂ'_) = (—0154 =1 0029)%

Unexpected! Short distance contributions are small
Long distance strong interaction effects important at Charm scale

Cannot be sure if SM is in conflict with data. Room for new physics.
See Appendices B and C for more time dependent Decay observables
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Unitarity triangle test for SM

for CPV has many interesting predictions:

small EDM, Zero Az, CPV in Hyperon decay of order A ~ 104 -,
Anything bigger a sign of new physics...

It would nice to have some positive ones to veryfiy SM CPV!

One of the most prominent feature is that CP violation comes from the KM
matrix. The unitary conditions:  X; V5 Vy* = 655 X VjiVig * = O«

can be represented by 6 unitarity triangles. The most experimentally
accessible one is by the following

If the angles o, B and y
can be independently measured,
whether a+B+y =180° can test the model.

This relation indeed holds!
Have been tested from B decays.

(0,0) (1,0)
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Hadronic B decays — The effective Hamiltonian

For hadronic B decays, the effective Hamiltonian is given by

4Gp

Hap=1(q) = 2 VsV (€107°(q) + c205°(q)) + Vs Vi, (€105 (q) + c205%(q)) + Vas V3, (€105 (q)
10 .
+ 205(9)) + VoV (c101(a) +c205(9)) = Y VinViy ) clOi(g)) + H.C,,
j=u,c,t i=3 . ¢ v W a
O;’s are defined as — éw - 'Eg‘ '
— - b /lw q b i q
O'7*(q) = GamuLfrof257"Lba; 0f(q) = qvuLfrfrv*Lb, RN
01(q) = GaVuLfaf37"Lba, O3(q) = qv.Lffy*Lb, C e e w
O3(5)(q) = @V Lbgv*L(R)q', O46)(9) = GavuLbsdsy* L(R)qy, e m ;

3 3
O7(9)(q) = q'meequ"R(L)q, Os(10)(q) = QQ'YuLbBeq '@gy" R(L)q,,, ,, q

f can be u or ¢ quark, g can be d or s quark,

g’ is summed over u, d, s, and ¢ quarks.
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The leading QCD corrected Wilson Coefficients c; at

as(mz) = 0.118, a.n(mz) =1/128, m; = 176 GeV and p =~ m; = 5 GeV,

e = —0.3125, cp =1.1502, ¢ =0.0174, c; = —0.0373,

ct = 0.0104, c = —0.0459, ¢t = —1.050x 107>,

ct = 3.839x107% b =-0.0101, ¢, =1.959x107?,
c3’s = —Ci/Ne=P;"°[N;,cy’g=Po7, cg'1op=0,

N, is the number of color, P! = (as/87)c2[10/9 + G(m;, p, %)),
P}, = Qem/97)(Ncey + ¢2)[10/9 4+ G(my, p, ¢%)].

€

G(m, 1,q?) = 4 [} 2(1 — 2)in|(m? — z(1 — 2)¢?)/?)de.
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Determination of o

The phase angle a can be determined from B — 7w decays.

The decay amplitude can be parametrized as
Aﬂ"*’tr— = V V dT1r +a— + ‘/tb‘/thw*Hr— ’
The decay B — 77~ is induced by Hap—1(d), and can be written as

4Gp

Trime = 7 < 717 |[c10%(d) + c20%(d)) + 23((; ¢)0;(d)]|B® >
12
Prin- = 4G72F Z=: < mtr|(ct = c$)0;(d)| BY >

If the penguin amplitude P,+,- can be neglected,

thd VubV ud

Im)\,,;,, = Im (‘/tb V Vd

) = sin(2a) .

The angle a can therefore be determined.
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However, if penguin effects are significant, the above method fails.
The KM factors for Tree V,,,V,}; and penguin V., V; is the same order
The error is of order 12°.

It is necessary to find ways to isolate the penguin contributions.

Gronau and London, PRL65, 3381(1990)
When penguin effects are included, Snyder and Quinn, PRD48, 2139(1993)

_ Al
ImA - = A sin(2a.+ 0) .

To determine 0, Gronau and London[40] proposed to use isospin relation
V2A(B° - 7°7%) + V2A(B~ » 7% = A(B° = ntn7),

Similar relation for the corresponding the anti-particle decays.

If all amplitudes are measured, the angle # can be determined.

Including B — mp, pp, & = (85-21-3::8;)0

Isospin triangles in the complex plane. Lines a, b, and ¢ denote the ampli-
tudes A(B' — ntn~), V2A(B~ — 7 nY) = V2A(Bt — =tz9), and V2A(B® —
w970%) respectively. The dashed lines d and e (or d' and e’) denote the amplitudes
A(BY - nt7r—) and v2A(BY — 7%7Y), respectively.
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Determination of 3

The best way to determine S is to measure ImAy k. for B°(B%) = J/vKs.
The decay amplitude can be parameterized as

A(B° = J/YKs) = (KsJ [$|Hes5|B°) = Vo Vi Ty + Vs Vs Pok -

The WC'’s involved indicate that |7y x| is much larger than |Pyx]|,

Also |V V5| is about 50 times larger than |V, V)| from experimental data

The Pyk. term can be ignored, then %_ = %“‘

cs " cd

To a very good approximation,

q Vcch; (Q) .
ImAyg, =Im | | = . = = —sin(2p) .
v ((P)Bd Ve Ves \P K) 3)

The Gold-plated place for C' P violation (Cater, Sanda, and Bigi, 1980, 1981)

Data: Im(Ago_, j/pk.)= sin(28) = 0.699 +0.017
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Determination of v

Determination of the phase angle v using: B~ — (D°, D°, Dcp)K .

Here Dcp = (D° — D°)/v/2 is the CP even state.
Gronau and Wyler, PLB256, 172(1991)

Atwood et al., PRL 78, 3257(1997)

The decay amplitudes can be parameterised as

A(D°K™) =VuwViTpx , A(D°K™) =VauV, Tpok ,
A(DepK-) = %(A(DOK‘) _ A(D°K-)).
The angle v can be measured as shown in the figure

D¢ p identified is through processes induced by

¢ — udd and ¢ — udd.

The angle 4 in the figure is given by the absolute value of

Arg[(VusVes [V Vi) (VeaViia/ ViaVua)] = =2(y = o).

In the SM ¢’ is very small, so ' is equal to 27 to a very good approximation.

Including B~ — DK*~,D*K*~ and other similar decays: 7= (66.2+31)

Figure 7: The measurement of «y through B~ (B“L ) — DK~ (K™) decays with a = é(B“ e
D'K~) = |A(BT - D°’K*),b=A(B~ — D"), b= A(B™ - D'K"), ¢ = vV2A(B~ —
DepK ™), and &= /2A(Bt — DepK™).
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+

Unitarity triangle Consistent with SM prediction!

a+p+y= 173° (6°)

Other tests? Any deviations from SM?

87



2.3 More CP violating experimental observables

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

A= F(Ay+iAcys)B =S8 + Po - .

S A, |mEtmE) —miy (s = M) —my,
’ 167m?% ’ ‘

167m3%

A=-8+Po-p,.

[(a+ 8 - n)7i + BSp x 7+ (7 X (5p X 70))]
. )

B ~ I'B+TIpB n=p0/|pc|21/2 |
" Ta-Ta’' P TIB-TB" B =(1—-a*)/*sing
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CP violation in Hyperons

[ — BESII ]
A A B 0.04 0.04
[ — SM ]
Al—pm~ ~54x107 -0.5x10"* 3.0x10°*? 003l — BSM loo3
= =A% 0 —-0.7x10"* 8.4x10~* ! ]
2T —nw” 0 l.6Xlo-‘ —l.ZXIO_z 0_02'_ — _'0'02
St —pn® —6.2x1077 -3.2x10"7 —-4.2x107* _ _
St —nnt 6.0x 107 —1.6x10"* —8.4x1077 001} 001
Signals of {CP} Nonconservation in Hyperon Decay . I — —_ - _ ]
John F. Donoghue (Massachusetts U., Amherst), Sandip Pakvasa (Hawaii U.). Hyperon decays and CP nonconservation 0.00 [ * - 1 1 0.00
Published in Phys.Rev.Lett. 55 (1985) 162 John F. Donoghue i
Department of Physics and A. 1y, University of M h Ambherst, M h 01003 _0_01 A A-'\ t ] _0_01
Xiao-Gang He and Sandip Pakvasa ' cP AGp
Department of Physics and Astronomy, University of Hawaii at Manoa, Honolulu, Hawaii 96822 — —
(Received 7 March 1986) —0.02F E—€5 1-0.02
We dy all modes f hyperon leptoni: decay and ider the CP-odd observables which re- I - 1
sult. are ided in the K hi-Mask Weinberg-Higgs, and left-

right- ymmet ric models of CP onconservauon

A-,=A= + A, HyperCP (Femilab E871): A=, — [-6.0 + 2.1(stat) + 2.0(syst)]| x 10

Recent measurement from BESIII
(Nature 606(2022)64) et AZp=(6£1346)x107,

o Adp=(-4%+12+9)x 1073

L)
wl

a+a +

a—o

ACP = ’ BCP =

Ql

R

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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CP violation in Higgs h decays into 1t~

ayreter, 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 §+iTs7s5) fh
Define the density matrix R with polarization 7is(7i ;) for f(f)

R = N¢Bs[Im(rs7})ps - (fif — 7if) — Re(rs7s)py - (7ig X 7if)]

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

Using 7 = 7~ v, to measure 7if, T 95 = (1 + a-7i- - pr), ar = 1.

Pr (ﬁf X ﬁf—) — Pr (ﬁw— X ﬁ‘rr"*)
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One construct CP violating observable

~ N(O, >0) - N(O, <0)
- N(O:>0)+N(0:<0)’

Theoretically

—N(O”>O)-N(O"<O)—7—rﬁaa- T Tr
~ N(O;>0)+N(O,<0) 477 7 "2 452"

A.,- 0,,=131-'(ﬁ.,r+ Xﬁ.,r—).

A,

Br(h ->t1) ~ 5x102:
Br(t—>mnv) ~0.1

Data still allow A to be as
large as n/8. Experiments

should look such CPV.
10 Higgs bosons,

sensitivity to A, can be
10% at CEPC.

Inthe SMAT =0
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The EDM of a fundamental particle

Classically a EDM D = [ d®z&p(F) interacts with an electric field E
The interaction energy is given by H = ﬁE, allowed by P and T symmetries.

Under P, ﬁ — = [j and E - — E'" H conserves both P and T. Magnetic Dipole conserves P and T

- Hopim = dmg E’
A fundamental particle, D is equal to dS, H,4,, = dS - E. o ) B
Under P: B - B and under T: B - —B

Since under P, S — S and under T, § — —S Relativistic expression: dy$o#*$F .

H.4m violates both P and T, CPT is conserved, CP is also violated!

>

Quantum field theory, Hegm = —i%d’qﬁa“"wﬁ‘mw = —i%dzﬁa‘“"ystw

(

In non-relativestic limit H.4,» reduce to d‘; .E=dS-E. d ﬁ‘“ P

o
o

(="
+ —P» <+

One easily sees that H,,4,, violates P and T, violates CP, but conserve CPT. —

=

(

A non-zero fundamental particle EDM, violates P, T and CP!

_4— |

O
N



First fundamental particle EMD measurement: neutron EDM in 1950 by
Purcell and Ramsey.

Landau first pointed out that EDM violates P and T symmetry.
No measurement of a fundamental particle EDM, yet!
Current 90% C.L. limits on EDM:

Neutron |D,| < 1.8 x10-26 ecm, electron |D.| <1.1 x10-2° ecm
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EDM of neutron and electron in KM model

uark EDM D, and neutron EDM D,, D, = (4D4-D,)/3

In KM model, quark EDM only generated at two electroweak and one strong
loop level (3 loop effects)l, 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), J. Mod. Phys. A4, 5011(1989)

1.6 x 1073 eecm > |D,| > 1.4 x 10733 e.om

K4

Y
§ M é W 4
\\M ,’—‘\\ M’/’ < r‘:i”"\\ M,"“\\(rdfl M,’—Q\\M

/
/ \ / \\ / \ I/ \ ,/ \\
! \ 4 \ H 3 H \ h )
n 8 n n B{B n n 8

Y (a) (b) Y
(a) (b)

=R
2
m
o)
3
@
Sy
po |
@
[09]
3

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

Calculation of EDM from #-term
Making on each of the light quarks (u, d, s).

With appropriate chiral transformation, assuming small 6

- 2 ~
L =—myuu+ mgdd + m.8s — 0 lgjr2 Tr(GG)

MyMgMMg

@ysu + dysd + 3758
MyMg + My, Mg + MgMg

—  —myiu + mgdd + m43s + i6

Using current algerbra, turn the above into nucleon-pion interactions

< P°Bjlaysu + dysd + 5yss|n >= —i(v/2/ fpi) < By|gh*q|n >
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waBfB = —2N fU’(i’Ysgm\fN + fann|N >
g=NN =~ 14 is CP conserving, and f,yn is CP violating coupling with
Crewther, Di Vecchia, Veneziano and Witten, PLB88, 13,(1979)

(mz — my) My MM

f‘erN = —2 s
fx MyMg + MyMmg + Mgm

D, ~ —3.8 x 1070 ecm )
p \@-——-—7 \@.._.
Including all SU(3) octet contributions: e 7

2.5 x 10~ %0ecm < |D,,| < 4.6 X fecm  He, McKellar and Pakvasa, IJMP A4, 5011 (1989))

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

Why 6 is small is the strong CP problem.
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Homework

oblem 1 Diagonalize the Hamiltonian H = M - i T'/2
Find the eigenvalues E;, E,, and the matrix V diagonalizing H
V H V1 = diag(E;, E))

Note that H is not Hermitian, V is not Unitary.

Problem 2 Obtain expressions for r and a on page
For coherently produced M and M, calculate

AT~ =< fifo|H|®(t1;t2 >, Nt (41, -2) ~ fOOC | AT~ |2dt1dts
and N*~ (42, —1) (+i, -i indicate that ¢; correspond to f and f respectively.)

obtain N~ = N*7(+1,-2) + N*7(+2,-1)
AT =< fifo|H|®(t13t >, NTT(+1,42) ~ [J7 |ATT|*dt, dt,
A7 =< f1f2|H|\IJ(t1;t2 >y N__(—l, —2) ~ fox |A__|2dt1dt2

Obtain r and a
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oblem 3
SU3)/U-spin symmetry d <-> s channels, one has
Deshpande&X-G He(1995), X-G He(1999), Gronau&Rosner (2000)...He, Li, Ren and Yuan, arXiv:1704.05788

AB’ -5 K %) = VpViT + VP, A(B° —» K1) = V3V T + V3 Vi P

8

A(B] = K*1™) = VuVyT + VsVigP , A(B] = K1) = Vi VouT + ViiViaP
)‘ab

A(B—-PP) =T(B—-PP)-T(B—=PP) = (|JA(B— P P)|*-|A(B— P P)|?),
B
Using the relation, Im(V,VViVie) = —Im(V,ViViVi),  to show

ACP(BO— +7r_) . B(Bg—)K_W+)TBg

AB > K™n)=—-A(B? - K« S
( ™) (Bs ™) A B o K-nt) ~ T BB r)rpe

SU(3)/U symmetric, r. = 1

Test for SU(3) flavor symmetry, and also SM with 3 generations!
Using current data from PDG, find the value for r.




Lecture III FPCP beyond SM

3.1 The need of going beyond SM
3.2 Anomalies in flavor physics
3.2 Model buildings for FPCP beyond SM
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