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Abstract
This is a written version of a series of lectures aimed at graduate students in particle physics.
We explain the reasons for the interest in CP violation and in flavor physics. We describe flavor
physics and the related CP violation within the Standard Model, and explain how the B-factories
proved that the CKM (KM) mechanism dominates the flavor changing (CP violating) processes
that have been observed in meson decays. We explain the implications of CP violation and of

flavor physics for new physics, with emphasis on the “new physics flavor puzzle”.
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I. INTRODUCTION
A. What is CP (violation)?

The CP transformation combines charge conjugation C with parity P. For example, a
left-handed (LH) electron e; transforms under CP into a right-handed (RH) positron ef.
CP is a good symmetry if there is a basis where all the parameters of the Lagrangian are
real. We do not prove it here but provide a simple intuitive explanation of this statement.

Consider a theory with a single scalar, ¢, and two sets of N fermions, ¥} and ¥% (i =

1,2,..., N). The Yukawa interactions are given by
—Lyvuk = Yijhridr; + Yo' rs, (1)

where we write the two hermitian conjugate terms explicitly. The CP transformation of the

fields is defined as follows:
¢ — 9T, Vi = Vi, Vri = Vri. (2)
Therefore, a CP transformation exchanges the operators
- CP. T %
VYLig¥r; < Yrio" YL, (3)

but leaves their coefficients, Y;; and Y}*

75
Ly it Yy =Y

N

unchanged. This means that CP is a symmetry of

In practice, things are more subtle, since one can define the CP transformation in a more

general way than Eq. (2):
6=l UL =ML v e, (4)

with 0,0;;,0r; convention-dependent phases. Then, there can be complex couplings, yet
CP would be a good symmetry. The correct statement is that CP is violated if, using all
freedom to redefine the phases of the fields, one cannot find any basis where all couplings
are real. We note that a theory with only gauge interactions conserves CP as the coupling
constants are real.

There are four main reasons for the interest in CP violation:



B.

CP asymmetries provide some of the theoretically cleanest probes of flavor physics.
The reason for that is that CP is a good symmetry of the strong interactions. Con-
sequently, for some hadronic decays, QCD-related uncertainties cancel out in the CP

asymmetries.

For some processes, the CP violating part is particularly suppressed within the SM,

providing sensitivity to new physics at very high scales.

Non-perturbative effects of the strong interactions are expected to generate an electric
dipole moment (EDM) of the neutron that is some ten orders of magnitude above
the current experimental upper bound. This situation is known as “the strong CP

problem.”

There is a cosmological puzzle related to CP violation. The baryon asymmetry of the
Universe is a CP violating observable, and it is many orders of magnitude larger than
the SM prediction. Hence, there must exist new sources of CP violation beyond the

single phase of the CKM matrix.

What is flavor (violation)?

The term “flavors” is used, in the jargon of particle physics, to describe mass eigenstates

of the same gauge representation (but possibly different masses), namely several fields that

are assigned the same quantum charges. Within the Standard Model, when thinking of its

unbroken SU(3)c X U(1)gm gauge group, there are four different types of particles, each

coming in three flavors:

Up-type quarks in the (3),2/3 representation: wu, c,t;
Down-type quarks in the (3)_;,3 representation: d, s, b;
Charged leptons in the (1)_; representation: e, y, T;

Neutrinos in the (1)¢ representation: vy, v, vs.

The term “flavor physics” refers to interactions that distinguish between flavors. By

definition, gauge interactions, namely interactions that are related to unbroken symmetries



and mediated therefore by massless gauge bosons, do not distinguish among the flavors and
do not constitute part of flavor physics. Within the Standard Model, flavor-physics refers
to the weak and Yukawa interactions.

The term “flavor parameters” refers to parameters that carry flavor indices. Within
the Standard Model, these are the nine masses of the charged fermions and the four “mixing
parameters” (three angles and one phase) that describe the interactions of the charged weak-
force carriers (W) with quark-antiquark pairs. If one augments the Standard Model with
Majorana mass terms for the neutrinos, one should add to the list three neutrino masses
and six mixing parameters (three angles and three phases) for the W¥ interactions with
lepton-antilepton pairs.

The term “flavor universal” refers to interactions with couplings (or to parameters) that
are proportional to the unit matrix in flavor space. Thus, the strong and electromagnetic in-
teractions are flavor-universal. An alternative term for “flavor-universal” is “flavor-blind”.

The term “flavor diagonal” refers to interactions with couplings (or to parameters) that
are diagonal, but not necessarily universal, in the flavor space. Within the Standard Model,
the Yukawa interactions of the Higgs boson are flavor diagonal.

The term “flavor changing” refers to processes where the initial and final lavor-numbers
(that is, the number of particles of a certain flavor minus the number of anti-particles of the
same flavor) are different. In “flavor changing charged current” (FCCC) processes, both up-
type and down-type flavors, and/or both charged lepton and neutrino flavors are involved.
Examples are (i) muon decay via u — erv,, (ii) K~ — p~ v, (which corresponds, at the
quark level, to su — p~7,), and (iii) B — ¢ K (b — ccs). Within the Standard Model,
these processes are mediated by the W-bosons and occur at tree level. In “Havor changing
neutral current” (FCNC) processes, either up-type or down-type flavors but not both,
and/or either charged lepton or neutrino flavors but not both, are involved. Example are
(i) muon decay via p — ey, (ii) K — ptp~ (which corresponds, at the quark level, to
sd — ptp~), and (iii) B — ¢K (b — s55). Within the Standard Model, these processes do
not occur at tree level, and are often highly suppressed.

Another useful term is “Aavor violation”. As we explain later in these lectures, if the
Yukawa couplings had vanished, the SM would have gained a global [SU(3)]®> symmetry.

Interactions, or parameters, that break this symmetry are called flavor violating.



Flavor physics is interesting, on one hand, as a tool for discovery and, on the other hand,

because of intrinsic puzzling features:

e Flavor physics can discover new physics or probe it before it is directly observed in
experiments. More specifically, FCNC can be affected by new degrees of freedom that
are much heavier than the energy scale of the experiment. Here are some examples

from the past:

Kp—ptp™)

— The smallness of FF(( Kt led to predicting a fourth (the charm) quark;

— The size of Amy led to a successful prediction of the charm mass;
— The size of Amp led to a successful prediction of the top mass;
— The measurement of ex led to predicting the third generation.

— The measurement of neutrino flavor transitions led to the discovery of neutrino

masses.

e CP violation is closely related to flavor physics. Within the Standard Model, there is
a single CP violating parameter, the Kobayashi-Maskawa phase dky [2]. Baryogenesis
tells us, however, that there must exist new sources of CP violation. Measurements of

CP violation in flavor changing processes might provide evidence for such sources.

e The fine-tuning problem of the Higgs mass, and the puzzle of the dark matter imply
that there exists new physics at, or below, the TeV scale. If such new physics had a
generic flavor structure, it would contribute to flavor changing neutral current (FCNC)
processes orders of magnitude above the observed rates. The question of why this does

not happen constitutes the new physics flavor puzzle.

e Most of the charged fermion flavor parameters are small and hierarchical. The Stan-
dard Model does not provide any explanation of these features. This is the Standard
Model flavor puzzle.

e The SM flavor puzzle became even deeper after neutrino masses and mixings were
measured because, so far, neither smallness nor hierarchy in these parameters have

been established. This is the neutrino flavor puzzle.



II. THE STANDARD MODEL

A model of elementary particles and their interactions is defined by the following ingre-
dients: (i) The symmetries of the Lagrangian and the pattern of spontaneous symmetry
breaking (SSB); (ii) The representations of fermions and scalars. The Standard Model (SM)

is defined as follows:

e The symmetry is a local

GSM = SU(3)C X SU(Q)L X U(l)y (5)

e [t is spontaneously broken by the VEV of a single Higgs scalar,
0(1,2)41/2.  ((¢°) =0/V2), (6)
Gsm = SUB)e x U (Qem=T5+Y). (7)
e There are three fermion generations, each consisting of five representations of Ggy:

QLi(372)+1/67 URi<371)+2/37 DR’i(37]-)—1/37 LLi(172)—1/27 ERi(171)—1' (8)

A. The Lagrangian

The most general renormalizable Lagrangian with scalar and fermion fields can be de-
composed into

L= £kin + Ew + Eyuk + £¢. (9)

Here Ly, describes free propagation in spacetime, as well as gauge interactions, £, gives
fermion mass terms, Ly describes the Yukawa interactions, and L4 gives the scalar po-
tential. We now find the specific form of the Lagrangian made of the fermion fields Q;,
Uri, Dri, Lr; and Eg; (8), and the scalar field (6), subject to the gauge symmetry (5) and
leading to the SSB of Eq. (7).

1. Lyin
The local symmetry requires the following gauge boson degrees of freedom:
GH(8,1)9, WH(1,3)0, B*(1,1)0. (10)

8



The corresponding field strengths are given by
GY = 0"GL = "Gl — gs Jarc Gy G,
Wk = O*MWY — "W — geapWEWY
B = 0"B” — 9"B". (11)
The covariant derivative is
D* = 0" + ig,G" L, + igW['T, + ig' B"Y, (12)

where the L,’s are SU(3)c generators (the 3 x 3 Gell-Mann matrices 3, for triplets, 0 for
singlets), the T;’s are SU(2)., generators (the 2 x 2 Pauli matrices 57, for doublets, 0 for
singlets), and the Y’s are the U(1)y charges. Explicitly, the covariant derivatives acting on
the various scalar and fermion fields are given by

Do = (94 SgWim+ 598" ) o,

D'Qui = (0" + S0.GiN + SgWim + 9'BY) Qi
21
DU = (au ;gsG A+ ;g B“) Us,
DMDRZ' = (8“ + ; )\ - %g BH) DRza
DML, — (a n Zng 7 — ;g'B“> Lo,
D'Eg; = (0" —ig'B") Ep;. (13)
Ly is given by
SM 1 % 1 v 1 7%
Ly = _ZG“ G — ZWb W — ZB By
—iQrilPQri — iUrillUp; — iDpiPDp; — iL;PL1; — iEriPER;i
—(D"$) (D). (14)

This part of the interaction Lagrangian is flavor-universal. In addition, it conserves CP.

2. Ly,

There are no mass terms for the fermions in the SM. We cannot write Dirac mass terms

for the fermions because they are assigned to chiral representations of the gauge symmetry.

9



We cannot write Majorana mass terms for the fermions because they all have Y # 0. Thus,

LM =0. (15)

3. Lyuk

The Yukawa part of the Lagrangian is given by

LM = YiIQri¢Drj + YiiQrioUr; + Y L1,¢Eg; + h.c., (16)

J

where ¢ = imy¢!, and the Y/ are general 3 x 3 matrices of dimensionless couplings. This
part of the Lagrangian is, in general, flavor-dependent (that is, Y/ o¢ 1) and CP violating.

Without loss of generality, we can use a bi-unitary transformation,
Ve Y, = U, YU, (17)

to change the basis to one where Y“ is diagonal and real:

~

Y = diag(ye, Yu, yr)- (18)

In the basis defined in Eq. (18), we denote the components of the lepton SU(2)-doublets,
and the three lepton SU(2)-singlets, as follows:

VerL VurL Vrr
) ; ) €R, MR, TR, (19)
er KL TL

where e, pu, 7 are ordered by the size of y. , . (from smallest to largest).

Similarly, without loss of generality, we can use a bi-unitary transformation,
YU =Y, = Vi YV, (20)

to change the basis to one where Y is diagonal and real:

A~

Y = diag(Yu, Ye, Ye)- (21)

In the basis defined in Eq. (21), we denote the components of the quark SU(2)-doublets,
and the quark up SU(2)-singlets, as follows:

uy, Cr, tL
< ) ) < > ) ( > ; UR, CR, tR? (22)
dur, der, dir,

10



where u, ¢, t are ordered by the size of y, ., (from smallest to largest).

We can use yet another bi-unitary transformation,
Ve Yy = VYV, (23)
to change the basis to one where Y is diagonal and real:
Y = diag(ya, ys, ). (24)

In the basis defined in Eq. (24), we denote the components of the quark SU(2)-doublets,
and the quark down SU(2)-singlets, as follows:

UdL UsL, Up,
( > ) ( ) ) ( ) ) dR7 SR, bR7 (25)
dL SI, bL

where d, s,b are ordered by the size of ygs, (from smallest to largest).
Note that if V,;, # Vyr, as is the general case, then the interaction basis defined by (21)
is different from the interaction basis defined by (24). In the former, Y% can be written as

a unitary matrix times a diagonal one,
ye=v" Yi=vYy? (26)
In the latter, Y* can be written as a unitary matrix times a diagonal one,
yi=vd yu=vyiy" (27)
In either case, the matrix V' is given by
V=V, Vi, (28)

where V,,; and V,;, are defined in Eqgs. (20) and (23), respectively. Note that V.., Vigr, Var
and V;r depend on the basis from which we start the diagonalization. The combination
V= VuLVdTL, however, does not. This is a hint that V' is physical. Indeed, below we see that

it plays a crucial role in the charged current interactions.

4 Ly

The scalar potential is given by
LM = —p*o'o — Mo'o)*. (29)

Choosing p? < 0 and A > 0 leads to the required spontaneous symmetry breaking. This

part of the Lagrangian is also CP conserving.

11



TABLE I: The SM particles

particle spin color Qv mass [v]

w1 (1) #1 39
20 1 (1) 0 3Vg%+g7?
A° 1 (1) o 0

g 1 (8 0 0

h 0 (1) o0 V22X
e 12 (1) =1 Yeur/V2
Ve, Vo Vr 1/2 (1) 0 0
wet /2 (3) +2/3 yuer/V2
d,s,b 1/2 (3) —1/3 yasp/V?2

5. Summary

The renormalizable part of the Standard Model Lagrangian is given by

1. R
EWf Wbm/ B ZBM B;w - (DM¢)T(Du¢)

— 1QLilPQri — iU JPUr; — iDpiJPDp; — iL1;PL1; — iEpi PE R
+ (Y3QuUr; ¢ + YiiQuiDr; ¢ + YiL1:Erj ¢+ h.c.)

2
— (ot —v?/2)",

1
LSM = - ZGZVGCL,LLV -

(30)

where 7,7 = 1,2, 3.

The only complex couplings — and therefore the only potential sources of CP violation —
are the Yukawa matrices, Y*, Y? and Y®. In the basis defined by Eq. (18) and by either
Eq. (26) or by Eq. (27), the only complex parameters — and therefore the only potential

sources of CP violation — are in the unitary matrix V.

B. The spectrum

The spectrum of the SM is presented in Table I.

All masses are proportional to the VEV of the scalar field, v. For the three massive gauge

12



bosons, and for the fermions, this is expected: In the absence of spontaneous symmetry
breaking, the former would be protected by the gauge symmetry and the latter by their
chiral nature. For the Higgs boson, the situation is different, as a mass-squared term does
not violate any symmetry.

For the charged fermions, the spontaneous symmetry breaking allows their masses because
they are in vector-like representations of the SU(3)c x U(1)gm group: The LH and RH
charged lepton fields, e, i and 7, are in the (1)_; representation; The LH and RH up-type
quark fields, u, ¢ and ¢, are in the (3), /3 representation; The LH and RH down-type quark
fields, d, s and b, are in the (3)_;,3 representation. On the other hand, the neutrinos remain
massless in spite of the fact that they are in the (1)y representation of SU(3)c x U(1)gwm,
which allows for Majorana masses. Such masses require a VEV carried by a scalar field in
the (1,3)41 representation of the SU(3)c x SU(2)r x U(1)y symmetry, but there is no such
field in the SM.

The experimental values of the charged fermion masses are [1] !

m. = 0.510998946(3) MeV, m, = 105.6583745(24) MeV, m, = 1776.86(12) MeV,
m, = 227070 MeV, m, =1.27575052 GeV, m; = 173.1+ 0.9 GeV,
mg = 47705 MeV, m, = 9573 MeV, my = 4.1870 03 GeV. (31)

C. The interactions

Within the SM, the fermions have five types of interactions. These interactions are

summarized in Table II. In the next few subsections, we explain the entries of this Table.

1. EM and strong interactions

By construction, a local SU(3)¢ x U(1)gm symmetry survives the SSB. The SM has thus

the photon and gluon massless gauge fields. All charged fermions interact with the photon:
2e e— _
ﬁQED,dJ = —guzé{ul + gdﬂf(dl + 6&4&', (32)

where w123 = u,c,t, digs =d,s,band {153 = e, u, 7. We emphasize the following points:

1 See [1] for detailed explanations of the quoted quark masses. For ¢ = u, d, s, ¢, b, m, are the running quark

masses in the MS scheme, with my 4. = My as(p =2 GeV) and mep = mep(p = mep).

13



TABLE II: The SM fermion interactions. CPV (CPC) stands for CP violating (conserving).

interaction  fermions force carrier coupling flavor CP
Electromagnetic wu,d, /¢ A eQ universal CPC
Strong u,d g Js universal CPC
NC weak all 70 M;V;ijix@ universal CPC
CC weak ud/lv W+ gV/g  non-universal/universal CPV/CPC
Yukawa w,d, b h Yq diagonal CPC

1. The photon couplings are vector-like and parity conserving.

2. The photon couplings are CP conserving.

3. Diagonality: The photon couples to ete™, u*p~ and 7577, but not to e*u¥, e*7F or
pwETT pairs, and similarly in the up and down sectors.
4. Universality: The couplings of the photon to different generations are universal.
All colored fermions (namely, quarks) interact with the gluon:
c — P
QCD,yp = —ECI a@acb (33)

where ¢ = u, ¢, t,d, s,b. We emphasize the following points:
1. The gluon couplings are vector-like and parity conserving.
2. The gluon couplings are C'P conserving.

3. Diagonality: The gluon couples to tt, éc, etc., but not to tc or any other flavor changing

pair.
4. Universality: The couplings of the gluon to different quark generations are universal.

The universality of the photon and gluon couplings are a result of the SU(3)¢ x U(1)gm

gauge invariance, and thus hold in any model, and not just within the SM.

14



2.  Z-mediated weak interactions

All SM fermions couple to the Z-boson:

e 1 1
Lzy = p— [— <2 - 5%1/) erifeLi + Sty erifer: + 3 VLafVLa (34)
1 2 2 1 1 S 1 —
+ (2 - 35124/> Urifur; — 35124/ URi furi — (2 - SS%V> drifdr; + 55124/ drifdpri| -

where v, = v,,v,, V.. We emphasize the following points:
1. The Z-boson couplings are chiral and parity violating.
2. The Z-boson couplings are CP conserving.

3. Diagonality: The Z-boson couples diagonally and, as a result of this, there are no

Z-mediated flavor changing neutral current (FCNC) processes.

4. Unaversality: The couplings of the Z-boson to different fermion generations are uni-

versal.

The universality is a result of a special feature of the SM: all fermions of given chirality and
given charge come from the same SU(2), x U(1)y representation.
As an example to experimental tests of diagonality and universality, we can take the

leptonic sector. The branching ratios of the Z-boson into charged lepton pairs [1],

BR(Z — e*e™) = (3.363 + 0.004)%, (35)
BR(Z — pp™) = (3.366 & 0.007)%,
BR(Z — 777) = (3.367 +0.008)% .

beautifully confirms universality:

C(utp)/T(ete”) = 1.0009 4 0.0028,
D(r+77)/T(ete”) = 1.0019 = 0.0032.

Diagonality is also tested by the following experimental searches:

BR(Z wetp™) < 7.5x 1077,
BR(Z = ef77) < 9.8 x 1079,
BR(Z — pt77) < 1.2x107°. (36)

15



3. W-mediated weak interactions

We now study the couplings of the charged vector bosons, W, to fermion pairs. For the
lepton mass eigenstates, things are simple, because there exists an interaction basis that is

also a mass basis. Thus,

Cwe = (v Wher +7 W pp + v W +he.). (37)
V2
Eq. (37) reveals some important features of the model:

1. Only left-handed particles take part in charged-current interactions. Consequently,

parity is violated.
2. The W-boson couplings to leptons are CP conserving.

3. Diagonality: the charged current interactions couple each charged lepton to a single
neutrino, and each neutrino to a single charged lepton. Note that a global SU(2)
symmetry would allow off-diagonal couplings; It is the local symmetry that leads to

diagonality.

4. Universality: the couplings of the W-boson to 7i;, to uv, and to ev, are equal. Again,

a global symmetry would have allowed an independent coupling to each lepton pair.

All of these predictions have been experimentally tested. As an example of how well uni-

versality works, consider the decay rates of the W-bosons to the three lepton pairs [1]:

BR(W' — e*v,) = (10.71 £0.16) x 1072,
BR(W" — utv,) = (10.63 £0.15) x 1072,
BR(WT — 71,) = (11.38 £0.21) x 1072 (38)

As concerns quarks, things are more complicated, since there is no interaction basis that
is also a mass basis. In the interaction basis where the down quarks are mass eigenstates

(25), the W interactions have the following form:

Lwg = —\% (waz W*dy +p W s+ Wby + hee.). (39)

16



The Yukawa matrices in this basis have the form (27), and in particular, for the up sector,

we have
URr
L4 = (ar war wr)VIYe | en |, (40)
lr

which tells us straightforwardly how to transform to the mass basis:

ur, Udr,
Cyr, =V UsT, . (41)
tr, Upr,

Using Eq. (41), we obtain the form of the W interactions (39) in the mass basis:

dy,
Lw,g = —\% (wpepty) VW' | sp [ +he. (42)
br,

You can easily convince yourself that we would have obtained the same form starting from

any arbitrary interaction basis. We remind you that
V =Va.Vi; (43)

is basis independent. The matrix V' is called the CKM matrix [2, 3].

Eq. (42) reveals some important features of the model:

1. Similarly to the leptons, only left-handed quarks take part in charged-current interac-

tions and, consequently, parity is violated by these interactions.

2. The matrix V' is, in general, complex. (We will analyze this point in more detail

below.) Thus, the W-boson couplings to quarks are CP violating.

3. The W couplings to the quark mass eigenstates are neither universal nor diagonal.

The universality of gauge interactions is hidden in the unitarity of the matrix V.

Omitting common factors (particularly, a factor of g?/4) and phase space factors, we

obtain the following predictions for the W decays:

LW — 0Ty) o« 1,
P(WHT = wd;) < 3|Vy)* (i=1,2; j=1,2,3). (44)

17



The top quark is not included because it is heavier than the W boson. Taking this fact into

account, and the CKM unitarity relations
|‘/ud|2 + |Vus|2 + |Vub|2 - |‘/cd|2 + |V;:s|2 + |‘/cb|2 = 17 (45>
we obtain
I'(W — hadrons)/I'(W — leptons) ~ 2. (46)

Experimentally (we use [1] BR(W — leptons) = 0.326 & 0.003 and BR(W — hadrons) =
0.674 % 0.003)
I'(W — hadrons)/T'(W — leptons) = 2.07 £ 0.02, (47)

which, taking into account radiative corrections, is in good agreement with the SM predic-

tion. The (hidden) universality within the quark sector is tested by the prediction
1
(W —=uX)=T(W — cX) = iF(W — hadrons). (48)

Experimentally (we use [1] BR(W — ¢X) = 0.333 £ 0.026 and BR(W — hadrons) =
0.674 £+ 0.003),
I'(W — ¢X)/T'(W — hadrons) = 0.49 & 0.04. (49)

4. Yukawa interactions

The Yukawa interactions are given by

Ly = — > (meer er +my i g + Ms 7L TR
M L R + Mo L e + M tr + mady dp + s 5T sp +my by by + hue.)

To see that the Higgs boson couples diagonally to the quark mass eigenstates, let us start

from an arbitrary interaction basis:

hﬁLYdDR = hE(VdTL%L)Yd(WRVdR)DR
= h(DLV}) (VarY Vi) (VarDr)
— h(dg, 57 b)Y dg sg bg)T. (50)

We conclude that the Higgs couplings to the fermion mass eigenstates have the following

features:

18



1. Diagonality.
2. Non-universality.

3. Proportionality to the fermion masses: the heavier the fermion, the stronger the cou-

pling. The factor of proportionality is m, /v.

4. CP conserving.

Thus, the Higgs boson decay is dominated by the heaviest particle which can be pair-
produced in the decay. For m;, ~ 125 GeV, this is the bottom quark. Indeed, the SM
predicts the following branching ratios quoted in Table III for the leading decay modes. The

following comments are in order with regard to the predicted branching ratios:

1. From the seven branching ratios, three (b, 7, ¢) stand for two-body tree-level decays.
Thus, at tree level, the respective branching ratios obey BRy, : BR,+,- : BRee = 3m? :
2

m2 : 3m?

2 2. QCD radiative corrections somewhat suppress the two modes with the

quark final states (b, ¢) compared to one with the lepton final state (7).

2. The WIWW* and ZZ* modes stand for the three-body tree-level decays, where one of

the vector bosons is on-shell and the other off-shell.

3. The Higgs boson does not have a tree-level coupling to gluons since it carries no color
(and the gluons have no mass). The decay into final gluons proceeds via loop diagrams.

The dominant contribution comes from the top-quark loop.

4. Similarly, the Higgs decays into final two photons via loop diagrams with small
(BR,, ~ 0.002), but observable, rate. The dominant contributions come from the

W-boson and the top-quark loops which interfere destructively.

Experimentally, the decays into final ZZ*, WW*, vv, bb and 7+7~ have been established.

D. Global symmetries

The SM has an accidental global symmetry:

GM L =U)p x U1, x U(1), x U(1),. (51)

global =

This symmetry leads to various testable predictions. Here are a few examples:
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TABLE III: Higgs decays: The SM predictions for the branching ratios, and the experimental p

values.

Mode BRsM  flexperiment Comments

bb  0.58 0.98+0.20
Ww* 021 0.99+0.15 3-body
qg 0.09 loop
7t~ 0.06 1.09+0.23
Z7z* 0.03 1.174+0.23 3-body
cc  0.03
vy  0.002 1.14+0.14 loop

e The proton must not decay, e.g. p — et is forbidden.
e FCNC decays of charged leptons must not occur, e.g. ;1 — e7 is forbidden.

e Neutrinos are massless, m, = 0.

The last prediction is, however, violated in Nature. Neutrino flavor transitions are observed,
implying that at least two of the neutrino masses are different from zero.
Accidental symmetries are broken by higher-dimensional (non-renormalizable) terms.

Two examples are the following:

e At dimension five, %%Liquﬁ(/b terms break U(1). x U(1), x U(1),.

o At dimension six, % Q;Q;QxL; terms break U(1)p.

Thus, given that m, # 0, we learn that the SM is, at best, a good low energy effective field

theory.

In the absence of the Yukawa matrices, Ly, = 0, the SM would gain [U(3)]®> global
symmetry:
Goopat (Y4 =0) = SU(3)2 x SU(3); x U(1)°, (52)

global

where
SU(3)} = SU(3)q x SU(3)u x SU(3)p,
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SU3); = SU@3)r x SU(3)g,
U1)> = U)g x U(1), x U(l)y x U(1)pq x U(1). (53)

Out of the five U(1) charges, three can be identified with baryon number (B), lepton number
(L) and hypercharge (Y'), which are respected by the Yukawa interactions. The two remain-
ing U(1) groups can be identified with the PQ symmetry whereby the Higgs and Dg, Eg
fields have opposite charges, and with a global rotation of Ex only.

The point that is important for our purposes is that Ly, respects the non-Abelian flavor

symmetry SU(3)3 x SU(3)7, under which
Qr = VoQr, Ugr— VyUr, Dr—VpDgr, Ly —ViLy, Er— VgFEpg, (54)

where the V; are unitary matrices. The Yukawa interactions (16) break the global symmetry
into the subgroup of Eq. (51). (Of course, the gauged U(1)y also remains a good symmetry.)
Thus, the transformations of Eq. (54) are not a symmetry of Lgy. Instead, they correspond
to a change of the interaction basis. These observations also offer an alternative way of
defining flavor physics: it refers to interactions that break the [SU(3)]° symmetry (54).
Thus, the term “flavor violation” is often used to describe processes or parameters that
break the symmetry.

One can think of the quark Yukawa couplings as spurions that break the global SU (3)2

symmetry (but are neutral under U(1)p),
Y~ (37 37 1)SU(3)27 Yd ~ (37 17 3)SU(3)27 (55)

and of the lepton Yukawa couplings as spurions that break the global SU(3)% symmetry (but
are neutral under U(1). x U(1), x U(1),),

Ve~ (3, 3)SU(3),§- (56)

The spurion formalism is convenient for several purposes: parameter counting (see below),
identification of flavor suppression factors (see Section VII), and the idea of minimal flavor

violation (see Section VIIB).

E. Counting parameters

How many independent parameters are there in £%,,? The two Yukawa matrices, Y and

Y9 are 3 x 3 and complex. Consequently, there are 18 real and 18 imaginary parameters
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in these matrices. Not all of them are, however, physical. The pattern of Ggiopar breaking
means that there is freedom to remove 9 real and 17 imaginary parameters (the number of
parameters in three 3 x 3 unitary matrices minus the phase related to U(1)g). For example,
we can use the unitary transformations @ — VoQr, Ur — VyUg and Dr — VpDg, to

lead to the following interaction basis:

vi=v, Yv'"=Vly,, (57)
where f/d,u are diagonal and real,
Yy = diag(ya, s, v0),  Yu = diag(Yu, Yo, i), (58)

while V' is a unitary matrix that depends on three real angles and one complex phase. We
conclude that there are 10 quark flavor parameters: 9 real ones and a single phase. In the
mass basis, we identify the nine real parameters as six quark masses and three mixing angles,
while the single phase is dku.

How many independent parameters are there in £%,,? The Yukawa matrix Y is 3x 3 and
complex. Consequently, there are 9 real and 9 imaginary parameters in this matrix. There
is, however, freedom to remove 6 real and 9 imaginary parameters (the number of parameters
in two 3 X 3 unitary matrices minus the phases related to [U(1)]?). For example, we can
use the unitary transformations L;, — V. L, and Er — VgFEg, to lead to the following

interaction basis:

A~

Y¢ = Y; = diag(?/ea Yu, y'r)a (59)

where ¥, ,, - are real. We conclude that there are 3 real lepton flavor parameters. In the mass
basis, we identify these parameters as the three charged lepton masses. We must, however,

modify the model when we take into account the evidence for neutrino masses.

F. The strong CP problem

The counting of parameters described above is done at the classical level. Usually, when
quantizing a system, the number of parameters is not changed. Yet, there are exceptions
that are related to non-Abelian gauge groups. In the SM it turns out that there is one

more renormalizable parameter that is unphysical at the classical level but is physical at the
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quantum level. This parameter is called Ogcp:

9 CD ns ag
‘C9QCD = %GMWJGZ GZ . (60)

This term violates P and CP. In particular, it leads to an electric dipole moment (EDM) of

the neutron d,,. The experimental upper bound on the EDM of the neutron,
dp < 2.9 %1072 e cm, (61)

implies that, fgcp < 1077, that is it is very small. The problem of why fqcp is so small is

known as the strong CP problem. We do not discuss it any further here.

III. THE CKM MATRIX

Among the SM interactions, the W-mediated interactions are the only ones that are not
diagonal. Consequently, all flavor changing processes depend on the CKM parameters. The
fact that there are only four independent CKM parameters, while the number of measured
flavor changing processes is much larger, allows for stringent tests of the CKM mechanism

for flavor changing processes and of the KM mechanism of CP violation.

A. Parametrization of the CKM matrix

The CKM matrix V is a 3 X 3 unitary matrix. Its form, however, is not unique:
(7) There is freedom in defining V' in that we can permute between the various generations.
This freedom is fixed by ordering the up quarks and the down quarks by their masses, i.e.

(uy, ug, uz) — (u,c,t) and (dy,ds,ds) — (d,s,b). The elements of V' are written as follows:

Vud Vus Vub
V=V Ves V[ (62)
Vie Vis Vi

(77) There is further freedom in the phase structure of V. This means that the number
of physical parameters in V' is smaller than the number of parameters in a general unitary
3 x 3 matrix which is nine (three real angles and six phases). Let us define P, (¢ = u,d)
to be diagonal unitary (phase) matrices. Then, if instead of using V. and V,r for the

rotations (20) and (23) to the mass basis we use V,, and V,z, defined by V,;, = P,V,;, and
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Vor = PyVyr, we still maintain a legitimate mass basis since M remains unchanged by

such transformations. However, V' does change:
V- P VP]. (63)

This freedom is fixed by demanding that V' has the minimal number of phases. In the three
generation case V has a single phase. (There are five phase differences between the elements
of P, and P; and, therefore, five of the six phases in the CKM matrix can be removed.)
This is the Kobayashi-Maskawa phase dxy which is the single source of CP violation in the
quark sector of the Standard Model [2].

The fact that V' is unitary and depends on only four independent physical parameters

can be made manifest by choosing a specific parametrization. The standard choice is [4]
i

C12C13 $12C13 S13€
_ id is
V = | —si12c23 — C12523513¢€ C12C23 — 512523513€ 523C13 ) (64)
) )
512823 — C12C23513€" —C12523 — $12C23513€" C23C13

where ¢;; = cosf;; and s;; = sin6;;. The 6;;’s are the three real mixing parameters while 0
is the Kobayashi-Maskawa phase. The experimental central values of the four parameters
are given by
s12 = 0.225,  s93 = 0.042, s13 =0.0037, & = 74°. (65)
As we will later see, experiments imply a hierarchy in the size of the CKM entries:

Vol [Vial < Ve, [Vis| < [Vius, [Veal < [Vaal, [Ves|s [Van- (66)

Consequently, it is convenient to choose an approximate expression where this hierarchy
is manifest. This is the Wolfenstein parametrization, where the four mixing parameters
are (A, A, p,n) with A = |V,5] =~ 0.23 playing the role of an expansion parameter and 7
representing the CP violating phase [5, 6]:
1— 21X — %)\4 A AN (p —in)
V=|-X+3482N81-20p+in)] 1—322— g\ (1+44?) AN? . (67)
AN[I =1 =3X)(p+in)] —AN + AN —2(p+1in)] 1— A2\

The experimental ranges for the four parameters are given by

A = 0.2251 + 0.0005, (68)
A = 0.81+0.03,
+0.160 + 0.007,

©
Il

-+0.350 £ 0.006.

=
I
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FIG. 1: Graphical representation of the unitarity constraint Vi,V + VgV + VgV = 0 as a

triangle in the complex plane.
B. Unitarity triangles

A very useful concept is that of the unitarity triangles. The unitarity of the CKM matrix

leads to various relations among the matrix elements, e.g.

ViudVs + VedVes + ViaVis = 0, (69)
Vas u*b + Ves SE; + Vis {é =0, (70)
VudVay + VeaViy + ViaVyy, = 0. (71)

Each of these three relations requires the sum of three complex quantities to vanish and so
can be geometrically represented in the complex plane as a triangle. These are “the unitarity
triangles”, though the term “unitarity triangle” is usually reserved for the relation (71) only.
The unitarity triangle related to Eq. (71) is depicted in Fig. 1.

The rescaled unitarity triangle is derived from (71) by (a) choosing a phase convention
such that (V4V;) is real, and (b) dividing the lengths of all sides by |V.4V.;|. Step (a) aligns
one side of the triangle with the real axis, and step (b) makes the length of this side 1.
The form of the triangle is unchanged. Two vertices of the rescaled unitarity triangle are
thus fixed at (0,0) and (1,0). The coordinates of the remaining vertex correspond to the
Wolfenstein parameters (p,n). The area of the rescaled unitarity triangle is |n|/2.

Depicting the rescaled unitarity triangle in the (p, n) plane, the lengths of the two complex

AT R=

sides are
vudvub

VeaVen

ViaVi

R, =
VeaVer

=/(1=p)2 +n (72)
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TABLE IV: FCCC processes and CKM entries. The values of the parameters are taken from Ref.

[9].
Process CKM
u— déty |Viua| = 0.97420 4+ 0.00021
s—=uwl v |Vius| = 0.2243 £ 0.0005

codltvory,+d—c+p |V =0.218 £ 0.004

c— sltvorcs— Ty |Ves| = 0.997 +0.017
b—s el V| = 0.0422 £ 0.0008
b—ul~ b |V = 0.0039 £ 0.0004
op — tX V| = 1.02 £ 0.03

b — scu and b — suc v =73 +5°

The three angles of the unitarity triangle are defined as follows [7, §:

ViaVii V.aVi VuadVs
o = arg [—Vj”] 5= arg [—Vj b] v = arg [—V;’b] (73)
ud YV ub tdVth ca v ch

They are physical quantities and can be independently measured by CP asymmetries in B
decays. It is also useful to define the two small angles of the unitarity triangles (70,69):

*
V;is cd
Vus u*d

*
VisVip
‘/;S C?)

5, = arg [— ] By = g [— (74

In terms of the Wolfenstein parameter A, the angles «, 3,7 = O(1), 8, = O(A\?) and
B = O(\Y).

C. The CKM matrix from tree level processes

The absolute values of seven entries and, in addition, one phase of the CKM matrix are
extracted from tree level processes, see Table IV.

These eight measurements already over-constrain the four Wolfenstein parameters, but
the CKM mechanism passes this test successfully. The ranges that are consistent with all

tree level measurements are the following:

A =0.2245+0.0005, A =0.84=£0.02, p=+40.14£0.04, n=+40.37=£0.03. (75)
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The A and A parameters are very well determined. The main effort in CKM measurements
is thus aimed at further improving our knowledge of p and 7. The present status of our
knowledge is best seen in a plot of the various constraints and the final allowed region in the
p — n plane. This is shown in Fig. 2. The present status of our knowledge of the absolute

values of the various entries in the CKM matrix can be summarized as follows:
0.97434 4+ 0.00012  0.22506 4+ 0.00050 (3.57 4 0.15) x 1073

V| = 0.22492+0.00050 0.9735140.00013  0.0411+0.0013 |.  (76)
(8.75+0.33) x 1073 0.0403 +0.0013  0.99915 = 0.00005

D. CP violation

In this section we prove that CP violation in a two generation SM is impossible. In
contrast, in a three generation SM, CP is violated in general. This CP violation requires,

however, a long list of necessary conditions on the SM flavor parameters.

1. SM2: CP conserving

Consider a two generation Standard Model, SM2. This model is similar to the one defined
in Section II, which in this section will be referred to as SM3, except that there are two,
rather than three fermion generations. Many features of SM2 are similar to SM3, but there
is one important difference: CP is a good symmetry of SM2, but not of SM3. To see how
this difference comes about, let us examine the accidental symmetries of SM2. We follow
here the line of analysis of SM3 in Section I E.

If we set the Yukawa couplings to zero, LM2 = 0, SM2 gains an accidental global sym-

metry:

Ggl&l;al(yu,d,e = 0) = U(Q)Q X U(Z)U X U(Z)D X U(Q)L X U(2>E, (77)

where the two generations of each gauge representation are a doublet of the corresponding

U(2). The Yukawa couplings break this symmetry into the subgroup
G&' = U(L)p x U(L)e x U(1),. (78)

A-priori, the Yukawa terms depend on three 2 x 2 complex matrices, namely 12z + 12;
parameters. The global symmetry breaking, [U(2)]> — [U(1)]?, implies that we can remove

5% (1r+37) —3; = br+12; parameters. Thus the number of physical flavor parameters is 7
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real parameters and no imaginary parameter. The real parameters can be identified as two
charged lepton masses, four quark masses, and the single real mixing angle, sin 6, = |V,
The important conclusion for our purposes is that all imaginary couplings can be removed

from SM2, and CP is an accidental symmetry of the model.

2. SM3: Not necessarily CP violating

A-priori, CP is not necessarily violated in SM3. If two quarks of the same charge had
equal masses, one mixing angle and the phase could be removed from V. This can be written

as a condition on the quark mass differences. CP violation requires

(mif —m2)(mi —mi)(mZ — mi) (my — m3)(mi; — mg)(mZ —mg) # 0. (79)

s_

Likewise, if the value of any of the three mixing angles were 0 or /2, then the phase can
be removed. Finally, CP would not be violated if the value of the single phase were 0 or 7.
These last eight conditions are elegantly incorporated into one, parametrization-independent
condition. To find this condition, note that the unitarity of the CKM matrix, VVT = 1,
requires that for any choice of 7,5, k,l = 1,2, 3,

3
Im[\/;ijl ;;Vk*]] =J Z eikmejln- (80)

myn—1
In terms of the explicit parameterizations given in Egs. (64) and (67), we have
J = ClaCa3Cia812503513 810 6 ~ A0 A%, (81)
The conditions on the mixing parameters are summarized by
J # 0. (82)

The quantity J is called the Jarlskog invariant [10] and is of much interest in the study of
CP violation from the CKM matrix. The maximum value that J could assume in principle

is 1/(64/3) =~ 0.1, but it is found to be [9]
J=(3.1840.15) x 107°. (83)

It is interesting to note that the areas of all six unitarity triangles are the same, and equal

/2.
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TABLE V: Measurements related to neutral meson mixing

Sector CP-conserving CP-violating

sd  Amg/mg =T70x1071%  ex =23x1073
cu Amp/mp = 8.7 x 10717 Ar/ycp <0.2

bd  Amp/mp =163 x 107" Sk = +0.70 £ 0.02
bs  Amp,/mp, =2.1 x 10712 S, = —0.04 £ 0.06

The fourteen conditions incorporated in Egs. (79) and (82) can all be written as a single

requirement on the quark mass matrices in the interaction basis:
Xep=Im {det [MdMC}L, MUMH} # 0 < CP violation. (84)

This is a convention independent condition.

IV. FLAVOR CHANGING NEUTRAL CURRENT (FCNC) PROCESSES

A very useful class of FCNC is that of neutral meson mixing. Nature provides us with

four pairs of neutral mesons: K° — K° B° — B% BY — B% and D° — D°. Mixing in this
context refers to a transition such as K° — K° (5d — ds).? The experimental results for CP
conserving and CP violating observables related to neutral meson mixing (mass splittings
and CP asymmetries in tree level decays, respectively) are given in Table V.

Our aim in the following subsections is to explain the suppression factors that affect

FCNC and the special role of CP violation within the SM.

A. Loop suppression

The W-boson cannot mediate FCNC processes at tree level, since it couples to up-down
pairs, or to neutrino-charged lepton pairs. Obviously, only neutral bosons can mediate

FCNC at tree level. The SM has four neutral bosons: the gluon, the photon, the Z-boson

2 These transitions involve four-quark operators. When calculating the matrix elements of these operators
between meson-antimeson states, approximate symmetries of QCD are of no help. Instead, one uses lattice

calculations to relate, for example, the BY — BY transition to the corresponding quark process, bd — db.
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and the Higgs-boson. As concerns the massless gauge bosons, the gluon and the photon,
their couplings are flavor-universal and, in particular, flavor-diagonal. This is guaranteed
by gauge invariance. The universality of the kinetic terms in the canonical basis requires
universality of the gauge couplings related to the unbroken symmetries. Hence neither the
gluon nor the photon can mediate flavor changing processes at tree level. The situation
concerning the Z-boson and the Higgs-boson is more complicated. In fact, the diagonality
of their tree-level couplings is a consequence of special features of the SM, and can be violated
with new physics.

The Z-boson, similarly to the W-boson, does not correspond to an unbroken gauge
symmetry (as manifest in the fact that it is massive). Hence, there is no fundamental
symmetry principle that forbids flavor changing couplings. Yet, as mentioned in Section
ITC2, in the SM this does not happen. The key point is the following. For each sector of
mass eigenstates, characterized by spin, SU(3)¢ representation and U(1)gy charge, there

are two possibilities:

1. All mass eigenstates in this sector originate from interaction eigenstates in the same

SU(2) x U(1)y representation.

2. The mass eigenstates in this sector mix interaction eigenstates of different SU(2), x

U(1)y representations (but, of course, with the same T3 +Y').

Let us examine the Z couplings in the interaction basis in the subspace of all states that

mix within a given sector of mass eigenstates:

1. In the first class, the Z couplings in this subspace are universal, namely they are
proportional to the unit matrix (times 75 — @ sin? fy of the relevant interaction eigen-
states). The rotation to the mass basis maintains the universality: Vi x 1 VfT =1

(f =u,d,e; M = L, R).

2. In the second class, the Z couplings are only “block-universal”. In each sub-block ¢
of m; interaction eigenstates that have the same (73);, they are proportional to the
m; X m; unit matrix, but the overall factor of (73); — Qsin? yy is different between
the sub-blocks. In this case, the rotation to the mass basis, Vi x diag{[(T3); —
Q%L [(T3)2 — Qs iy, - - -} X VfTM, does not maintain the universality, nor even

the diagonality.
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The special feature of the SM fermions is that they belong to the first class: All fermion
mass eigenstates in a given SU(3)¢ x U(1)gm representation come from the same SU(3)¢ x
SU(2), xU(1)y representation.® For example, all the left-handed up quark mass eigenstates,
which are in the (3)2/3 representation, come from interaction eigenstates in the (3,2)41/6
representation. This is the reason that the SM predicts universal Z couplings to fermions.
If, for example, Nature had left-handed quarks also in the (3, 1)14/3 representation, then the
Z couplings in the left-handed up sector would be non-universal and the Z could mediate
FCNC.

The Yukawa couplings of the Higgs boson are not universal. In fact, in the interaction
basis, they are given by completely general 3 x 3 matrices. Yet, as explained in Section
IIC4, in the fermion mass basis they are diagonal. The reason is that the fermion mass
matrix is proportional to the corresponding Yukawa matrix. Consequently, the mass matrix
and the Yukawa matrix are simultaneously diagonalized. The special features of the SM in

this regard are the following:
1. All the SM fermions are chiral, and therefore there are no bare mass terms.
2. The scalar sector has a single Higgs doublet.

In contrast, either of the following possible extensions would lead to flavor changing Higgs

couplings:

1. There are quarks or leptons in vector-like representations, and thus there are bare

mass terms.
2. There is more than one SU(2).-doublet scalar.

We conclude that within the SM, all FCNC processes are loop suppressed. However, in
extensions of the SM, FCNC can appear at the tree level, mediated by the Z boson or by

the Higgs boson or by new massive bosons.

3 This is not true for the SM bosons. The vector boson mass eigenstates in the (1)o representation come

from interaction eigenstates in the (1,3)q and (1, 1), representations (W3 and B, respectively).
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B. CKM suppression

Obviously, all flavor changing processes are proportional to off-diagonal entries in the
CKM matrix. A quick look at the absolute values of the off-diagonal entries of the CKM
matrix (76) reveals that they are small. A rough estimate of the CKM suppression can be
acquired by counting powers of A\ in the Wolfenstein parametrization (67): |V,s| and |V,
are suppressed by A, |Vi| and |Vi,| by A2, V| and [Vig| by A3

For example, the amplitude for b — sy decay comes from penguin diagrams, dominated
by the intermediate top quark, and suppressed by |V Vis| ~ A% As another example, the
B — BY mixing amplitude comes from box diagrams, dominated by intermediate top quarks,

and suppressed by |V Via|* ~ AS.

C. GIM suppression

If all quarks in a given sector were degenerate, then there would be no flavor changing W -
couplings. A consequence of this fact is that FCNC in the down (up) sector are proportional
to mass-squared differences between the quarks of the up (down) sector. For FCNC processes
that involve only quarks of the first two generations, this leads to a strong suppression
factor related to the light quark masses, and known as Glashow-Iliopoulos-Maiani (GIM)
suppression [11].

Let us take as an example Ampg, the mass splitting between the two neutral K-mesons.
We have Amy = 2| My |, where My corresponds to the K° — K° transition and comes
from box diagrams. The top contribution is CKM-suppressed compared to the contributions
from intermediate up and charm, so we consider only the latter:

GEmiy
1672

i, J=u,c

(K°(dpry"sp)* | KO (VisViaVis Vi) x F(xi, x;), (85)

where z; = m?/m%,. If we had m, = m,, the amplitude would be proportional to (V. V% +
V.sV*)?, which vanishes in the two generation limit. We conclude that Amyg o (m? —
m?2)/m3;, which is the GIM suppression factor.

For the B — B® and B, — B, mixing amplitudes, the top-mediated contribution is not
CKM suppressed compared to the lighter generations. The mass ratio m?/m%, enhances,

rather than suppresses, the top contribution. Consequently, the Mpzz amplitude is domi-
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nated by the top contribution:

G%m?
Mpg ~ — W
BB = 1672

(B|(dzy"be)*[B) (VapVig)* X F (w1, ) - (86)

D. CPYV suppression

In some cases, CP violating (CPV) observables related to neutral meson mixing are
CKM suppressed beyond their CP conserving (CPC) counterparts. The two most relevant
examples are the suppression of ¢y, related to K° — K° mixing, and the suppression of Sy,
related to B, — B, mixing.

Numerically, the effect of the extra suppression is most significant in the case of CPV in
kaon mixing. The ey observable depends on the relative phase between the CKM combina-
tion that contributes to K°— K° mixing, (V.qV,%)?, and the CKM combination that is related
to K% and K decays into 7, (V,qV.%)? This phase is of order |(VigV;t)/(VuadVi)| ~ A,
which explains why ex = O(1073). It can also be understood by examining the s — d uni-
tarity triangle: it is of the order of the ratio between its area (representing CPV) and its
long side squared (representing CPC).

The effect of the extra suppression is also significant in the case of CPV in the B
system. The Sy, observable depends on the relative phase between the CKM combination
that contributes to B, — B, mixing, (V3 V;*)?, and the CKM combination that is related to
B, and B, decays into ¥, (V4 V%)? This phase is of order |(ViV.5)/(VapViE)| ~ A%, which
explains why Sys = O(1072). It can also be understood by examining the b — s unitarity
triangle: it is of the order of the ratio between its area (representing CPV) and its long side

squared (representing CPC).

V. SM CALCULATIONS OF CPV

In this section we give several examples of CPV observables that are used to test the

CKM mechanism of flavor violation and to search for or constrain new flavor physics.
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A. CPV in decay: B —+ DK

In order to have CP violation in decay, two amplitudes with different weak and different
strong phases have to contribute. In most cases, the calculation involves large hadronic un-
certainties, as the size of an amplitude and its strong phase are inherently non-perturbative.
Yet, there are a few cases where we can use approximate symmetries of QCD or related
measurements to determine the hadronic parameters. In these cases, CP violation in de-
cay serves as a clean probe of CKM parameters. Here we discuss one of these cases: the
extraction of the phase v from B — DK decays.

Consider the following three B — DK decay modes:

BT — DK™, BT — DK™, BY = DepK™, (87)

where Dep is a state that decays into a CP eigenstate. For the sake of concreteness,
we take Dop = (KT K7 )p, namely the state that is tagged by a final KT K~ state with
(px+ + pr-)? = m%. In what follows, we neglect D® — D° mixing and CP violation in D

decays. In this case, the CP-even D¢p can be written as

Dcp = \}i(DO +D°). (88)

The BT — DcpK™ can proceed in two ways:

1. Bt — DK™ followed by D — KTK~. The corresponding quark transitions are

b — cus followed by ¢ — 5st. The CKM factors are

(VapVaus) (Ves Vi) (89)

2. Bt — DYK™ followed by D° — K*K~. The corresponding quark transitions are

b — 7cs followed by ¢ — ssu. The CKM factors are

(V;b‘/cs)(‘/;zVuS)' (90)

CP violation comes from the interference between these decay amplitudes. It is proportional

to the relative weak phase, namely

V*qus>
arg | ——— | = —- (91)
( Cb-‘/vCS
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Let us define the following pairs of CP conjugate amplitudes:

AD0K+ = 14(BJr — DOK+), ZEOK* = A(Bi — EOKi),
Agopes = A(BT — D°K™), Apog- = A(B~ — D°K™),
ADCPK+ = A(B+ — DCPK+), ZDCPK7 = A(B_ — DCPK_) . (92)

Given Eq. (88) we have

A + Ap - Apope- + Apoge-
Apoprt+ = DOK+\/§ DOK+, Apopk- = LK NG DR (93)

The decay amplitudes Apog+ and Apo - differ in magnitude, weak phase and strong phase.
The weak phase difference is v, see Eq. (91). We define the ratio of sizes r and the strong

phase difference § via

m = 10+, % = ret0=7), (94)

ADOK+ ABOK_

We obtain the following decay rates for the flavor-specific final states:

(BT — D'K™) = I'(B~ — D°K™) = |Apog+ %,
(BT — D°K*) = I'(B~ — D°K™) = |Apog+|*r?, (95)

and for the CP eigenstate final states:

A 2
['(B* = DepK™') = |Ap x| = |D°2K+| 1472+ 2rcos(d + )],
_ A 2
(B~ — DepK™) = [Apo,x-> = |DO2K+| [1 + 7%+ 2rcos(d — 7)} . (96)

There are two points to be made here. First, since the two rates in Eq. (96) are CP
conjugates of each other we can define the CP asymmetry in decay as in Eq. (B5) with
f* = DepK* and we obtain, for r < 1,

Apepr = 2rsinysind. (97)

We thus demonstrated that CP violation in decay arises when we have two interfering
amplitudes with different weak and different strong phases.

The second point is that all the parameters that are necessary to extract v, that is
|Apog+|,7 and §, can be determined experimentally. The flavor eigenstates D° and D° can

be tagged with semileptonic decays so that the two rates of Eq. (95) enable us to measure
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|Apog+| and r. Then, the two rates of Eq. (96) allow us to further determine § and -~y
(up to a discrete ambiguity in the phases). The crucial point is that we do not need to
calculate the size of the amplitudes and the strong phase. Instead, they are extracted from
the measurements. Thus, B — DK decays provide a theoretically clean determination of

the CP violating phase 7.

B. CPV in interference of decays with and without mixing: B — ¥ Kg

We give here an example of the SM contribution to CP violation in the interference of
decays with and without mixing in the B — ¢)Kg mode [12, 13]. This is often called “the
golden mode” with regard to CP violation, as its theoretical calculation is uniquely clean of
hadronic uncertainties. In fact, the CP asymmetry can be translated into a value of sin 20
[ is defined in Eq. (73)], with a theoretical uncertainty smaller than one percent.

For the neutral B meson system, |I'z5/Mpg| < 1 holds. Rewriting Eq. (98) as

2.2
Grmiy

g2 memiy(Bsfp)S () (VinVia)*, (98)

MBB ~

we obtain
Mpp _ ViVia
\Mgg|  VaVy

The Kg meson is the CP-even kaon state. For the sake of concreteness, we take Kg =

(99)

(7t77 )k, namely the state that is tagged by a final 777~ state with (p+ + pr—)? = m%.

Thus,

e BY = YKy proceeds via B® — K followed by K° — 7F7~. The corresponding

quark transitions are b — éc3, followed by 5 — @ud. The CKM factors are

(Ve Ves) (Vs Vaa) - (100)

e BY = YKy proceeds via B® — K followed by K° — 7F7~. The corresponding

quark transitions are b — ccs, followed by s — uuid. The CKM factors are
(Veo Vi) (Vs Via)- (101)
We further use the fact that the s — d unitarity triangle is very squashed and thus
ViVud = =V Vea. (102)

36



We obtain: B
Aprs — VaVa

= ——. 103
Aprs Vg Vea (103)
Combining Eq. (99) and Eq. (103), we obtain
M, A ,
)\B—M/)Ks = BB ‘WKs _ —6_226 - Im()\B_HpKS) = sin 2/8 (104)
’MBB| AwKS

This result demonstrates the power of CP asymmetries in measuring CKM parameters.
The experimental measurement of Zm(Ayk,) translates directly into the value of a CKM
parameter, 3, with very little hadronic parameters. A crucial role is played by the CP
symmetry of the strong interactions. The size and the strong phase of the amplitude Ak
cannot be calculated, but they are the same in the CP conjugate amplitudes Ay, and Ay,
and therefore cancel out when their ratio is taken.

A related example is that of the B, — 1¢. The analysis goes along similar lines to that
of B — ¢ K. We obtain

*

) ,
BsBs ﬂ — _672155 :> Im(ABg—VLb(z)) —_= Sin 2/88 (105)
|Mp,5.| Ave

ABy—ypp =

with (s the equivalent of § in the b — s unitarity triangle, see Eq. (74).

C. CPV in mixing: K — 77 and K — ©wlv

CPV was discovered in neutral kaon decays. We consider the following two CP asym-
metries: The §; asymmetry in the K — 7lv decays, defined in Eq. (B10), and the Amas
asymmetry in the K — 7n7 decays, defined in Eq. (B14). (To leading order, the result is the
same for f = 7t7~ and f = 770 final state, so we do not distinguish between them.)

CP violation in the K — 7m and K — 7lv decays has two features that allow to

circumvent most of the hadronic uncertainties in its analysis:

e CP violation in mixing and in the interference of mixing and decays is small, of

O(1073).

e CP violation in decays is negligibly small, of O(107%) for K — 77 and even smaller

for K — wlv.

Neglecting CP violation in decay, we can write
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Note that sin¢ # 0 signifies CPV in the interference of decays with and without mixing,
while |q/p| # 1 signifies CPV in mixing. One defines a CP violating e via

14+ Ao
= . 107
K= (107)
Given the smallness of CPV, we can approximate
1 1
Re(ex) ~ 5(1 — la/pl), Im(ex) ~ 5 tan ¢. (108)

Thus, Zm(eg) signifies CPV in the interference of decays with and without mixing, while
Re(ek) signifies CPV in mixing.

There are two important measurements that probe eg:

1. CPVin the K — 7lv decays, defined in Eq. (B10), provides a measurement of Re(e):
dp = 2Re(ex) =~ (1 — |q/p|)- (109)

2. CPV in K — 77, defined Eq. (B14) with f = 7w, provides a measurement of |ex|:

. tan® 6 + (1 — |g/p])*
; .

A = e

(110)

mass
s

Combining ¢;, and A enables one to determine the magnitude and phase of ex. The data
gives

le| =223 x 107, arg(eg) = 43.5°. (111)

In order to calculate ex we then need to calculate |¢/p| or ¢. Both of them involve
hadronic uncertainties, and here we explain how the SM prediction for Re(ex) = (1—|q/p|)
is obtained. What we need to calculate is ' z. To overcome the large hadronic uncertainties
in such a calculation, we use the experimental result that Al'x /Amy ~ —2. Furthermore,
given that the relevant CP violating effects are experimentally determined to be small, we
have AT g /Amy ~ | ki /Mgi|- With these two ingredients and in the phase convention
where I' 5 is real, we obtain

Re(e) ~ %. (112)
Thus we need to calculate Zm(Mg ).

The SM contribution to Mgz comes from box diagrams with intermediate up-type
quarks. In the phase convention where ' is real, we have

Tin(Mycx) = W ey (Bicf2) 30 S(ow o) Iml(VVaViuVi)l. (113)

1,j=c,t
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While, as discussed in Section IV C, |Mg | is dominated by the charm quark, this is not the
case for the imaginary part. The reason is that, of the three relevant CKM combinations,
the top-related one is highly suppressed: |V5Vis| ~ A° compared to |V5V.s| ~ A. Thus,
Ampg is dominated by the charm quark. As concerns Zm(Mygf ), however, the two relevant

VE Vs Vi Vis

CKM combinations are equal in size: Imo=—" = —Im
V* Vas V* Vas

, and thus the intermediate

top and charm quarks give comparable contributions to €.

VI. TESTING CKM

Measurements of rates, mixing, and CP asymmetries in B decays in the two B factories,
BaBar and Belle, and in the two Tevatron detectors, CDF and DO, signified a new era in our
understanding of flavor physics and CP violation. The progress has been both qualitative
and quantitative. Various basic questions concerning CP and flavor violation have received,
for the first time, answers based on experimental information. These questions include, for

example,
e [s the Kobayashi-Maskawa mechanism at work (namely, is n # 0)7
e Does the KM phase dominate the observed CP violation?

e Does the CKM mechanism dominate FCNC?

As a first step, one may assume the SM and test the overall consistency of the various
measurements. However, the richness of data from the B factories allow us to go a step
further and answer these questions model independently, namely allowing new physics to

contribute to the relevant processes. We here explain the way in which this analysis proceeds.

A. Is the CKM assumption Self-consistent?

The three generation standard model has room for CP violation, through the KM phase
in the quark mixing matrix. Yet, one would like to make sure that indeed CP is violated
by the SM interactions, namely that sindxy # 0. If we establish that this is the case, we
would further like to know whether the SM contributions to CP violating observables are
dominant. More quantitatively, we would like to put an upper bound on the ratio between

the new physics and the SM contributions.
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As a first step, one can assume that flavor changing processes are fully described by the
SM, and check the consistency of the various measurements with this assumption. There
are four relevant mixing parameters, which can be taken to be the Wolfenstein parameters
A, A, p and 7 defined in Eq. (67). The values of A and A are known rather accurately [9]

from, respectively, K — nfv and b — clv decays:
A =0.2245 +0.0005, A = 0.836 % 0.015. (114)

Then, one can express all the relevant observables as a function of the two remaining pa-
rameters, p and 7, and check whether there is a range in the p — n plane that is consistent

with all measurements. The list of observables includes the following;:

The rates of inclusive and exclusive charmless semileptonic B decays depend on

|Vub‘2 X p2 + 7723

The CP asymmetry in B = ¢ Kg, Syr, =sin2f = (121’;;7;’272;

The rates of various B — DK decays depend on the phase v, where e = %;

The rates of various B — nm, pm, pp decays depend on the phase o« =71 — 3 — 7;

The ratio between the mass splittings in the neutral B and By systems is sensitive to

Via/Vis|? = N*[(1 = p)* +77°];
e The CP violation in K — 7m decays, ek, depends in a complicated way on p and 7.

The resulting constraints are shown in Fig. 2.
The consistency of the various constraints is impressive. In particular, the following

ranges for p and 7 can account for all the measurements [9]:
p=+0.122+0.018, 7 =+0.355=£ 0.012. (115)

One can make then the following statements [15]:
Very likely, flavor changing processes are dominated by the Cabibbo-Kobayashi-
Maskawa mechanism and, in particular, CP violation in flavor changing processes
is dominated by the Kobayashi-Maskawa phase.

In the following subsections, we explain how we can remove the phrase “very likely” from

this statement, and how we can quantify the ft(C)KM-dominance.
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FIG. 2: Allowed region in the p,n plane. Superimposed are the individual constraints from charm-
less semileptonic B decays (|Vys|), mass differences in the B® (Am,) and Bs (Ams) neutral meson
systems, and CP violation in K — 77 (¢x), B — ¢ K (sin2p), B — 7, pm, pp (), and B — DK
(7). Taken from [14].

B. SwKs

As an example of how to use CPV and FCNC in probing new physics, we take Sy x,. When
we consider extensions of the SM, we still do not expect any significant new contribution to
the tree level decay, b — ccs, beyond the SM W-mediated diagram. Thus, the expression
Aprs/Apks = (VaVE) (Vi Veq) remains valid, though the approximation of neglecting sub-
dominant phases can be somewhat less accurate. On the other hand,since B® — B® mixing is
an FCNC process, Mpp can in principle get large and even dominant contributions from new
physics. We can parameterize the modification to the SM in terms of a complex parameter
Ay

Mpp = Ay M3%(p.n). (116)
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Thus |Ag4| # 1 represents a new source of flavor violation:
Amp = |Aal x 2| Mg (p,n)], (117)

while Zm(A,) provides a new source of CP violation, leading to the following generalization

of Eq. (104):
Syks = sin [2arctan (n/(1 — p)) +arg(Ay)], Cyks =0. (118)
The experimental measurements give the following ranges [16]:

Syks = +0.70£0.02, Cyxy = —0.005 =+ 0.015 . (119)

C. Is the KM mechanism at work?

In proving that the KM mechanism is at work, we assume that charged-current tree-level
processes are dominated by the W-mediated SM diagrams (see, for example, [17]). This is a
very plausible assumption. It is difficult to construct a model where new physics competes
with the SM in FCCC processes, and does not violate the constraints from FCNC processes.
Thus we can use all tree level processes and fit them to p and 7, as we did before. The list

of such processes includes the following:
1. Charmless semileptonic B-decays, b — ulv, measure R, [see Eq. (72)].

2. B — DK decays, which go through the quark transitions b — cus and b — wucs,

measure the angle v [see Eq. (73)].

3. B — pp decays (and, similarly, B — 77w and B — p7 decays) go through the quark
transition b — uud. With an isospin analysis, one can determine the relative phase
between the tree decay amplitude and the mixing amplitude. By incorporating the
measurement of Syx,, one can subtract the phase from the mixing amplitude, finally

providing a measurement of the angle v [see Eq. (73)].

In addition, we can use loop processes, but then we must allow for new physics con-
tributions, in addition to the (p,n)-dependent SM contributions. Of course, if each such
measurement adds a separate mode-dependent parameter, then we do not gain anything by

using this information. However, there is a number of observables where the only relevant
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FIG. 3: The allowed region in the p — n plane, assuming that tree diagrams are dominated by the
Standard Model [14].

loop process is B® — B? mixing. The list includes Syx,, Amp and the CP asymmetry in

semileptonic B decays:

Syrs = sin[2arctan (n/(1 — p)) + arg(Aqg)],
Amp = 2|Mgg(p,n)| * |Adl,

SM . SM
I's5 > sinfarg(Aqg)] < I'ps ) cos[arg(Aqg)]
As, = —Re +ZIm : 120

" (MBB Al Mpp Al 20

As explained above, such processes involve two new parameters [see Eq. (116)]. Since
there are three relevant observables, we can further tighten the constraints in the (p,n)-
plane. Similarly, one can use measurements related to By — B mixing. One gains three new
observables at the cost of two new parameters (see, for example, [18]).

The results of such fit, projected on the p — n plane, can be seen in Fig. 3. It gives [14]
= 0.38 £ 0.02. (121)

It is clear that n # 0 is well established:
The Kobayashi-Maskawa mechanism of CP violation is at work.

The consistency of the experimental results (119) with the SM predictions (104) means
that the KM mechanism of CP violation dominates the observed CP violation. In the next

subsection, we make this statement more quantitative.
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D. How much can new physics contribute to B? — B” mixing?

All that we need to do in order to establish whether the SM dominates the observed CP
violation, and to put an upper bound on the new physics contribution to B° — B° mixing, is
to project the results of the fit performed in the previous subsection on the Re(Ay) —Zm(Ay)
plane. If we find that |[Zm(A,4)| < 1, then the SM dominance in the observed CP violation

will be established. The constraints are shown in Fig. 4.

excluded area has CL > 0.68

Im Ad

Re Ad

FIG. 4: Constraints in the Re(Ag) —Zm(Aq4) plane, assuming that NP contributions to tree level

processes are negligible [14].

We obtain:
Re(Ag) = +0.947018,
Im(Ag) = —0.1175 1. (122)
This can be translated into the following approximate (one sigma) upper bounds:
|Mp5/Mygg| <02,

Im(MEE/MEY) < 0.1 (123)
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We can make the following two statements:

1. A new physics contribution to B° — B’ mixing amplitude that carries a
phase that is significantly different from the KM phase is constrained to
lie below the 10% level.

2. A new physics contribution to the BB’ mixing amplitude which is aligned

with the KM phase is constrained to lie below the 20% level.

Analogous upper bounds can be obtained for new physics contributions to the K° — K°,

B? — BY, and D° — D° mixing amplitudes.

VII. THE NEW PHYSICS FLAVOR PUZZLE
A. A model independent discussion

It is clear that the Standard Model is not a complete theory of Nature:

1. It does not include gravity, and therefore it cannot be valid at energy scales above

MPplanck ™ 1019 GeV:

2. It does not allow for neutrino masses, and therefore it cannot be valid at energy scales

above Mgeesaw ~ 10 GeV:

3. The fine-tuning problem of the Higgs mass and the puzzle of the dark matter suggest
that the scale where the SM is replaced with a more fundamental theory is actually

much lower, Myop—partners, Mwimp < & few TeV.

Given that the SM is only an effective low energy theory, non-renormalizable terms must be
added to Lgy. These are terms of dimension higher than four in the fields which, therefore,
have couplings that are inversely proportional to the scale of new physics Ayp.

The lowest dimension non-renormalizable terms are dimension-five:

. A2
Lo = A “-LpiLpjpd +h.c.. (124)
NP

These are the seesaw terms, leading to neutrino masses.
Exercise 1: How does the global symmetry breaking pattern (51) change when (124) is

taken into account?
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Exercise 2: What is the number of physical lepton flavor parameters in this case? Iden-
tify these parameters in the mass basis.
As concerns quark flavor physics, consider, for example, the following dimension-six set

of operators:
S Zei o
C(X?:g = Z ﬁ(@Li%QL]’)Q, (125)
i#]
where the z;; are dimensionless couplings. These terms contribute to the mass splittings

between the corresponding two neutral mesons. For example, the term £38Z5 o (dvubr)?

contributes to Amp, the mass difference between the two neutral B-mesons. We use

1 Zdb

Mpyp = éﬁme]%BB- (126)

Analogous expressions hold for the other neutral mesons. Taking into account the bounds
of Eq. (123), we obtain

lzgs] 2.3 %1070 Zm(za) - 1.1 x 1076
A2 TeV? ' A2 TeV?

(127)

A more detailed list of the bounds derived from the AF = 2 observables in Table V is
given in Table VI. The bounds refer to two representative sets of dimension-six operators: (i)
left-left operators, that are also present in the SM, and (ii) operators with different chirality,
where the bounds are strongest because of larger hadronic matrix elements.

We note that, as explained above, for the K and By meson mixing, the bounds from CPV
observables are significantly stronger than those from CPC observables. In fact, the bound
from ex is the strongest bound of all.

The first lesson that we draw from these bounds on A is that new physics can contribute
to FCNC at a level comparable to the SM contributions even if it takes place at a scale
that is six orders of magnitude above the electroweak scale. A second lesson is that if the
new physics has a generic flavor structure, that is z;; = O(1), then its scale must be above
10* — 10° TeV (or, if the leading contributions involve electroweak loops, above 10% — 10%
TeV). If indeed A > TeV, it means that we have misinterpreted the hints from the fine-
tuning problem and the dark matter puzzle.

A different lesson can be drawn from the bounds on z;;. It could be that the scale of
new physics is of order TeV, but its flavor structure is far from generic. Specifically, if new

particles at the TeV scale couple to the SM fermions, then there are two ways in which

their contributions to FCNC processes, such as neutral meson mixing, can be suppressed:
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TABLE VI: Lower bounds on the scale of new physics A, in units of TeV, for |z;;| = 1, and upper

bounds on z;;, assuming A = 1 TeV. Taken from [19].

Operator |A [TeV] CPC A [TeV] CPV |2ij] Im(z;;) |Observables
(5.yMdp)? 9.8 x 102 1.6 x 10* | 9.0 x 1077 3.4 x 1077 Amg; ex
(5rdp)(50dg)| 1.8 x 10* 32x10° [6.9x 1072 2.6 x 1071 Amg; ex
(eLyHur)? 1.2 x 103 2.9 x 10 |5.6 x 1077 1.0 x 1077 | Amp; Ar
(epur)(crug)| 6.2 x 103 1.5 x 10* [5.7x 1078 1.1 x 1078 | Amp; Ar
(bpytdp)? 6.6 x 102 9.3 x10% [2.3x107% 1.1 x107% |Amp; Syx
(brdr)(brdg)| 2.5 x 103 3.6 x 103 [3.9x 1077 1.9 x 1077 | Amp; Syx
(bpytsp)? 1.4 x 102 2.5 x10% 5.0 x 1070 1.7 x 107° |Amp,; Sye
(bgrsy)(brsr)| 4.8 x 102 8.3x10% [8.8x 1070 2.9 x 107% |Amp,; Sye

degeneracy and alignment. Either of these principles, or a combination of both, signifies
non-generic structure.

One can use the language of effective operators also for the SM, integrating out all
particles significantly heavier than the neutral mesons (that is, the top, the Higgs and the
weak gauge bosons). Thus, the scale is Agy ~ myy. Since the leading contributions to neutral
meson mixings come from box diagrams, the z;; coefficients are suppressed by a3. To identify
the relevant flavor suppression factor, one can employ the spurion formalism. For example,
the flavor transition that is relevant to BY — B? mixing involves dpb; which transforms as
(8,1,1)su(3)3- The leading contribution must then be proportional to (YY) 15 o yiVis Vi

Indeed, an explicit calculation (using VIA for the matrix element and neglecting QCD

corrections) gives?
2MBB Oég f% *)2
i L8 s ) V) (12
where z; = m?/m?%, and
x 11z z* 32’z
S, = 1— —_—— 129
o®) = T2 PR T g (129)

4 A detailed derivation can be found in Appendix B of [20].
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Similar spurion analyses, or explicit calculations, allow us to extract the weak and flavor

suppression factors that apply in the SM:

Im(2) ~ a3y ViaVis|* ~ 1 x 10717,
S~ a2 VegVes? ~ 5 x 1077,

C

Im (M) ~ a3yi|VipViol* ~ 2 x 107,

SM 2 92 2 -8
2~ @Y |ViaV|" ~ T x 1077,

it~ a3y ViV ? ~ 2 % 107°, (130)

(We did not include z5™ in the list because it requires a more detailed consideration.)

It is clear then that contributions from new physics at Axp ~ 1 TeV should be suppressed
by factors that are comparable or smaller than the SM ones. Why does that happen? This
is the new physics flavor puzzle.

The fact that the flavor structure of new physics at the TeV scale must be non-generic
means that flavor measurements are a good probe of the new physics. Perhaps the best-
studied example is that of supersymmetry. Here, the spectrum of the superpartners and
the structure of their couplings to the SM fermions will allow us to probe the mechanism of

dynamical supersymmetry breaking.

B. Minimal flavor violation (MFV)

Models of gauge mediated supersymmetry breaking (GMSB) provide a concrete example
of a large class of models that obey a simple principle called minimal flavor violation (MFV)
[21]. This principle guarantees that low energy flavor changing processes deviate only very
little from the SM predictions. The basic idea can be described as follows. The gauge inter-
actions of the SM are universal in flavor space. The only breaking of this flavor universality
comes from the three Yukawa matrices, Y%, Y¢ and Y. If this remains true in the presence
of the new physics, namely Y%, Y¢ and Y are the only flavor non-universal parameters,
then the model belongs to the MFV class.

Let us now formulate this principle in a more formal way, using the language of spurions
that we presented in section IID. The Standard Model with vanishing Yukawa couplings
has a large global symmetry (52,53). In this section we concentrate only on the quarks. The

non-Abelian part of the flavor symmetry for the quarks is SU(3)3 of Eq. (53) with the three
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generations of quark fields transforming as follows:
Qr(3,1,1), Ugr(1,3,1), Dg(1,1,3). (131)
The Yukawa interactions,
Yok = QLY Dro + QLY "Ugo, (132)

break this symmetry. The Yukawa couplings can thus be thought of as spurions with the

following transformation properties under SU(3)? [see Eq. (55)]:

Y~ (3,3,1), Y~ (3,1,3). (133)

When we say “spurions”, we mean that we pretend that the Yukawa matrices are fields
which transform under the flavor symmetry, and then require that all the Lagrangian terms,
constructed from the SM fields, Y¢ and Y, must be (formally) invariant under the flavor

group SU(3)3. Of course, in reality, L3,

u

 breaks SU(3)3 precisely because Y** are not fields
and do not transform under the symmetry.
The idea of minimal flavor violation is relevant to extensions of the SM, and can be

applied in two ways:

1. If we consider the SM as a low energy effective theory, then all higher-dimension

operators, constructed from SM-fields and Y-spurions, are formally invariant under

Gglobal .

2. If we consider a full high-energy theory that extends the SM, then all operators,
constructed from SM and the new fields, and from Y-spurions, are formally invariant

under Gglobal .

That MF'V allows new physics at the TeV scale is demonstrated in Table VII. Note that
for the LL operators, MFV does not allow for new CPV phases [22].

Exercise 3: Use the spurion formalism to argue that, in MFV models, the K; — w°vi
decay amplitude is proportional to y?Vi V..

Examples of MFV models include models of supersymmetry with gauge-mediation or

with anomaly-mediation of its breaking.
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TABLE VII: The MFV values and the experimental bounds on the coefficients of AF = 2 operators

VIII.

Operator Zij X CKM+GIM |z;| < (Té\—v)zx

(52y*dp)? Yt (VisVis)? 1077 9.0 x 107
(3rdr)(51dr) ytysya(VisVi)? 1071 6.9 x 107

(eLytur)? Y (Vap Vs )? 10~ 5.6 x 1077
(erur)(Crur) viyeyu(VaVi)? 10720 5.7 %1078

(brytde)?  y (Ve Vi)? 104 2.3 x 1076
(brdr)(brdr)  yiuwya(VisVi)? 107 3.9x 1077

(bry"sL)? Yt (Vs Vi) 1073 5.0 x 107°
(brsp)(brsr)  yiywys(VisVii)? 10-6 8.8 x 1076

CONCLUSIONS

Measurements of CP violating B-meson decays have established that the Kobayashi-

Maskawa mechanism is the dominant source of the observed CP violation.

Measurements of flavor changing B-meson decays have established the the Cabibbo-

Kobayashi-Maskawa mechanism is a major player in flavor violation.

The consistency of all these measurements with the CKM predictions sharpens the
new physics flavor puzzle: If there is new physics at, or below, the TeV scale, then its

flavor structure must be highly non-generic.

Extensions of the SM where new particles couple to quark- and/or lepton-pairs are
constrained by flavor. If FCNC are still mediated at the loop level, and the new
couplings are O(1), then the scale of new physics must be > 10® TeV. If, furthermore,
the new couplings carry phases of O(1), then the scale of new physics must be > 10*
TeV.

There are two puzzles related to CP violation:
— The strong CP problem: Why is 0gcp < 17

— The baryon asymmetry: Why is n > 107207
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Precision measurements of CP asymmetries in meson decays, searches for EDMs, and the
search for CP violation in the Higgs interaction, may lead to discovery of new physics, and

perhaps also to progress on solving the CP-related puzzles.
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APPENDIX A: FORMALISM OF FLAVOR OSCILLATIONS
1. Formalism

Consider the case where initially, at ¢ = 0, the neutral meson state is some specific

combination of P° and PY:
[¥p(0)) = a(0)|P?) + b(0)[P°) . (A1)

It evolves in time, and acquires components that correspond to all possible decay final states

{fi, f2, .- }:
[Wp(t)) = a(O)|P°) +b()[P°) + e () i) + ea(t)] fo) + - (A2)
Our interest lies in obtaining only a(t) and b(t). For this aim, one can use a simplified
formalism, where the full Hamiltonian, H, is replaced with a 2 x 2 effective Hamiltonian
‘H that is not Hermitian. The non-Hermiticity is related to the possibility of decays, which
makes the { P, P’} system an open one.
Before we proceed, let us clarify a semantic issue. The effective Hamiltonian H and,
similarly, its Hermitian part M, are (combinations of) operators. What we need for our

purposes is its matrix element between specific meson states. We denote the operator by

M;; with 4,7 = 1,2, and its matrix element by M,z with o, 3 = P, P.
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The complex matrix H can be written in terms of Hermitian matrices M and I" as
1

The matrices M and I' are associated with transitions via off-shell (dispersive) and on-shell
(absorptive) intermediate states, respectively. Diagonal elements of M and I" are associated
with the flavor-conserving transitions P° — P° and P° — P°. The CPT symmetry implies
that Mpp = Mpp and I'pp = I'pp. The off-diagonal elements are associated with the flavor

changing transitions P° <+ P° and they are of significant interest for us. The phase
Op = arg(Mppl'pp) (Ad)

is related to CP: ‘H is CP symmetric if p = 0.

Since H is not a diagonal matrix, the states that have well defined masses and decay
widths are not P and P, but rather the eigenvectors of H. We denote the light and heavy
eigenstates by P, and Py with masses my > my. Another possible choice, which is standard
for K mesons, is to define the mass eigenstates according to their lifetimes. We denote the
short-lived and long-lived eigenstates by Kg and K with decay widths I's > I'y. (The K
meson is experimentally found to be the heavier state.)

The eigenstates of H are given by

|PL) = plP°) & q|P?), (A5)
where )
q M% 5 — (1/2)T% 5
() L Sl VLILY S S S (A6)
p Mpp — (Z/2>FPP

(Note that the phase of ¢/p is convention dependent, and not a physical observable.) Since
H is not Hermitian, the eigenstates need not be orthogonal to each other, that is (Py|PL) =
Ip|* — |g|? can be different from zero.

The eigenvalues of H can be written as

)
HHL = Mg+ §FH,L> (A7)

such that the masses and decay-widths of the eigenstate are given by the real and imaginary

parts of the eigenvalues, respectively. The average mass and the average width are given by

myg +mp, r 'y +TIy
2 ’ 2 '

(A8)

m
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The mass difference Am and the width difference AI' are defined as follows:
AmEmH—mL, AFEFH—FL (Ag)

Here Am is positive by definition, while the sign of AT is to be determined experimentally.
(Alternatively, one can use the states defined by their lifetimes to have AI' = I's — I'p,
positive by definition, in which case the sign of Am has to be determined experimentally.)

Solving the eigenvalue equation gives

(Am)? — Z(AD)? = 4| Mpp|* = [Tppl*,  AmAT = 4Re(Mpplpp). (A10)

1
4
The above expressions simplify for H that is CP symmetric, in which case 0p = 0. As

concerns the eigenvectors, Eq. (A6) gives

lg/pl =1. (A11)

It follows that the mass eigenstates are also CP eigenstates, and are orthogonal to each

other, (Py|Pr) = 0. As concerns the eigenvalues, Eq. (A10) gives
Am =2Mppl,  |AT| = 2[Tpp. (A12)

Another limit of interest is when |I'pp| < |Mpp|. In that case,
Am = 2|Mpp|, |AT| = 2|T'pp| cos Op. (A13)

It is interesting to note that for the four mesons in Nature to a very good approximation
Am = 2|Mpp|. For B and B, this is because |I'pp| < [Mpp| while for K and D it is because
CP is conserved to a very good approximation, |fp| < 1.
To study the time evolution of the neutral mesons, it is convenient to define the dimen-
sionless ratios,
A AT

T Y=o (Al4)

the decay amplitudes of P and its CP conjugate P into a final state f,

T

Ap=(fIHIP°), Ay ={f|HIP"), (A15)
and the parameter A;: B
_ 94y

Ap = ——=. Al6

Yy (A16)

Our normalization is such that

D(PY = f) =A% T(P" = f) = 4" (A17)



2. Time evolution

Let us denote the time-evolved state of an initial state |P%) by |PY(¢)), and of an initial

state |PY) by |PY(t)). For mass eigenstates, the time evolution is simple,
|Pra(t)) = emeat=aleat| py ), (A18)

But the time evolution of |P%(¢)) and |P°(t)) is more complicated:

[P2(t) = g+ ()| P°) = (a/p)g-(OIP°),  [P°(1)) = g+ (O)[P°) = (p/a)g-(O)IFP°), (A19)
where
g+ (t) = ; (e_imHt_%FHt + e_im”_%r”) : (A20)

The time dependent decay rates of P® — f and P° — f are given by

dU[PO(t) — f]/dt
T4y

= (14 |)\f|2) cosh(yl't) 4+ (1 — |)\f|2) cos(zI't)

+2Re(Af) sinh(yI't) — 2Zm(\y) sin(xI't),
dU[PO(t) — f]/dt
e T Ay?

= (1+ |Af]7%) cosh(yl't) + (1 — [As]7?) cos(2T't)

+2Re(A; ') sinh(yI't) — 2Zm(A; ") sin(aT't). (A21)

We need to introduce the notion of “flavor tagging.” The flavor eigenstates P° and P°
have a well defined flavor content. For example, B® (B°) is a bd (bd) bound state. The term
flavor tagging refers to the experimental determination of whether a neutral P meson is in
a PY or PY state. Flavor tagging is provided to us by Nature, when the meson decays into
a flavor-specific final state, namely a state that can come from either P° or P° state, but
not from both. In other words, flavor specific decays refer to cases where either Ay = 0 or
Ay = 0. (Final states that are common to the decays of both P and P are also very useful
in flavor physics and, in particular, to the study of CP violation. They are discussed in
Section B.)

Semi-leptonic decays provide very good flavor tags. Take, for example, semileptonic b
(anti)quark decays:

b— cu v, b—eutu. (A22)

Thus, the charge of the lepton tells us the flavor: p comes from a B® (or B*) decay,

A+,x = 0, while i~ comes from a B° (or B™) decay, A,-;x = 0. Of course, before the
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meson decays it could be in a superposition of B® and a B°. The decay acts as a quantum
measurement. In the case of semileptonic decay, it acts as a measurement of flavor ws.
anti-flavor.

The oscillation formalism is simplified in the case of flavor tagged decay. Take the case
of Ay = 0 and, therefore, A\; = 0. We also simplify the discussion by assuming |¢/p| = 1
and y = 0. We get

PO 1) _ g o+ ooy
dF[POEZtt) 2 e M Ag[* [1 — cos(aT)]. (A28)

We see that the flavor oscillates with frequency of Am in the rest frame. The general case
of Eq. (A21) involves deviations from pure exponential decay which depend on both Am

and AT,

APPENDIX B: CP VIOLATION

CP asymmetries arise when two processes related by CP conjugation differ in their rates.
To date, CP violation has been observed (at a level higher than 50) in about thirty different
hadron decay modes, involving b or s decays. It has not been established in ¢ and in ¢ decays,
or in the leptonic sector, or in flavor diagonal processes, such as electric dipole moments.
Here we present the formalism relevant to measuring CP asymmetries in meson decays.

The experimental observation of CP violation is challenging for several reasons:

1. CP violation is related to interference. In order to have a sizable effect, we need con-
tributions from two amplitudes of similar size but significantly different CP violating

phases.

2. In order that there will be a CP asymmetry in a decay process, the presence of strong
phases (defined below) is needed. These phases might be small (or vanish) and suppress

the CP asymmetry (or make it vanish).

3. CPT implies that the total width of a particle and its anti-particle are the same.
Thus, any CP violation in one channel must be compensated by CP violation with an
opposite sign in other channels. Consequently, CP violation is suppressed in inclusive

measurements.
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4. Within the SM, CP violation arises only when all three generations are involved. With
the smallness of the CKM mixing angles, this means that either the CP asymmetries

are small, or they appear in modes with small branching ratios.

1. Notations and formalism

Our starting point is Eqs. (A21), which give the time-dependent decay rates I'( B°(t) — f)
and T'(B%(t) — f). Before we proceed, we present some physics ingredients concerning the
decay amplitudes, and some further notations. We do so for the specific case of B-meson
decays, but our discussion applies to all meson decays.

Consider Ay, the B — f decay amplitude, and Z?, the amplitude of the CP conjugate

process, B — f. There are two types of phases that may appear in these decay amplitudes:

e CP-odd phases, also known as weak phases. They are complex parameters in any
Lagrangian term that contributes to Ay, and appear in a complex conjugate form in
Zf. In other words, CP violating phases change sign between Ay and Zf. In the SM,
these phases appear only in the couplings of the W*-bosons, hence the CP violating

phases are called “weak phases.”

e CP-even phases, also known as strong phases. Phases can appear in decay amplitudes
even when the Lagrangian parameters are all real. They arise from contributions
of intermediate on-shell states, and can be identified with the e*’* term in the time
evolution Schrodinger equation. These CP conserving phases appear with the same
sign in Ay and Zf. In meson decays, such rescattering is usually driven by strong

interactions, hence the CP conserving phases are called “strong phases.”

It is useful to factorize an amplitude into three parts: the magnitude |a;|, the weak phase

¢i, and the strong phase 9;. If there are two such contributions, Ay = a; + as, we write
Ap = |ag| @) 4 |qy|efP2+92) Zf = a1 |7 4 |qy|eiP2792), (B1)
It is further useful to define
bf = ¢2 — n, Of = 0 — 01, ri = |ag/asl. (B2)
For neutral meson mixing, it is useful to write
Mpp = |MBB|€M)M’ I'pp = |FBB|€Z¢F - (B3)
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Each of the phases appearing in Egs. (B1) and (B3) is convention dependent, but combina-
tions such as d; — d2, o1 — ¢o2, dpr — ¢r, and others, are physical.

In neutral meson decays the phenomenology of CP violation is particularly rich thanks
to the fact that meson mixing can contribute to the CP violating interference effects. One
distinguishes three types of CP violation in meson decays, depending on which amplitudes

interfere:
1. In decay: The interference is between two decay amplitudes.

2. In mixing: The interference is between the absorptive and dispersive mixing ampli-

tudes.

3. In interference of decays with and without mixing: The interference is between the

direct decay amplitude and a first-mix-then-decay amplitude.

We discuss these three types below.

2. CP violation in decay
CP violation in decay corresponds to
|[A7/As| # 1. (B4)

In charged particle decays, this is the only possible contribution to the CP asymmetry:
_ (B =) -TB = 1) A /Ap]P -1

Ap = = = : B5
! I(B= = [7)+ (B = f*)  |Ap- /AP +1 (B5)

Using Eq. (B1), we obtain, for r; < 1,
Af =2rpsin ¢y sindy. (B6)

This result shows explicitly that we need two decay amplitudes, that is, r¢ # 0, with different
weak phases, ¢ # 0,7 and different strong phases d; # 0, 7.

A few comments are in order:

1. In order to have a large CP asymmetry, we need each of the three factors in (B6) not

to be <« 1.
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2. A similar expression holds for the contribution of CP violation in decay in neutral

meson decays. In this case there are, however, additional contributions.

3. Another complication with regard to neutral meson decays is that it is not always
possible to tell the flavor of the decaying meson, that is, if it is B® or B°. This can be

a problem or a virtue.

4. In general the strong phase is not calculable since it is related to QCD. This is not a
problem if the aim is just to demonstrate CP violation, but it is if we want to extract
the weak parameter ¢;. In some cases, however, the phase can be independently

measured, eliminating this particular source of theoretical uncertainty.

3. CP violation in mixing

CP violation in mixing corresponds to

lq/pl #1. (B7)

In decays of neutral mesons into flavor specific final states (A; = 0 and, consequently,
Ar = 0), and, in particular, semileptonic neutral meson decays, this is the only source of CP

violation: o
F[Bo(t) — (T X] — F[Bo(t) — (~X] 11— |q/p|4

) = — = ) B
As (¢) T[BO(t) — (+X] +T[BO(t) —» (- X] 1+ |q/p|* (B8)
Using Eq. (A6), we obtain for [I'g5/Mpg| < 1,
AsL = — |U'pp/Mpg|sin(¢n — ér). (B9)

A few comments are in order:

1. Eq. (B8) implies that this asymmetry of time-dependent decay rates is actually time

independent.

2. The calculation of |I'pp/Mpp| is difficult, since it depends on low-energy QCD ef-
fects. Hence, the extraction of the value of the CP violating phase ¢y — ¢r from a

measurement of Agp, involves, in general, large uncertainties.
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CP violation in K° — K° mixing is measured via a semileptonic asymmetry which is
defined as follows:

5 — DKy = (Tyr) =K — Cyrt)  1—q/p?
T = o)+ T(K — Coert) 1+ |g/pl?

(B10)

This asymmetry is somewhat different from the one defined in Eq. (B8), in that the decaying
meson is the neutral mass eigenstate, rather than the flavor eigenstate. Hence also the

different dependence on |q/p|.

4. CP violation in interference of decays with and without mixing

CP violation in interference of decays with and without mixing corresponds to

Im(Xy)
TTRE?O (B11)

A particular simple case is the CP asymmetry in decays into final CP eigenstates. Moreover,
a situation that is relevant in many cases is when the effects of CP violation in decay are
negligible, [A../As..| =~ 1, and the effects of CP violation in mixing are small, |¢/p| ~ 1.
In this case, Ay, is a pure phase, |As .| = 1. Further consider the case where y = 0. We
obtain the very simple result:
70 0
At = [ A = =T T sin(Amat). (812
Using Eq. (A16), we obtain, for |I'zz/Mpg| < 1,

Mg Aser
‘MBB’ Afep
The phase ¢,/ is defined in Eq. (B3), while the phase ¢ is defined in Eq. (B1), and we

Im(Ap.,) =Im < ) = —sin(dar + 2¢1). (B13)

assume that as can be neglected.
For the case where we measure decays of mass eigenstate into final CP eigenstates, as

can be done for kaons, one can average over the oscillation terms and and obtain

2 (B14)

Amass:F(KL%f)_ 1+>‘f
! _F(Ks%f)—l—)\f
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