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1.1 Flavor physics and CP violation in particle physics

Particle Physics: The study of fundamental building blocks of matter and their
interactions

Modern time: Matter - Molecular-> Atom—>
Nuclei(Hadron) + electrons + neutrinos (lepton) =2 ?
Periodic Table (Mendeleev, 1869):
Regularity hinted smaller building blocks
Hadrons have structures? Quarks :-:
Leptons have structures? Not so far:--

How do we know?

Experiments: New discoveries and verification of theories

Theories: Predictions and explain data




Fundamental building blocks for Hadrons

Nuclei = proton (p) (Rutherford, 1911) , neutron(n) (Chadwich, 1932)
More hadrons: 1 (Lattes, 1947), K (Rocheste, 1947)
Even more: A, 2, = -+ (1950).

Regularities? SU(3) flavor symmetry(Gell-Mann, Ne’eman, 1961) Octet: p, n, A, >-0+ =0-
Smaller building blocks?

Hypothesis of Quarks: u, d, s (Gell-Mann, Zweig, 1964)

up: u (2/3 e), down: d(-1/3 e), strange: s(-1/3 e)

p = (uud), n = (ddu), A = (uds) **-. Direct evidences: 1970 s
More quarks:

Charm c¢ (2/3 e) (Ting, Richeter, 1974) (GIM prediction, 1970);
Beauty b(-1/3 e) (Lederman, 1980) (KM prediction, 1973); Top t (2/3 e) (Fermilab, 1994)

u @ k (electric charge +2/3 e)  Quarks are elementary particles
d S b (electric charge -1/3 e) Three generations/families

Cabibbo introduced mixing between d and s 1n 1963, KM: 3 generation mixing 1973
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Fundamental Leptons

avy nuclei 3 decays(Becquerel, 1896)

(A,Z) > (ALZ+1) + e+ v

e (electron) discovered in 1897 by Thomas

v (neutrino) before 1930, no such a particle is known to human being

Continuous electron energy spectrum

(Chadwick, Ellis,Wooster, 1914 - 1929)

Without neutrino, non-conservation of energy?

Pauli, 1930, existence of neutrino saved energy conservation.
Fermi, 1934, proposed four fermion interaction for nuclei 3 decays.

ve discovered in 1953 (Reines, *** 1953)
More leptons: y (Anderson, Sereet, 1937), vy (Lederman et al 1962)
T (Pearl, 1975), vr (Fermilab, 2001)

Ve Vi vt (electric charge 0 e) Leptons are elementary particles
e U T  (electric charge -1 e¢) Three generations/families

PMNS introduced the concept of neutrino oscillation, 1950° s




Fundamental Interactions

Light 2 Wave nature(Young, 1803) = particle nature (Einstein, 1905)
Mediating electromagnetic interaction (Maxwell Equations)
W, Z (CERN 1984) = Mediating weak interactions
Unified with EM, electroweak theory (1960° s)
Gluon (1970° s) = Mediating strong interaction at short
At long distance mediate -, Yukawa 1935
Graviton=> Mediating gravitational attraction (gravitational wave, 2016)

The god particle---Higgs boson (CERN 2012) - Generating masses (early
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The standard model of strong and electroweak interactions

X SU(2) x U(1) gauge theory for strong and electroweak interaction

e [\Dew orop Elementary Particles
0.0000003 mm i e Water
- 1097' mm | H Molecule

0.0000001 mm Hydrogen

or
107 mm /° \,...,

©0.000000000001 mm Quarks and
or Gluons in
10"'¢ mm Proton
anks
Quark
less than
0.000000000000001 mm
or
10" mm

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!

Leptons Quarks

But when study cosmology > gravitational force always add up > but electromagnetism can cancel
between positively and negatively charged particles!




Flavor physics and CP symmetry

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

fields that are assigned the same quantum charges: S

u,c, t;d, s, bye, W, T Ve, Vi, Vo - Voo
W B

Flavor physics: the study of interactions that govern flavors. E s n

Weak interaction one type of flavor change to another type

neutral currentt 2 c,u; b 2 s, d; v, v, v ..., 0 'j
i
charged currentb,s,d 2> t,c,u; T, y, € 2 v, v, Ve... d e

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.

This lecture is about Flavor physics and CP violation with in and beyond the SM.
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P, C, T and CP Violation, and CPT Theorem
ymmetry and violation

Observe left process, but not right one, )

P is violated!

The parity operation P, a spatial inversion through the origin: P¥ = —Z

The Schrodinger equation

dy h?
;Y _ B
"t [ 2m

P operates on the wave function ¢(Z) of a state |N,p, § >,
N internal quantum numbers: electric charge, baryon number and etc.
p and § are the momentum and spin,

Py(z) = ¥(-Z), PIN, p, §>=np|N, —p, §>,

VZ+V(@)y,

np the intrinsic parity of the particle (system).

Parity symmetry (invariance) of the interactions, implies: V(%) = V(%)

Then: ¢(—Z)yY*(—&) is equal to ¢ (Z)yY* (L),

The probability of the transition i — f is the same as that for Pi — Pf.

B n”

X
e g

Al

Figure 1: Mirror processes.

LA e

10

Nl E



T symmetry and violation

n classic mechanics

Classically time reversal operation 7": ¢t — —t.
Reverse momenta p —= p, spins § & —§
interchanging the initial state |i > with final |f > state.

A physics example: a damped pendulum
The equation of motion for the damped pendulum ' /

d2 \//\\//\l v/\ .

T dx
. kx =
W T T )
gives the T transformed equation Figure 2: (a) The pendulum swing amplitude vs. time. (b) The time reversed processe.
d*z dr d*z dr
» kz=0 — - kz =0
mE(—) Td—p mer e T

Clearly the first order derivative in t is the reason why it is not 7" invariant.
r = 0, no damping, T invariant!
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In quantum mechanics, the situation is more complicated.
The Schrodinger equation has a first order derivative in t

dy 5l

2= Y 1.7 w2 .
ih 7 = | sz + V(t)|¢
T reversal operation : t — —t
Ldy(—t) - R, |
ih d(—t) - [_ﬁv T V(_t)]w(_t)
Ldy(=t) . R, AT
— —ih 7 = | %V + V(-t)|y¥(-t) .

Even V(t) = V(—t), not possible to go back as before T' transformation!

Contradiction with the observation for the damped pendulum
V(t) = kx = V(—t), r = 0 is possible to define T" invariance!
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' How to make T transformation still possible to be invariant?
This puzzle was solved by Wigner in 1932

T transformation: Change t to —t and take the complex conjugate.
The T transformed version is

2
(=i a2 v v (o)

P g o T4V ()"

— ih

As quantum observables are expectation values involving only ¥*,
If the interaction V is real: V(—t)* =V (t)),
then ¥(t)*¥(t) = ¥(—t)*¢¥(—t). Same physics!

Time reversal invariance imposes reality conditions on the interaction.
To break T symmetry, one needs to introduce complex valued interactions.
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C symmetry and violation

Particle and anti-particle have opposite additive quantum numbers,
C parity changes the signs of all additive quantum numbers,

Cle 2 §>:nC|_N: p, §>
fic is a phase factor.
Only if N =0, a particle or a particle system can be eigen-state of C.
Example: 7° which satisfies:

C|n® >= +|7° > self-conjugate

Charge conjugation symmetry also plays an important role in particle physics.
Apply C transformation on (a) the reactio becomes to (b)

()7 = pTv, )7 - pu v

)’ ) (a) Process observed
/ \ (b) Process not observed.
C symmetry violated.
S : L = (c) process observed.
S . ’ CP symmetry is respected.
Figure 3: C, P and CP transformed processes. Is CP symmetry always true?

14



CP symmetry and violation

C'P was still considered to be exact untill experiment led
by Fitch and Cronin found mixing between K; (Kg) and Ko(K ) in 1964!

Experimental data show: K; mainly decays into w7,
but about a few per thousand times decays into m.

Why the above fact implies violation of C P symmetry?
Kaons and pions are pseudoscalar, under P transformation
T -7, K> —-K,

Under a (' transformation one has

7t (ud) - 7~ (da) , 7°((ud —dd)/V2) = n°, K°(ds) —» K°(sd).
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Two neutral kaon CP eigenstates be constructed from K° and K°,

1 - 1
K= —(K°- K%, CPeven; KJ=—(K°
The pion systems w7 and 7w are all in S-wave states.
(rtn— ,7%7Y) in CP even states. (nt7~ 7%, 7% 2?) in CP odd states.

+K%, CPodd. ——

Kl S rtr” : ?TUTTD, KS s atr n’ . 7lmonl .

Phase space considerations, K decays slower than the K decay.
Experiment show the lifetimes are 10~ 7s and 10~ %s, respectively.
K state mainly decay into 77, it should be identified as Kg

At far enough distance (all original K9 should have all decayed),
Still see 77 final state, K; and Kg are admixture of Ky and K3.

KL= K8+61K? Ks= K?-ﬂ-Eng
V1+le? ' V1+|e]?

K° — K° mixing leads to CP violation!
CP symmetry is violated!
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mportance of CP violation

roperty of Fundamental laws of Nature
Played important roles in understanding fundamental laws of Nature!

One of the most crucial elements why we exist in the Universe.} { </

Sakharov (1967): Violation of CP invariance, C asymmetry and | ne.
baryon asymmetry of the universe. o Nooat Pascs P

A matter dominating anti-Matter universe resulted from a symmetric one
in the Big-Bang cosmology

« Baryon number B violation.

« C-symmetry and CP-symmetry violation.

« Interactions out of thermal equilibrium.

17



What about CPT symmetry?

No experimental evidence which shows violation of CPT symmetry.
There are more fundamental reasons for C PT' symmetry to be exact.

In the 1950s, it was shown that CPT symmetry holds
if the Lagrangian of a local quantum field theory is

Lorentz invariance, Hermitician and the fields obey usual Spin-Statistics
(Bose-Einstein statistics for bosons, and Fermi-Dirac statistics for fermions).

Schwinger (1951); Liiders, (1954); Pauli(1955); Streater and Wightman(1964).

This is the so called CPT theorem.

See the outline of prove of CPT theorem in quantum field theory in Appendix A
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There are many implications of the CPT' theorem.
The masses, and life-times for particles and their anti-particles are all equal.
If CP is violated, T is violated in a way that C'PT is still conserved!

These properties provide practical ways to test the CPT theorem.
The best limit on CPT' symmetry is from

the mass difference between the masses of K and K?,
one has |[mygo — mgo|/mgo < 6 x 10719,

CPLEAR, observed direct T violation in K° — K" system in 1998
as expected from CP violation in this system (PLB444, 43(1998)).

In most of the discussion later, C'PT symmetry is assumed to hold.
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.2 Some Basics of QFT for CP Violation

How fields and Lagrangian transform under C, P and T7

Take QED with fermion 9 and scalar ¢ fields as example.
1 -,
L= — 3 FuF* + §(iuD¥ — my) + (D*6)! (Dud) — m3sté — V(#19)
Fop=0,A,-0,A4,, D,=0,+ieQA,,

¢ spin-0, A* spin-1 (communting), ¢ spin-1/2 (anti-communting)
V(¢'¢) - potential of ¢ and is invariant under Lorentz Transformation.

The theory is invariant under the following gauge transformation,
A, = A, —8,a(z), Y(z) = e°Q*@)y(z) and @(z) = e*?¢(z).

The Dirac y-matrices are

{‘7#971;} . 29;111 ] g;u/ - Dl&g(l, —15 _11_1) 3

0 1
IO i O 1 Ne —=
702(0 _I),'y:(_aig)_w (I 0)

Mass term needs to pair up left and right handed fields
| Y5 1 +"rﬁ i

YL = 5 —Y, Yr=—"F"Y, Vv=VL+VYr VY = YLYR + YRYL .
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|Equation of Motion

0 /L(-o. d,0)d'z =0, {E -0 g 0.

" 'F:m; — f#-'ﬂhxtr' — ”(Q*duw o ()"’Q*Q) ’

(Y O —e@QY A, —my)p =0,

(040 +m) = €2 AP A, — 2ieAM D, — i€ A6+

AV (9" 9)
do*
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Under C transformation, z* and 0" do not transform,

¢ = pc=ncd! (N =1), A o AL =—-A*, ¥ > ¢ =T =iy?y*

. 2 0 1 t T ot Note that for ((1-vs)/2) , w.© = ((1+ys)/2)wc
C=iry’, €7 =01=-C, 070 =" Y\pc is not zero-> the Majorana mass term.

Under P transformation, z* = (z% z') = z, = (z°, —z;) and 8* — 9,
O(%) = ¢p = £¢'(—%) . +scalar, —pesudoscalar, A*(T) - A% = A, (%),
Y(Z) = ¥p = npY°¥(-Z) (np phase factor), Y°7#7° =,
Under T transformation, z# — —z, and 0* — —0,,
o(t) = dr=n76(-t), A*(t) = Af = Au(-1),
¥(t) = ¥r = npTY(—t) (n} phase factor),

T =iy, Tt =T, TIy'T =~*

azial vector a* — af, = a¥, a’p = —au(—%), aF = au(—t)
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J Define the following bi-spiner products

S(z) = P(2)¥(z) , A(z) = P(z)y*¢(z) , T (2) = Y(z)0" Y(z),

a0 v ¢ v
a’(z) = Y(@)s7"P(z) , P(z) =ip(z)rs9(z), o = lv*,7"].
Transformation properties under C, P, T' and CPT
S(z) as a scalar, P(z) as a pesudoscalar, A*(z) as a vector,

a*(x) as an axial vector, and T"¥(z) as tensor.

S(z) Ai(z) | T7(x) | a*@) |  Pla)
S(z) | —AF(z) | _—TP(a) 0" (z) P(z)
S(E’) 'AF (ﬂ:r) TPU(II) _ﬂ'p (I’) _P(II.}

S(—z') Au(—z') | —Tu(-2") au(—z’) | —P(—2)
S(—z) | —A¥(==z) | T"(-=) | —a*(-x) P(—z)

EILoe
L ‘
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Violation of P and C symmetries

ow to have P, CP violation, but CTP conservation?

A toy model interaction violating P, C, CP, but conserving CTP
L =5y (1 — 15)PA, + YTy (1 — )9 Af,

The P transformed Lagrangian, z — z* goes to z’ = z,.

LP (z) = ¥p(z)kr*(1 — 715)¥p(2) Apu(z) + ¥p(@)sty (1 — 75)¢' (z) AL , (2)
Using the fact: ¥p(z) =7¢%(z'), Apu(z) = —A*(2')

Up(@)7*¢p(z) = ¥ (&)1 (2), ¥p(@)r*1s¥r(z) = —¢' (&) 1159 ()
LP(z) = ¢'(z')ry* (1 + 15)¥ (") Au(z’) + ¥ (2")kiy* (1 +75)¢' (') A, (')

LF (z) does not goes to L(z'), mixture of ¥/v*1 and ¥'y*v51!
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Under C transformation, ¥c(z) = C¥* and Ac(z) = —A'(z)

LO(z) = Pa(@)rr (1 — 15)c(@) Ao (@) + o @)1 — v (2) AL, (2)
LE(z) = P(z)cTr*(1 + 15)¢' (2) AL (z) + ¥/ (2)* (1 + 75)9(2) A ()
L¢(z) does not goes to L(z),

mixture of ¥/y*¢ and ¢¥'vy*vy5v, k is complex!
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Under CP transformation

LCP(z) = (2 )eT9*(1 —75)¢' (z") AL (2') + ¥/ (2 )5 % v (1 — 75)9(2) Au(2)
LEF(z) will goes to L(z') is & is real! CP is then conserved!!
Under CPT transformation, because the T will change constant k to k7,
LOPT(z) = (2 )rty(1 — ys ) (@') AL(2') + ¥ (2 )Ry (1 — y5)d(z) Au()

L¢FT(z) = L(—z), CPT is conserved!!
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|1.3 Flavor physics and CP violation in the SM

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. AT g Carriers

When going beyond SM,
more possibilities!
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Standard Model: CKM and Strong CP Violation

The standard model of strong and electroweak interaction has gauge group

01 0 0 —i 0 0
SU(3)c x SU(2)L x U(1)y with gauge bosons M= (1 0 0) o = (z ) ( = 0)
000 0 0
: a a yb ab g
8 SU(3)c Gluons: G* = )‘TG’;, TT(%‘\T) = ‘57. . (g 8 é N (g g 0)
| e , 10 0 i 0 0
3 SU(2), W-bosons: WH = %W;‘, Tr(% %)= 52 i 0 0 0 g 0 0 /10 o
/\6—(001 A—(oo ) ﬁ(()l o)
1 U(1)y B boson : B# ¢ 10 i 0
0 1
The building blocks of fermions are chiral fields fr r = *5% f 1 =0x= (1 0)
0 —1
The SM fermions are leptons Ly, Er and quarks Qr, Ur and Dpg 0% =0y = (z 0 )
. 1 0
Ly =(vp,er: (1,2)(-1/2)T, er:(1,1)(-1), 03 =0y = (0 _1)

Qr = (ur,dr)’yr 3,2)(1/6) , ur:(3,1)(2/3), dr:(3,1)(-1/3).

This is the minimal SM. Neutrinos are massless. Non-zero neutrino mass need
extension, at lead something to provide neutrino masses. More later
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Also a Higgs boublet H = (b, (v+ h+14I)/v/2)T : (1,2)(1/2)
The non-zero vev v to break electroweak symmetries

and give masses to all particles.

h* and I are Goldstone bosons “eaten” by W= and Z bosons.

h is a neutral boson, the famous Higgs boson discovered in 2012 at LHC.

29



|Renorma|izable SM Lagrangian

L

1 v 1 v 1 v 92 v
= —ETT(G#,_,G“ ) — ETT(WWW“ ) — 4 BB —aﬁ’f—r(cﬂ G..)
T Q-Li")f'qu,QL + apty*D,yur + d-Ri")f‘u'DﬂdR - ELiT“D“LL—T—ERi’}’”DﬂeR

— QrY,Hup+ QrY;Hdp+ LY. Her + H.C.+ (D,H) (D*H) — V(H)

Fermion masses need to have left and right handed fermions to pair up, quarks and charged
leptons do. But no right handed neutrinos in the minimal SM. Neutrinos are massless!

Grv = %Eﬂmﬁgaﬁ

V(H) = p?H'H + A\(H'H)? is the Higgs potential.
Positivity of potential for large h, A > 0.

D, =08, —igsG, —i1g.W, —ig: Y B,

If D% = 8* —igf#, then fH* = * f* — 9" f* — ig[f*, f¥]
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At the vacuum < H >= v/+/2, minimize V (v) results in p? = —Av?
vl \. 219 1 x hi | ‘
V(h) = =A% + Mv?h? + Avh® + A%, mi = 200?

(D H)!(DHH) — m, = gjv?/4 and m% = (gF + g)v?/4 = ;502

Ay =cuBy+swW?, Z, = —swBu +ewW32, Wi = S=(W1 FiW2)
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JghGy = —ggf W“fG“ P, C, T symmetric.

JE A, =—eQsfy*fA,. P, C, T symmetric.

J42Z, = — 32 fy (gl — ghvs) f 2., 91, = T3 — 2Q;s}, and gy = T3
TJ‘? weak isospin, up type (u, v) T? = 1/2, down type (d, e) Tj? =-1/2
Violates P, C symmetry, but CPT, CP, T symmetric.

J&;W: = —ﬂﬂLﬁ’“dLWj = —

v SEsuyH (1 —s5)dW,;

2«/‘
Violates P, C symmetry. CPT symmetric. What about CP, T?
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Sources of flavor changing and CP violation in the SM

Needs to work with the charged current and also the Yukawa interactions.
L, =—(QLY,Hup+ QrYsHdr + L Y. Hep + H.C.),
FMe(1+ %) f with My =Y;v/ v/2 which is usually not diagonalized.
Bi-unitary diagonalization:
My = VfLMfoR, Mf = dmg(mf,mf S M), VL.r unitary matrices.
Mass eigenstate basis: f/" = Vs fr and fi' = Virfr

—fmMi(14 2 ) f™ is very simple. P, C, T symmetric!

N | "“em » just replace f by f™, form no change. CP properties no change!
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But the charged current will be modified to
JyWi = —Lapy" Vo Vi diWE, Voxm = VurV;
L = — B [aPy*Vkudp Wi + dpy Vi up W]

= =25 a7y (1 = 1)V WF +d7y#(1 = 75) (Vidar) " ul W

L¢P (z) = 2f[d""’r“(1—'75) MU W+ (1=5) (Vidp,) " ul WH (z)
If Vi is real, then LY (z) = L(z'), CP is conserved!

Is Vi real? Or can Vs be complex?

If Vv is diagonal, no flavor changing interactions. But in general it has
off diagonal entries.
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Conditions for CP violation in the SM

Conditions for complex Vi s

Vikum = (V¥), N x N unitary matrix. Naively 2N? parameters, V% complex.
N? constraining equations: Y, VW V¥* = §iF and Y, Vityki* = §ik

So a unitary matrix contains N? parameters for N generations.

2N — 1 parameters, absorbed into quarks g; — €'®ig;, not physical.
Why not 2N but 2N-17

Needs N(N — 1)/2 parameters describe rotation angles (Euler angles)

Finally (N —1)(N —2)/2 non-removable phases, physical, — Vi s complex.

The physical phases are the sources for KM model of CP violation!
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Number of SM generations

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

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

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\{5\

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

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) 36



Idea of quark mixing and source for CP violation

UNITARY SYMMETRY AND LEPTONIC DECAYS Application of KM model for ¢
The Ca bb|b0 ang|e Nicola Cabibbo CP violation in the six-quark model*

CERN, Geneva, Switzerland

(Received 29 April 1963) Sandip Pakvasa and Hirotaka Sugawara'
Department of Physics and Astronomy, University of Hawaii ar Manca, Honolulu, Hawaii 96822

To determine 6, let us compare the rates for (Received 29 September 1975)

K*—~ J.L+ +vand 7t - }1+ +V; we find We construct a Weinberg-Salam-type gauge theory of a weak interaction with CP violation based on the six-
+ + quark model. Under the assumption of the validity of the Zweig-lizuka rule and (quark mass/ W-meson
MK - uv )/C(nt - L) mass)’ € 1 this leads to the superweak theory of CP violation for both uncharmed and charmed hadrons. We
also propose a new assignment for the J and other  particles, which predicts the existence of a 3.5-GeV 0~
e 2 2 2\2 2 2\2
=tan HMK(I 'M“ /MK ) /Mﬂ(l = M“ /Mn )%, (3) meson using the 2.85-GeV 0~ state as input.

From the experimental data, we then get®® CP VIOLATION IN PURELY LEFTHANDED WEAK INTERACTIONS

6=0.257. (4) L. MAIANI

Laboratori di Fisica, Istituto Superiore di Sanitd, Roma, Italy

Th e KO b ay as h | il M as k awa and Istituto Nazionale di Fisica Nucleare - Sezione Sanitd, Roma, Italy
The GIM mechanism MOCIEI in 1973' Revised mg::::::; Setlt:)i:::in?grl}:l;iary 1976

In a model with six quarks and pure V-A weak interactions CP violation can be introduced in weak currents by
spontaneous breaking. The resulting milliweak model is shown to lead uniquely, with good approximation, to the re-
sults of the superweak theory both for K decays and for the neutron electric dipole moment.

Weak Interactions with Lepton-Hadron Symmetry* A ®e 6 n
S. L. Grasrow, J. ILiorouros, aNp L. Maranrf

Lyman Laboratory of Physics, Harvard University, Cambridge, M assachuseits 02139 W
(Received 5 March 1970)

We propose a model of weak interactions in which the currents are constructed out of four basic quark &
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading )
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry ) . ]
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed. (c) Second-order d iagram for €,

2

Q1

—
O
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Birth of the SM of CP violation

Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory

of Weak Interaction
cos 0, —sin 6, cos 0,

Makoto KOBAYASHI and Toshihide MASKAWA sin @, cos 0, cos 0, cos 0, cos O;—sin @, sin O’

" . - . - '3
Department of Physics, Kyoto University, Kyoto sinf,sin @, cos 6, sin 0, cos O+ cos 0, sin Ose

(Received September 1, 1972)

In a framework of the renormalizable theory of weak interaction, problems of CP-violation
are studied. It is concluded that no realistic models of CP.violation exist in the quartet
scheme without introducing any other new fields. Some possible models of CP-violation are
also discussed.
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Mechanism for CP violation in SM. Predicted the existence of the third generation!

Yet, another CP violation source possible: under P and CP, gvvaB -> - ¢
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This term B-term gives too large neutron EDM and cause problem,

Strong CP problem. Later
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KM matrix parametrizations

More commonly used PDG parametrization of Vi s
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s; = sin#; and ¢; = cosf; with 6,

A non-zero value for 4 violates CP.
The Wolfenstein parameterization

L.Maiani, 1976; L.L. Chau and W. Y. Keung, 1984
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When discussing CP violation

should add —A2)%(p + in) and —AX*(p + in) to V.4 and V,,, respectively.
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Quark and Lepton mixing patterns

The mis-match of weak and mass eigen-state bases lead quark and
lepton mix within generations.

Quark mixing  the Cabibbo -Kobayashi-Maskawa (CKM) matrix Vagy,

lepton mixing  the Pontecorvo -Maki-Nakawaga-Sakata (PMNS) matrix Upys |V, V2 V., Vi
VaViy Via Vo
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U = (ug,cp.tr,..)t, Dy = ((IL..s'L.bL....)T, B = (("L./IL.TL....)T, and Nj = (1/1.1/2.1/3....)T

For n-generations, V' = Viegas or Uppains 18 an nox noimitary matrix.

A commonly used form of mixing matrix for three generations of fermions is given by
g s =10
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V= | —s12c03 — c12523513€" 12023 — S12523513€"  523C13
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where s;; = sin#;; and c¢;; = cos#;; are the mixing angles and 0 is the CP violating phase.

It neutrinos are of I\f‘[ajorané type, for the PMNS matrix one should include an additional diagonal

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

40



omework
Problem 1

Using the C, P and T transformation properties for spiners (when
exchange two spiners, be careful about the sign changes) and v+

matrices obtain S, A¢, T+v, a¥, and P transformation table.

Problem 2
Obtain tree level W+ -> u d decay width
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N. = number of colors.

Problem 3
Show that for V,y, the identify is true

Im [Vij Vi z‘?Vk*j] =J Zm=n EikmEjln.

41



-

2.1 Flavor Physics tests for SM
2.2 CP violation tests for SM
2.3 More CP violating experimental observables

Lecture II FPCP in Standard model
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