Flavor Physics™*

Yosef Nirl: T

IDepartment of Particle Physics and Astrophysics
Weizmann Institute of Science, Rehovot 76100, Israel

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 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 flavor physics for new physics, with emphasis on the
“new physics flavor puzzle”, and present the idea of minimal flavor violation as a possible solution.
We explain the “standard model flavor puzzle,” and present the Froggatt-Nielsen mechanism as
a possible solution. We show that measurements of the Higgs boson decays may provide new
opportunities for making progress on the various flavor puzzles. We briefly discuss two sets of

measurements and their possible theoretical implications: BR(h — 7p) and R(D®™)).
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I. INTRODUCTION
A. What is flavor?

The term “flavors” is used, in the jargon of particle physics, to describe several copies
of the same gauge representation, 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)gy gauge

group, there are four different types of particles, each coming in three flavors:

Up-type quarks in the (3)4/3 representation: wu, c,t;

Down-type quarks in the (3)_;,3 representation: d, s, b;

Charged leptons in the (1)_; representation: e, u, 7;

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

The term “fHavor 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
interactions are flavor-universal.! An alternative term for “Havor-universal” is “flavor-

blind”.

! In the interaction basis, the weak interactions are also flavor-universal, and one can identify the source of

all flavor physics in the Yukawa interactions among the gauge-interaction eigenstates.



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 particle are flavor diagonal in the mass basis.

The term “flavor changing” refers to processes where the initial and final flavor-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” 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 — ev,v,, (i) K~ — pu~ v, (which corresponds, at the quark level, to
st — p~v,), and (ili) B — ¢ K (b — c¢s). Within the Standard Model, these processes are
mediated by the W-bosons and occur at tree level. In “Aavor 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, (i) K — ptp~ (which corresponds, at the quark level, to sd — p*p~), and (iii)
B — ¢K (b — s5s). Within the Standard Model, these processes do not occur at tree level,
and are often highly suppressed.

Another useful term is “Havor violation”. We will explain it later in these lectures.

B. Why is flavor physics interesting?

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. Here are some examples from the past:
— The smallness of FF((KKL%_‘)‘;’Z)) 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 € 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 ok [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. The puzzle became even deeper after neutrino masses and mix-
ings were measured because, so far, neither smallness nor hierarchy in these parameters

have been established.

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(S)C X SU(2)L X U(l)y (1)

e [t is spontaneously broken by the VEV of a single Higgs scalar,
0(1,2) 4172, ((¢°) = 0/V2), (2)
Gsm = SUB)e xU(Dpm (Qem =T34+ Y). (3)
e There are three fermion generations, each consisting of five representations of Ggy:

QLi(372)+1/67 URi<371)+2/37 DR’i(371)—1/37 LLi(172)—1/27 ER?J(171)71' (4)



A. The Lagrangian

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

L= Ekin + ,Cw + ﬁyuk + ,C¢. (5)

Here Ly, describes free propagation in spacetime, as well as gauge interactions, £, gives
fermion mass terms, Ly describes the Yukawa interactions, and Ly gives the scalar po-
tential. We now find the specific form of the Lagrangian made of the fermion fields Qy;,
Uri, Dri, L1; and Eg; (56), and the scalar field (2), subject to the gauge symmetry (1) and
leading to the SSB of Eq. (3).

1. ['kin

The local symmetry requires the following gauge boson degrees of freedom:
GH(8,1)o, WH(1,3)9, B*(1,1). (6)
The corresponding field strengths are given by
Gh = 0'GY — 0"GH — gsfarcGlGY,
W = WY — "W — gepWEWY
B" = 0B — 0" B". (7)
The covariant derivative is
DF = 0" +ig,GE L, + igW['T, + ig' B"Y, (8)

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 37, 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
VR i,
Dy = (aﬂ L gWin+ g B“) 6,

DFQri = (au + %gng)\a + %QWfTb + é!]/B“) Qri,



21
DMURZ' = (au"i_ ;%G )\ + BQBM> UR’L7
D¥Dp; = (8 + ;gs Ao — ;g’B“> Dri,
DMLL?Z = (a + Zng T — 59 BN) LLu
DB, = (0~ igB) En. )
Ly, is given by
SM 1 124 1 124 1 nyv
‘Ckin = _ZGQ Gauu - ZWb Wbuy — ZB BMV
—~iQrilQri — iUpiUp; — iDpiPDpi — iLpiPLy; — i Egi PER;
—(D*¢)'(D,9). (10)

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

2. L,

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.

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

£V —, (11)

3. Lyuk

The Yukawa part of the Lagrangian is given by
LM =Y Q1:Dp; + YiQridUr; + Y L1i¢Egsh.c., (12)

where é = iT¢', 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/ ¢ 1) and CP violating.

Without loss of generality, we can use a bi-unitary transformation,
Ve =Y, =U,YUlp,, (13)
to change the basis to one where Y is diagonal and real:

Y/e = diag(ye7 Yu, yT)' (14)

8



In the basis defined in Eq. (14), we denote the components of the lepton SU(2)-doublets,
and the three lepton SU(2)-singlets, as follows:

VerL Yur Vrr
( ) 3 ( ) ; ( ) ; €R, MR, TR, (15)
er 228 TL

where e, i, 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, =V YUV, (16)

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

~

Y = diag(Yu, Ye, Yt)- (17)

In the basis defined in Eq. (17), we denote the components of the quark SU(2)-doublets,
and the quark up SU(2)-singlets, as follows:

) ) ; UR, CR, tR?
duL ch dtL

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

We can use yet another bi-unitary transformation,
Ve Yy =V YV, (19)
to change the basis to one where v is diagonal and real:

Y = diag(ya, Ys, o)- (20)

In the basis defined in Eq. (20), we denote the components of the quark SU(2)-doublets,
and the quark down SU(2)-singlets, as follows:

Udr, Usy, UpL
< ) ) < > 5 ( > ; dR) SR, bR7 (21)
dL ST, bL

where d, s,b are ordered by the size of y4s, (from smallest to largest).
Note that if V,;, # Vyr, as is the general case, then the interaction basis defined by (17)
is different from the interaction basis defined by (20). In the former, Y¢ can be written as

a unitary matrix times a diagonal one,

ye=y" yi=vvyd (22)



In the latter, Y* can be written as a unitary matrix times a diagonal one,
yi=yd yv=viyw (23)
In either case, the matrix V' is given by
V=V Vi, (24)

where V,,;, and V,;, are defined in Eqgs. (16) and (19), respectively. Note that V., Vigr, Var
and Vyr 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)*. (25)

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

part of the Lagrangian is also CP conserving.

B. The spectrum

The spectrum of the standard model is presented in Table I.

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

10



TABLE I: The SM particles

particle spin color Qv mass [v]

w1 (1) #1 39
zZ° 1 (1) 0 IVg¥+g?
A° 1 (1) o 0

g 1 8 0 0

h 0 (1) 0 V22X
e 12 (1) =1 Yeur/V2
Ve, Vo Vr 1/2 (1) 0 0
u,ct 1/2(3) +2/3 yuer/V2
dys,b 1/2 (3) —1/3 yasp/V2

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)1 representation of the SU(3)c x SU(2)L x U(1)y symmetry, but there is no such
field in the SM.

The experimental values of the charged fermion masses are [1] 2

me = 0.510998946(3) MeV, m,, = 105.6583745(24) MeV, m, = 1776.86(12) MeV,
m, = 2,270% MeV, m, =1.27+0.03 GeV, m; =173.2+0.9 GeV,
mg = 4.770% MeV, m, =96 MeV, m;, = 4.187003 GeV. (26)

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.

% 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, s = My as(u =2 GeV) and mep, = mep(p = mep).

11



TABLE II: The SM fermion interactions

interaction  fermions force carrier coupling

flavor
Electromagnetic u,d, ¢ A0 eQ universal
Strong u,d g Js universal
NC weak all Z0 6(7—‘;‘/;75%‘//‘[//@ universal
CC weak ud/lv W+ gV/g  non-universal/universal
Yukawa u,d, l h Yq diagonal

1. EM and strong interactions

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

the photon and gluon massless gauge fields. All charged fermions interact with the photon:
2e €— _
LqEDy = —guzﬁ{uz + gdiAdi + el; Al;, (27)
where w123 = u,c,t, digs =d,s,band {153 = e, u, 7. We emphasize the following points:
1. The photon couplings are vector-like and parity conserving.

2. Diagonality: The photon couples to ee™, u*p~ and 7777, but not to e*u¥, e*7F or

pwETT pairs, and similarly in the up and down sectors.

3. Universality: The couplings of the photon to different generations are universal.

All colored fermions (namely, quarks) interact with the gluon:
s _
‘CQCD»#} = _gq)\a@a% (28)
where ¢ = u, ¢, t,d, s,b. We emphasize the following points:

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

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

pair.

3. 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.

12



2.  Z-mediated weak interactions

All SM fermions couple to the Z-boson:

e 1 1
Lry = [— (2 — s%v> enideri + sy €rideri + = ViaVia (29)

SwCw 2
1 2 2 1 1
+(5 - 3 s — ok

- 1 _
Upi R — (2 - 38124/> drifdr; + 58%1/ drifdpri| -
where v, = v,, v, v;. We emphasize the following points:
1. The Z-boson couplings are chiral and parity violating.

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

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

3. Unwversality: 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 — ete™) = (3.363 £ 0.004)%, (30)
BR(Z — pp) = (3.366 & 0.007)%,
BR(Z — 7t77) = (3.370 & 0.008)% .

beautifully confirms universality:

D(u*tp)/T(ete”) = 1.001 4+ 0.003,
D(r+77)/T(ee™) = 1.002 £ 0.003.

Diagonality is also tested by the following experimental searches:

BR(Z = efu™) < 7.5x 1077,
BR(Z = et77) < 9.8 x 1079,
BR(Z = ut77) < 1.2x 1077, (31)

13



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,

Ly, = —\% (@ W'her +vur Whn, + W + h.c.) . (32)
Eq. (32) reveals some important features of the model:

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

parity is violated.

2. 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.

3. Universality: the couplings of the W-boson to 77, 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(WT — e*v.) = (10.71 £ 0.16) x 1072,
BR(W* — ptv,) = (10.63 £0.15) x 1072,
BR(W* — 771.) = (11.38 £0.21) x 1072 (33)

You must be impressed by the nice agreement!

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

L, = —\% (waz W*dy + T W s+ Wby + hee.). (34)

The Yukawa matrices in this basis have the form (23), and in particular, for the up sector,

we have
UR
L = (War T wp)VIV" | cr |, (35)
lr

14



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

ur, Uqr
Cr, =V UsT, . (36)
tr, Upr,

Using Eq. (36), we obtain the form of the W interactions (34) in the mass basis:

dr,
—\% @) VW' | so | +he. (37)
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' =1V, LVJL is basis independent.

Eq. (37) reveals some important features of the model:

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

parity is violated by these interactions.

2. 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.

The matrix V' is called the CKM matrix [2, 3]. The (hidden) universality within the quark

sector is tested by the prediction
1
LW —=uX)=T(W — cX) = §F(W — hadrons). (38)

Experimentally,

(W — ¢X)/T'(W — hadrons) = 0.49 £ 0.04. (39)

4. Yukawa interactions

The Yukawa interactions are given by

Ly = — > (meer er +my, g ig + M- T TR

+my, U up + meCrp cr + mytptr +mady dg + ms Sz sg + my by br + h.C-) :

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

from an arbitrary interaction basis:
hDrY'Dr = hDr (Vi Var)Y*(VrVar) D

15



= W(DLV))(VarYVjp) (Var Dr)
= h(dy, 57 b)Y dR sg br)". (40)

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

features:
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.

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 for the leading decay modes:
BRj, : BRyww+ : BRy, : BRy+,- : BRzz« : BR;z = 0.58:0.21:0.09 : 0.06 : 0.03 : 0.03. (41)
The following comments are in order with regard to Eq. (41):

1. From the six 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? :
m2 : 3m?

T c’

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 WW* 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 and the top-quark loops which interfere destructively.
Experimentally, the decays into final ZZ*, WW*, v+ and 77~ have been established.

16



D. Global symmetries

In the absence of the Yukawa matrices, Ly, = 0, the SM has a large U(3)° global
symmetry:
Goopat (Y4 =0) = SU(3)2 x SU(3); x U(1)°, (42)

global

where
SU(3)2 = SU(3)g x SU3)y x SU(3)p,
SU3)? = SU(3), x SU(3)s,
U(1)5 = U(l)B X U(l)L X U(l)y X U(l)PQ X U(l)E (43)

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 — VL, Er— VgFEg, (44)
where the V; are unitary matrices. The Yukawa interactions (12) break the global symmetry,

GSM (Y 2 0) = U(1)p x U(1) x U(L), x U(1),. (45)

global

(Of course, the gauged U(1)y also remains a good symmetry.) Thus, the transformations of
Eq. (44) 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 (44). 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),
Yo~ (37 37 1)SU(3)35 Yd ~ (37 15 3)SU(3)27 (46)

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),),

Y€~ (3,3)su)2- (47)

17



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

violation (see Section IV C).

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
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:
Yi=); Y'=VI\, (48)
where A\, are diagonal,

)\d = diag(yd7 Ys, yb)7 >\u = diag(yua Ye, yt)a (49)

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 dxu-

How many independent parameters are there in £%,,? The Yukawa matrix Y is 3 x 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 Ly — VL and Er — VgER, to lead to the following

interaction basis:
Y =\ = diag(¥e, Yy, y-)- (50)

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.

18



TABLE III: 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 =63 x10"" Sy =+0.67+0.02
bs  Amp,/mp, =2.1 x 10712 S, = +0.01 £ 0.04

F. 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 III.

Our aim in this section is to explain the suppression factors that affect FCNC 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 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.

3 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 B® — B° transition to the corresponding quark process, bd — db.
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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)r, 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 73 +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 T3 — @ sin? fy of the relevant interaction eigen-

states). The rotation to the mass basis maintains the universality: Vi x 1 x VfT v =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, Viy x diag{[(T5)1 —
Q5% Ly, [(T3)2 — Qs%y|1m,, ...} x V/y;, does not maintain the universality, nor even

the diagonality.

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)r 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.

4 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) and (1, 1) representations (W3 and B, respectively).
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If, for example, Nature had left-handed quarks in the (3,1);2/3 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
ITC4, 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.

(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 (A12) reveals that they are small. A rough estimate of the CKM
suppression can be acquired by counting powers of A in the Wolfenstein parametrization
(A4): |V,s| and |V.4| are suppressed by A, |V| and |Vis| by A%, [Vi| and |Vi4| by A3

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

(¢) 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
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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.

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:

2.9
Grmiy

My = 2, oo

i, J=u,c

(K°(dpry"sp)* | KO) (VisViaVis Vi) x F(xi, x;), (51)

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 BY — 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 Mgz amplitude is domi-

nated by the top contribution:

G2%m?
Mpp ~ LW
BB 1672

(B|(dzy"be)*[B) (Vs Vig)* X F (e, ) - (52)

1. SM1.5: FCNC at tree level

Consider a model with the SM gauge group and pattern of SSB, but with only three
quark flavors: u, d, s. Such a situation cannot fit into a model with all left-handed quarks
in doublets of SU(2),. How can we incorporate the interactions of the strange quark in this
picture? The solution that we now describe is wrong. Yet, it is of historical significance
and, moreover, helps us to understand some of the unique properties of the SM described
above. In particular, it leads to FCNC at tree level. We define the three flavor Standard

Model (SM1.5) as follows (we ignore the lepton sector):

e The symmetry is a local

Gen = SU(3)e x SU2)1 x ULy (53)
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e [t is spontaneously broken by the VEV of a single Higgs scalar,
(1,212, ((¢°) = v/V2), (54)
Gsm = SUB)e x U(L)em  (Qem =T3+Y). (55)
e The colored fermion representations are the following:

Qr(3,2) 416, Dr(3,1)-1y3, Ur(3,1)42/3, Dri(3,1)-13 (i =1,2). (56)

We point out two important ingredients that are different from the SM:
1. There are quarks in a vector-like representation (D, + Dg);
2. Not all (3)_1/3 quarks come from the same type of SU(2);, x U(1)y representations.
We first note that D does not couple to the W-bosons:
Ly = g@W;TbQL- (57)
The Yukawa interactions are given by
Lyu = —4.QroUr — Y'QréDr; + hc.. (58)
Unlike the SM, we now have bare mass terms for fermions:
L,=—myDrDg; + h.c.. (59)

Given that there is a single up generation, the interaction basis is also the up mass basis.
Explicitly, we identify the up-component of @) with u; (and denote the down component

of the doublet as d,1 ), and Ug with ug. With the SSB, we have the following mass terms:

[ Yus Ypr\ [(Dmn v
_'Cmass = (duL DL) ( V2 ﬁ) ( ) + yufﬁuR + h.c.. (60)
mdi mgqe Dpy \/§
We now rotate to the down mass basis:
Yoo Yo s mq
VdL< V2 ﬂ)VJR:< ) (61)
mqy mgz mg

The resulting mixing matrix for the charged current interactions is a 1 x 2 matrix:

d
—Lw, = \%uLW(COS Oc sinfe) ( L) +h.c., (62)

SL
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where O is the rotation angle of V. The neutral current interactions in the left-handed

down sector are neither universal nor diagonal:

1 2 2 1 _ .
Lzg = g [( - 3%{/) ugfur, — 58%4/ Ur{uR + gsgv(dLZdL +50fsL + drfdp + SrRESR)

ew [\2 3
_ cos? O cosblcsinbo\ /dr
L@ () (63)
cw cos B¢ sin O¢ sin“ ¢ SL
The Higgs interactions in the down sector are neither proportional to the mass matrix nor
diagonal:
q - Yo Yo\ .1 /(dn
LYuk = yuhuLuR + h(dL SL) VdL 0 0 VYdR + h.c.. (64)
SR

Thus, in this model, both the Z-boson and the h-boson mediate FCNC at tree level. For

example, K; — ptp~ and K° — K° mixing get Z- and h-mediated tree-level contributions.

2. 2HDM: FCNC at tree level

Consider a model with two Higgs doublets. The symmetry structure, the pattern of spon-
taneous symmetry breaking, and the fermion content are the same as in the SM. However,

the scalar content is extended:

e The scalar representations are
$i(1,2) 412, i=1,2. (65)
We are particularly interested in the modification of the Yukawa terms:
Ly = (Y1)1jQriUrj o1 + (Vi1)ijQriDrj ¢ + (Vi)ijLriErj d% + hc.. (66)

Without loss of generality, we can work in a basis (commonly called "the Higgs basis”)
(da, dar), where one the Higgs doublets carries the VEV, (¢y/) = v, while the other has zero
VEV, (¢4) = 0. In this basis, YJ\]; is known and related to the fermions masses in the same

way as the Yukawa matrices of the SM:
Yi, = V2M;/v. (67)

The entries Yukawa matrices YX are, however, free parameters and, in general, unrelated to

the fermion masses. The rotation angle from the Higgs basis to the basis of neutral CP-even
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Higgs states, (¢p, @), is denoted by (o — 3). The Yukawa matrix of the light Higgs field h
is given by
Y = capYd — 5a_sYir (68)
Given the arbitrary structure of Yf{ , the Higgs boson can have couplings that are neither
proportional to the mass matrix nor diagonal.
It is interesting to note, however, that not all multi Higgs doublet models lead to flavor
changing Higgs couplings. If all the fermions of a given sector couple to one and the same
doublet, then the Higgs couplings in that sector would still be diagonal. For example, in a

model with two Higgs doublets, ¢; and ¢,, and Yukawa terms of the form

Ly = YjQriUr; 62 + }/;?@DR]' ¢1 +Y5LLiErj ¢ + hec, (69)
the Higgs couplings are flavor diagonal:

V' = (ca/sp)Yars Y = —(sa/ep)Yip, Vi = —(sa/cs)Yir, (70)

where (3 [a] is the rotation angle from the (¢, ¢2) basis to the (¢4, dar) [(dn, ¢n)] basis. In

the physics jargon, we say that such models have natural flavor conservation (NFC).

G. CP violation

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

e 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.

e 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.

In this section we explain why CP violation is related to complex parameters of the
Lagrangian. Based on this fact, we prove that CP violation in a two generation SM is
impossible, while CP violation in a three generation SM requires a long list of conditions on

its flavor parameters in order to occur.
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1. CP violation and complex couplings

The CP transformation combines charge conjugation C with parity P. Under C, particles
and antiparticles are interchanged by conjugating all internal quantum numbers, e.g., ) —
—(@. Under P, the handedness of space is reversed, ¥ — —x. Thus, for example, a left-handed
electron e} is transformed under CP into a right-handed positron e,.

At the Lagrangian level, CP is a good symmetry if there is a basis where all couplings

are real. Let us provide a simple explanation of this statement. Consider fields ®;. We can

define the CP transformation of the fields as
d; — DI (71)

Take, for example, terms in the Lagrangian that consist of three fields. (These could be
Yukawa terms, if two of the ®;’s are fermions and one is a scalar, or terms in the scalar
potential, if all three are scalars, etc.) The hermiticity of the Lagrangian dictates that the

following two terms should be included:

Yijn®i®; 0 + Y5, O 0LD]. (72)
Under the CP transformation, the field content of the two terms is exchanged, but the
couplings remain the same. Thus, CP is a good symmetry if Y = Y7, ¢.e., the coupling
is real.

In practice, things are more subtle, since one can define the CP transformation as ®; —
e0i !

79

with 6; a convention dependent phase. Then, there can be complex couplings, yet
CP would be a good symmetry. Therefore, 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.

Let us examine the situation in the mass basis of the SM. The couplings of the gluons,
the photon and the Z-boson are all real, as are the two parameters of the scalar potential.
As concerns the fermion mass terms (or, equivalently, the Yukawa couplings) and the weak

gauge interactions, the relevant CP transformation laws are
7@'%‘ - &jwz’a QZi'YMWJ(l —Vs); — &j’Y“W[(l —5)%i- (73)

Thus the mass terms and CC weak interaction terms are CP invariant if all the masses and

couplings are real. We can always choose the masses to be real. Then, let us focus on the
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couplings of W¥ to quarks:

9 _ %3 _
2 (Vij“i’wwj(l = ¥5)d;j + Vigdiy" W, (1 - 75)%’) : (74)

The CP operation exchanges the two terms, except that V;; and V;; are not interchanged.
Thus CP would be a good symmetry of the SM only if there were a mass basis and choice

of phase convention where all masses and entries of the CKM matrix are real.

2. 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, £L3M2 = 0, SM2 gains an accidental global sym-

metry:

GER (Yude = 0) = U(2)g x U2)y x U(2)p x U(2)p x U(2)g, (75)

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(1)p x U(1)e x U(1),.. (76)

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% (1g+37) —3; = 5r+12; parameters. Thus the number of physical flavor parameters is 7
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.
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3. SMS3: 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

(myf = me)(mi — my,) (mg — my) (my — mi) (my, — myg)(mg — my) # 0. (77)

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[VijVuViVigl = J > €ikm€in- (78)

m,n=1

Then the conditions on the mixing parameters are summarized by
J #0. (79)

The quantity J 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/(6v/3) = 0.1, but it is found to be
~ 4 x107°.

The fourteen conditions incorporated in Eqgs. (77) and (79) can all be written as a single

requirement on the quark mass matrices in the interaction basis:
Xep = TIm {det [MyM], M,M{|} # 0 < CP violation. (80)

This is a convention independent condition.

III. 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,
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e Is the Kobayashi-Maskawa mechanism at work (namely, is dxy # 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. Sq/,KS

The CP asymmetry in B — 1 K¢ decays plays a major role in testing the KM mechanism.
Before we explain the test itself, we should understand why the theoretical interpretation of
the asymmetry is exceptionally clean, and what are the theoretical parameters on which it
depends, within and beyond the Standard Model.

The CP asymmetry in neutral B meson decays into final CP eigenstates fop is defined
as follows:

dU'/dt[B},.(t) = fop | — dT/dt[B°phys(t) — fop |
dl/dt[BY,,(t) = fop |+ dU/dt[BOys(t) = fop |

Aser (1) (81)

A detailed evaluation of this asymmetry is given in Appendix B. It leads to the following

form:
Asp (1) = Stop sin(Ampt) — Cy,, cos(Ampt),
2Zm(Ajep ) L—|jep I?
IS = M Aer ) =~ or | 39
Jer I+ ’)‘fcp ’2 Jer 1+ ’)‘fcp |2 ( )
where
)\fCP = 98 (chp /Afcp ) . (83)

Here ¢p refers to the phase of Mpp [see Eq. (B23)]. Within the Standard Model, the

corresponding phase factor is given by
e = (VipVia)/ (Vs Via) - (84)
The decay amplitudes Ay and A; are defined in Eq. (B1).
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FIG. 1: Feynman diagrams for (a) tree and (b) penguin amplitudes contributing to B® — f or

B, — f via a b — §qq quark-level process.

dors

The B — J/¢K° decay [4, 5] proceeds via the quark transition b — ¢cs. There are
contributions from both tree (¢) and penguin (p?*, where q, = u,c,t is the quark in the
loop) diagrams (see Fig. 1) which carry different weak phases:

Ap=VaVidte+ X (ViVa) ot (85)

qu=u,c,t

(The distinction between tree and penguin contributions is a heuristic one, the separation
by the operator that enters is more precise. For a detailed discussion of the more complete
operator product approach, which also includes higher order QCD corrections, see, for ex-
ample, ref. [6].) Using CKM unitarity, these decay amplitudes can always be written in

terms of just two CKM combinations:
Aﬂ)K - (‘/va )TwK + ( u*bvus) P$K7 (86)

where Tyx =ty + pyx — pfﬁK and Pj = pyr — pfbK. A subtlety arises in this decay that
is related to the fact that B® — J/¢K° and B - J/WK°. A common final state, e.g.
J/¢¥Kg, can be reached via K° — K" mixing. Consequently, the phase factor corresponding
to neutral K mixing, e~"x = (VxV.)/(V.,V%), plays a role:

Z1/)K5 - (V::bv )TTlJK + (Vubvu*s) PﬁK ctlv

= X . &7
Ao (VaV) T + (Vi Vo) P~ VoVt (87)

The crucial point is that, for B — J/1¢Kg and other b — éc5 processes, we can neglect

the P* contribution to Ay, in the SM, to an approximation that is better than one percent:
|Pirc/ Tyrc| X [Vap/Vep| X [Vus/Ves| ~ (loop factor) x 0.1 x 0.23 < 0.005. (88)
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Thus, to an accuracy better than one percent,

ViV, Va Vi ,
Y — tb ¥ td cbVed - _ —2i83 89
o = (vie) (i) =™ (59

where [ is defined in Eq. (A9), and consequently

S¢KS = sin 25, CT/JKS =0. (90)

(Below the percent level, several effects modify this equation [7-10].)

Exercise 3: Show that, if the B — mr decays were dominated by tree diagrams, then
Srx = sin 2av.

Exercise 4: Estimate the accuracy of the predictions Syx, = sin28 and Cyry = 0.

When we consider extensions of the SM, we still do not expect any significant new con-
tribution to the tree level decay, b — cc¢s, beyond the SM W-mediated diagram. Thus,
the expression Ayx,/Aprs = (Va V) /(ViVeq) remains valid, though the approximation of
neglecting sub-dominant phases can be somewhat less accurate than Eq. (88). On the other
hand,since B® — B° mixing is an FCNC process, Mzp can in principle get large and even
dominant contributions from new physics. We can parameterize the modification to the SM
in terms of two parameters, r2 signifying the change in magnitude, and 20, signifying the
change in phase:

Mpp =13 e Mgg(p,n). (91)
This leads to the following generalization of Eq. (90):
S@Z}KS = SID(QB + 29d), C¢KS =0. (92)
The experimental measurements give the following ranges [11]:

Sykrg = +0.69 £0.02, Cygs = +0.005 £ 0.017 . (93)

B. 1Is 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
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dominant. More quantitatively, we would like to put an upper bound on the ratio between
the new physics and the SM contributions.

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 71 defined in Eq. (A4). The values of A and A are known rather accurately [1]

from, respectively, K — 7wlv and b — clv decays:
A =0.2251 +0.0005, A = 0.81+0.03. (94)

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;:

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

|Vio|? o p? + 0%

The CP asymmetry in B = ¢ Kg, Syr, =sin2f = (121’;;7;’:372;

e The rates of various B — DK decays depend on the phase 7, where ¢ = %;

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

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

Via/ Vis|* = N[(1 = p)* + n];
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 [1]:
p=+012£0.02, n=+0.36=+0.01. (95)

One can make then the following statement [13]:
Very likely, CP violation in flavor changing processes is dominated by the
Kobayashi-Maskawa phase.

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

this statement, and how we can quantify the 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 [12].

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, [14]).
This is a very plausible assumption. It is difficult to construct a model where new physics
competes with the SM in flavor changing charged current processes, and does not violate the
constraints from flavor changing neutral current 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 — ufv, measure R, [see Eq. (A8)].

2. B — DK decays, which go through the quark transitions b — cus and b — ucs,
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measure the angle v [see Eq. (A9)].

3. B — pp decays (and, similarly, B — 77 and B — pm 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 7 [see Eq. (A9)].

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

semileptonic B decays:

Si/)KS = 8111(26 -+ 2(9d),

Amp = rﬁ(AmB)SM,
Flg )SM sin 26)(1 ( Plg )SM COS 29d
= —-R Tz . 96
ASL ¢ <M12 T?i +Lm M12 T?i ( )

As explained above, such processes involve two new parameters [see Eq. (91)]. Since there
are three relevant observables, we can further tighten the constraints in the (p,n)-plane.
Similarly, one can use measurements related to B, — B, mixing. One gains three new
observables at the cost of two new parameters (see, for example, [15]).

The results of such fit, projected on the p — n plane, can be seen in Fig. 3. It gives [12]
n= 044759 (30). (97)

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 (93) with the SM predictions (90) 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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FIG. 3: The allowed region in the p — 7 plane, assuming that tree diagrams are dominated by the
Standard Model [12].

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 r3 — 20,4
plane. If we find that 6; < (3, then the SM dominance in the observed CP violation will be
established. The constraints are shown in Fig. 4(a). Indeed, 6; < 3.

An alternative way to present the data is to use the hy, 04 parametrization,
r2e?a = 1 4 hge*ed, (98)

While the r4, 05 parameters give the relation between the full mixing amplitude and the
SM one, and are convenient to apply to the measurements, the hy, o4 parameters give the

relation between the new physics and SM contributions, and are more convenient in testing
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FIG. 4: Constraints in the (a) 73 —260, plane, and (b) hq— o0, plane, assuming that NP contributions

to tree level processes are negligible [12].
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The constraints in the hy — 04 plane are shown in Fig. 4(b). We can make the following two

statements:

1. A new physics contribution to BY — B’ mixing amplitude that carries a phase that is

significantly different from the KM phase is constrained to lie below the 10-20% level.

2. A new physics contribution to the BY — B’ mixing amplitude which is aligned with

the KM phase is constrained to lie below the 30-40% level.
One can reformulate these statements as follows:

1. The KM mechanism dominates CP violation in B° — B" mixing.

2. The CKM mechanism is a major player in B® — B’ mixing.

IV. THE NEW PHYSICS FLAVOR PUZZLE

A. A model independent discussion

It is clear that the Standard Model is not a complete theory of Nature:
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1. It does not include gravity, and therefore it cannot be valid at energy scales above

MPpPlanck ™~ 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, Mop—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:

. 7V
— Lo = 1= Luilro0 +hee. (100)
NP

These are the seesaw terms, leading to neutrino masses.

Exercise 5: How does the global symmetry breaking pattern (45) change when (100) is
taken into account?

Exercise 6: 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:

. AT R
CE?:S = Z ﬁ(@u%@u)z, (101)
i#]
where the z;; are dimensionless couplings. These terms contribute to the mass splittings
between the corresponding two neutral mesons. For example, the term Lap—s (@’yﬂbL)Q
contributes to Ampg, the mass difference between the two neutral B-mesons. We use Mgz =
dim—6 |0
gy (BY|LAF=3|B") and

— — — 1
(B)(d1"bra) (da3bin) | B') = —5mi f3Bs. (102)

Analogous expressions hold for the other neutral mesons.> This leads to Amp/mp =

2|Mgg|/ms ~ (|24l /3)(f5/Axp)?.

> The PDG [1] quotes the following values, extracted from leptonic charged meson decays: fx ~ 0.16 GeV/,
fp~0.23 GeV, fp = 0.18 GeV. We further use fp, ~ 0.20 GeV'.
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TABLE IV: 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.

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

The consistency of the experimental results with the SM predictions for neutral meson
mixing, allows us to impose the condition |[MAE| < |[M3%| for P = K, B, B,, which implies

that
9 x 10% TeV x |zeq|'/?

4 x 10% TeV x |zq|'/?
7 x 10" TeV x |zp|'/?

- 3.4 TeV
(Vi Vil /25|12

A (103)
A more detailed list of the bounds derived from the AF = 2 observables in Table III is given
in Table IV. 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.

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 103 — 10%
TeV). If indeed A > TeV, it means that we have misinterpreted the hints from the fine-

tuning problem and the dark matter puzzle.
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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:
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 yi Vs Vi
Indeed, an explicit calculation (using VIA for the matrix element and neglecting QCD

corrections) gives®

2Mpp - o5 f3

Mot B L vV (104)
where z; = m?/m?, and
x 11z 2>  32°lnx
S = 1-— —_—— . 105
o®) = g PR T g (105)

Similar spurion analyses, or explicit calculations, allow us to extract the weak and flavor

suppression factors that apply in the SM:

Im(z5") ~ a2y ViaVis|* ~ 1 x 10719,
A~ a3y |VeaVes|? ~ 5 x 1077,
Im(z2") ~ a3yi|VipVal® ~ 2 x 1071,

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

ot~ 0By ViV * ~ 2 % 107°, (106)

(We did not include z5M in the list because it requires a more detailed consideration. The

naively leading short distance contribution is oc a3(y?/y?)|VesVis|* ~ 5 x 10713, However,

6 A detailed derivation can be found in Appendix B of [16].
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higher dimension terms can replace a y? factor with (A/mp)? [17]. Moreover, long distance
contributions are expected to dominate. In particular, peculiar phase space effects [18, 19]
have been identified which are expected to enhance Amp to within an order of magnitude
of the its measured value. The CP violating part, on the other hand, is dominated by short
distance physics.)

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. Lessons for Supersymmetry from neutral meson mixing

We consider, as an example, the contributions from the box diagrams involving the squark
doublets of the second and third generations, Q 123, to the B, — B, mixing amplitude. The
contributions are proportional to K¢ K§,K{*Kg;, where K is the mixing matrix of the
gluino couplings to a left-handed down quark and their supersymmetric squark partners
(o [(6%})23]? in the mass insertion approximation, described in Appendix C1). We work in
the mass basis for both quarks and squarks. A detailed derivation [20] is given in Appendix

C2. It gives:

~ 2\2
0, I3, BB.100D 1y £ 0y 4 g () o)

M, — =
BsBs 108m3 my

(K55 K3)*. (107)

Here my is the average mass of the two squark generations, Amfz is the mass-squared differ-
2 /02
ence, and x = m3/mz.

Eq. (107) can be translated into our generic language:

Axp = myg, (108)
11f, 4 A2\
e et G U
d
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TABLE V: The phenomenological upper bounds on (07, )i; and (3%;) = /(87 )ij(0%z)ij. Here
q = u,d and M = L,R. The constraints are given for mg = 1 TeV and =z = m%/m% = 1. We
assume that the phases could suppress the imaginary part by a factor of ~ 0.3. Taken from Ref.

[21].

q ij|(071)ij (07;)

d 12} 0.03 0.002

d13] 0.2 0.07
d 23 02 0.07

u 12] 0.1 0.008

where, for the last approximation, we took the example of z = 1 [and used, correspondingly,
11f6(1) + 4fs(1) = 1/6], and defined
st = () et (109)
Ma
Similar expressions can be derived for the dependence of K° — K9 on (§%,5)12, B® — BY on
(69,513, and D° — DY on (0% )12 Then we can use the constraints of Table IV to put
upper bounds on (7,5 )ij. Some examples are given in Table V (see Ref. [21] for details and
list of references).
We learn that, in most cases, we need d;;/m; < 1/TeV. One can immediately identify

three generic ways in which supersymmetric contributions to neutral meson mixing can be

suppressed:
1. Heaviness: mgz > 1 TeV;
2. Degeneracy: Am? < mZ;
3. Alignment: K, < 1.

When heaviness is the only suppression mechanism, as in split supersymmetry [22], the

squarks are very heavy and supersymmetry no longer solves the fine tuning problem.” If we

7 When the first two squark generations are mildly heavy and the third generation is light, as in effective
supersymmetry [23], the fine tuning problem is still solved, but additional suppression mechanisms are
needed.
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want to maintain supersymmetry as a solution to the fine tuning problem, either degeneracy
or alignment or a combination of both is needed. This means that the flavor structure of
supersymmetry is not generic, as argued in the previous section.

Take, for example, (6¢;)12 < 0.03. Naively, one might expect the alignment to be of
order (V4V%) ~ 0.2, which is far from sufficient by itself. Barring a very precise alignment
(|K%| < |Vus|) and accidental cancelations, we are led to conclude that the first two squark
generations must be quasi-degenerate. Actually, by combining the constraints from K% — K0
mixing and D® — DO mixing, one can show that this is the case independently of assumptions
about the alignment [24-26]. Analogous conclusions can be drawn for many TeV-scale
new physics scenarios: a strong level of degeneracy is required (for definitions and detailed
analysis, see [27]).

Exercise 9: Does K¢, ~ |V suffice to satisfy the Amp constraint with neither degen-
eracy nor heaviness? (Use the two generation approximation and ignore the second genera-
tion.)

Is there a natural way to make the squarks degenerate? Degeneracy requires that the
3 x 3 matrix of soft supersymmetry breaking mass-squared terms ThéL o~ ﬁzgl. We have
mentioned already that flavor universality is a generic feature of gauge interactions. Thus,
the requirement of degeneracy is perhaps a hint that supersymmetry breaking is gauge

mediated to the MSSM fields.

C. Minimal flavor violation (MFV)

If supersymmetry breaking is gauge mediated, the squark mass matrices for SU(2)-

doublet and SU(2)-singlet squarks have the following form at the scale of mediation my;:

Mg, (mar) = (m, + Dy, ) 1+ M, M,
M}, (mar) = (m, + Dp, ) 1+ MaM],
M, (ma) = (m3, + Dyy) 1+ MM,
15, (mar) = (m%, + Dp,) 1+ MMy, (110)

where D,, = [(T3)4, — (Qrm)q, 5 m% cos 2 are the D-term contributions. Here, the only

source of the SU (3)2 breaking are the SM Yukawa matrices.
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This statement holds also when the renormalization group evolution is applied to find
the form of these matrices at the weak scale. Taking the scale of the soft breaking terms
mg, to be somewhat higher than the electroweak breaking scale m  allows us to neglect the

D,, and M, terms in (110). Then we obtain

qA

Mg, (mz) ~ m (rsl+ eV 4 Yy ),

m ~L
MgR(mZ) ~ m?]R (rgl + cuRY“TY“> ,
% (rsl + canY "' Y?) (111)
Here r3 represents the universal RGE contribution that is proportional to the gluino mass
(r3 = O(6) X (Ms(mar)/mg(mar))) and the c-coefficients depend logarithmically on ms/my
and can be of O(1) when my, is not far below the GUT scale.

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 (MEFV)
[28]. 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 (42,43). In this section we concentrate only on the quarks. The

non-Abelian part of the flavor symmetry for the quarks is SU(3); of Eq. (43) with the three

generations of quark fields transforming as follows:

Qr(3,1,1), Ugr(1,3,1), Dg(1,1,3). (112)
The Yukawa interactions,
LYy = QLY DrH + QLY "UgH,, (113)

(H. = iTo H*) break this symmetry. The Yukawa couplings can thus be thought of as spurions
with the following transformation properties under SU(3)? [see Eq. (46)]:

Y*~(3,3,1), Y~ (3,1,3). (114)
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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)2. Of course, in reality, £, breaks SU (3)2 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 Glyiopal-

Exercise 10: Use the spurion formalism to argue that, in MFV models, the K; — v
decay amplitude is proportional to y?Vi V.

Exercise 11: Find the flavor suppression factors in the 22 coefficients, if MFV is im-
posed, and compare to the bounds in Table IV.

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

with anomaly-mediation of its breaking.

V. THE STANDARD MODEL FLAVOR PUZZLE

The SM has thirteen flavor parameters: six quark Yukawa couplings, four CKM param-
eters (three angles and a phase), and three charged lepton Yukawa couplings. (One can use
fermions masses instead of the fermion Yukawa couplings, y; = ﬂmf /v.) The orders of

magnitudes of these thirteen dimensionless parameters are as follows:
Yo ~ 17 Ye ~ 10_27 Yu ~~ 10_57
yp ~ 1072y~ 1070, gy~ 107
Yr ~ 10_27 Yu ~ 10_37 Ye ~ 10_67

Vis| ~ 0.2, |Vi| ~0.04, [Vip| ~0.004, Oy ~ 1. (115)
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Only two of these parameters are clearly of O(1), the top-Yukawa and the KM phase. The
other flavor parameters exhibit smallness and hierarchy. Their values span six orders of
magnitude. It may be that this set of numerical values are just accidental. More likely,
the smallness and the hierarchy have a reason. The question of why there is smallness and
hierarchy in the SM flavor parameters constitutes “The Standard Model flavor puzzle.”
The motivation to think that there is indeed a structure in the flavor parameters is
strengthened by considering the values of the four SM parameters that are not flavor pa-

rameters, namely the three gauge couplings and the Higgs self-coupling:
gs~1, g~06, e~0.3, A~0.12. (116)

This set of values does seem to be a random distribution of order-one numbers, as one would
naively expect.
A few examples of mechanisms that were proposed to explain the observed structure of

the flavor parameters are the following:
e An approximate Abelian symmetry (“The Froggatt-Nielsen mechanism” [29]);

e An approximate non-Abelian symmetry (see e.g. [30]);

Conformal dynamics (“The Nelson-Strassler mechanism” [31]);

Location in an extra dimension [32];
e Loop corrections (see e.g. [33]).

We take as an example the Froggatt-Nielsen mechanism.

A. The Froggatt-Nielsen (FN) mechanism

Small numbers and hierarchies are often explained by approximate symmetries. For
example, the small mass splitting between the charged and neural pions finds an explanation
in the approximate isospin (global SU(2)) symmetry of the strong interactions.

Approximate symmetries lead to selection rules which account for the size of deviations
from the symmetry limit. Spurion analysis is particularly convenient to derive such selection

rules. The Froggatt-Nielsen mechanism postulates a U(1)y symmetry, that is broken by a
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small spurion ey. Without loss of generality, we assign ey a U(1)y charge of H(ey) = —1.
Each SM field is assigned a U(1)y charge. In general, different fermion generations are
assigned different charges, hence the term ‘horizontal symmetry.” The rule is that each term
in the Lagrangian, made of SM fields and the spurion, should be formally invariant under
Ul)g.

The approximate U(1)y symmetry thus leads to the following selection rules:

}/;;L _ EE(QiHH(U]‘HH(%)\’

yid = @D i)

Y;; _ 6\[?(E¢)+H(Ej)_H(¢d)‘. (117)

As a concrete example, we take the following set of charges:

H(Qz) = H<Ui) H<Ez) = (2’1’O)a

H(¢u) = H(¢a) = 0. (118)

et & € e & €
Yin | @ e, Yin(Y) '~ e € €]. (119)
e e 1 1 1 1

We emphasize that for each entry we give the parametric suppression (that is the power
of €), but each entry has an unknown (complex) coefficient of order one, and there are no
relations between the order one coefficients of different entries.

The structure of the Yukawa matrices dictates the parametric suppression of the physical

observables:

2 4

ytN17 Ye ~ €, Yu ~ €,
2

be17 Ys ~ €, Yg ~ €,
2

yTN]'7 Yu ~ € Ye ™~ €,

|Vus| ~ €, H/cb| ~ €, ’Vub| ~ 62, 5KM ~ 1 (120)

For € ~ 0.05, the parametric suppressions are roughly consistent with the observed hierarchy.

In particular, this set of charges predicts that the down and charged lepton mass hierarchies
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are similar, while the up hierarchy is the square of the down hierarchy. These features are
roughly realized in Nature.

Exercise 13: Deriwe the parametric suppression and approximate numerical values of
YU its eigenvalues, and the three angles of V}*, for H(Q;) = 4,2,0, H(U;) = 3,2,0 and
eg = 0.2

Could we explain any set of observed values with such an approximate symmetry? If we
could, then the FN mechanism cannot be really tested. The answer however is negative.
Consider, for example, the quark sector. Naively, we have 11 U(1)y charges that we are free
to choose. However, the U(1)y x U(1l)g x U(1)pq symmetry implies that there are only 8
independent choices that affect the structure of the Yukawa couplings. On the other hand,
there are 9 physical parameters. Thus, there should be a single relation between the physical
parameters that is independent of the choice of charges. Assuming that the sum of charges

in the exponents of Eq. (117) is of the same sign for all 18 combinations, the relation is
Vo] ~ |Vaus Ve (121)
which is fulfilled to within a factor of 2. There are also interesting inequalities (here i < j):
Vsl 2 m(U)/m(U), m(Dy)/m(D). (122)

All six inequalities are fulfilled. Finally, if we order the up and the down masses from light
to heavy, then the CKM matrix is predicted to be ~ 1, namely the diagonal entries are
not parametrically suppressed. This structure is also consistent with the observed CKM

structure.

B. The flavor of neutrinos

Five neutrino flavor parameters have been measured in recent years (see e.g. [34]): two

mass-squared differences,
Am3, = (7.54£0.2) x 107° eV?,  |Am2,| = (2.5+0.1) x 1072 eV?, (123)
and the three mixing angles,

Uso| = 0.55 £ 0.01, |Uys| =0.67+0.03, |Us|=0.148 = 0.003. (124)
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These parameters constitute a significant addition to the thirteen SM flavor parameters and
provide, in principle, tests of various ideas to explain the SM flavor puzzle.

The numerical values of the parameters show various surprising features:

|Uyps| > any |Vi;l;

|Uea| > any |Vi;

|Ues| is not particularly small (|Ues| & |UeaUpsl);

ma/ms 2,1/6 > any m;/m; for charged fermions.

These features can be summarized by the statement that, in contrast to the charged fermions,
neither smallness nor hierarchy have been observed so far in the neutrino related parameters.

One way of interpretation of the neutrino data comes under the name of neutrino mass
anarchy [35-37]. It postulates that the neutrino mass matrix has no special structure, namely
all entries are of the same order of magnitude. Normalized to an effective neutrino mass
scale, v? /Aseesaw, the various entries are random numbers of order one. Note that anarchy
means neither hierarchy nor degeneracy.

If true, the contrast between neutrino mass anarchy and quark and charged lepton mass
hierarchy may be a deep hint for a difference between the flavor physics of Majorana and
Dirac fermions. The source of both anarchy and hierarchy might, however, be explained by
a much more mundane mechanism. In particular, neutrino mass anarchy could be a result
of a FN mechanism, where the three left-handed lepton doublets carry the same FN charge.
In that case, the FN mechanism predict parametric suppression of neither neutrino mass
ratios nor leptonic mixing angles, which is quite consistent with (123) and (124). Indeed,
the viable FN model presented in Section V A belongs to this class.

Another possible interpretation of the neutrino data is to take msy/ms ~ |Ues| ~ 0.15 to
be small, and require that they are parametrically suppressed (while the other two mixing
angles are order one). Such a situation is impossible to accommodate in a large class of FN
models [38].

The same data, and in particular the proximity of (|U,s|,|U-s]) to (1/v/2,1/+/2), and the
proximity of |Us| to 1/v/3 ~ 0.58, led to a very different interpretation. This interpreta-

tion, termed ‘tribimaximal mixing’ (TBM), postulates that the leptonic mixing matrix is
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parametrically close to the following special form [39]:

UM = (125)

V2

Such a form is suggestive of discrete non-Abelian symmetries, and indeed numerous models

S s g
o sk s
-k o

based on an A, symmetry have been proposed [40, 41]. A significant feature of of TBM
is that the third mixing angle should be close to |Ues| = 0. Until 2012, there have been
only upper bounds on |Ues|, consistent with the models in the literature. In recent years,
however, a value of |U,s| close to the previous upper bound has been established [42], see Eq.
(124). Such a large value (and the consequent significant deviation of |U,3| from maximal
bimixing) puts in serious doubt the TBM idea. Indeed, it is difficult in this framework, if

not impossible, to account for Am?2,/Am3, ~ |U|? without fine-tuning [43].

VI. HIGGS PHYSICS: THE NEW FLAVOR ARENA

The SM relates the Yukawa couplings to the corresponding mass matrices:
v =V2M;/v. (126)
This simple equation implies three features:
1. Proportionality: y; = Ylf oC 1My
2. Factor of proportionality: y;/m; = v/2/v;
3. Diagonality: Yzf =0 for ¢ # j.

In extensions of the SM, each of these three features might be violated. Thus, testing these
features might provide a window to new physics and to allow progress in understanding the
flavor puzzles.

A Higgs-like boson h has been discovered by the ATLAS and CMS experiments at the
LHC [44, 45]. The experiments normalize their results to the SM rates:

= o(pp — h)BR(h — f)
"= o(pp — h)BR(h — f)SM"

(127)
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The measurements give [46]:

[y = 1.14£0.14,
liyge = 1.17 +0.23,
fiww- = 0.99 +0.15,
;= 0.7+0.3,
[y = 1.00 4 0.23. (128)

In addition, there are upper bounds on decays into the first two generation charged leptons

[47, 48]:

P < 7.0,
fhee < 4 x 10°. (129)

As concerns quark flavor changing Higgs couplings, these have been searched for in t — gh

decays (¢ = ¢, u), [49-51]:

BR(t — ch) < 4.0 x 107,
BR(t — uh) < 5.5 x 107°. (130)

The first direct searches for the lepton-flavor violating (LFV) Higgs decay h — 7u were
carried out by the CMS and ATLAS collaborations [52-55] yielding the upper bounds:

BR(h — i) < 1.20 x 1072 (CMS),
BR(h — 7u) < 1.43 x 1072 (ATLAS), (131)

and the ranges:
BR(h — 7p) = (8.4739) x 107 (CMS),
BR(h — 7i) = (=7.675}) x 107% (CMS),
BR(h — i) = (5.3+£5.1) x 107* (ATLAS). (132)
The measurements quoted in Eqgs. (128) and (129) can be presented in the y; — m; plane.
We do so in Fig. 5. The first two features quoted above are already being tested. The upper

bounds on flavor violating decays quoted in Eqgs. (130) and (131) test the third feature. We

can make the following statements:
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FIG. 5: The allowed ranges for the Higgs couplings. The SM prediction is presented by the dashed

line. (Aielet Efrati, private communication.)

® Ye,Yu < Y- This goes in the direction of proportionality.

e The third generation Yukawa couplings, u, ¥, ¥r, obey ys/ms =~ +/2/v. This is in

agreement with the predicted factor of proportionality.
e There are strong upper bounds on violation of diagonality: Y;. < 0.09 and Y7, < 0.004.
e The era of Higgs flavor physics has begun.

Beyond the search for new physics via Higgs decays, it is interesting to ask whether the
measurements of the Higgs couplings to quarks and leptons can shed light on the standard
model and/or new physics flavor puzzles. If eventually the values of y, and/or y, deviate
from their SM values, the most likely explanation of such deviations will be that there are
more than one Higgs doublets, and that the doublet(s) that couple to the down and charged
lepton sectors are not the same as the one that couples to the up sector. A more significant
test of our understanding of flavor physics, which might provide a window into new flavor
physics, will come further in the future, when p,+,- is measured. The ratio

. —BRO =)
WS T BR(h— 7))

(133)

is predicted within the SM with impressive theoretical cleanliness. To leading order, it is

given by X+, = m’/m2, and the corrections of order ay and of order m?/m? to this
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leading result are known. It is an interesting question to understand what can be learned
from a test of this relation [56]. In fact, as mentioned above, the bound (129) already shows
that X,+,- < 1, namely that second generation Yukawa couplings are smaller than third
generation ones. It is also interesting to test diagonality via the search for the SM-forbidden
decay modes, h — p*77 [57-60]. A measurement of, or an upper bound on

x BR(h — pt77)+BR(h = p 7F)
r BR(h — 7t77) ’

(134)

would provide additional information relevant to flavor physics. We demonstrate below the
potential power of Higgs flavor physics to lead to progress in our understanding of the flavor
puzzles by focussing on the measurements of fi,+,-, X,+,- and X, [56].

Let us take as an example how we can use the set of these three measurements if there is
a single light Higgs boson. A violation of the SM relation Y;?M = @@-j, is a consequence

of nonrenormalizable terms. The leading ones are the d = 6 terms. In the interaction basis,

we have

Ly = =N fi R + e, (135)

. Moo
£ =~ fo(619) + e,
where expanding around the vacuum we have ¢ = (v + h)/+/2. Defining V,  via

2
Vam =V, <)\ + ;AQ)\> Viv, (136)

where m = diag(m., m,, m.), and defining \ via
A=V NV (137)

we obtain

\/§mi ’U2 4

To proceed, one has to make assumptions about the structure of A. In what follows, we
consider first the assumption of minimal flavor violation (MFV) and then a Froggatt-Nielsen
(FN) symmetry.

Exercise 14: Find the predictions of models with Natural Flavor Conservation (NFC)
for pirvr—, Xyt~ and X5,
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A. MFV

MFV requires that the leptonic part of the Lagrangian is invariant under an SU(3), X
SU(3)g global symmetry, with the left-handed lepton doublets transforming as (3,1), the
right-handed charged lepton singlets transforming as (1,3) and the charged lepton Yukawa
matrix Y is a spurion transforming as (3, 3).

Specifically, MFV means that, in Eq. (135),
N = aX + AN + O\, (139)

where a and b are numbers. Note that, if V; and Vi are the diagonalizing matrices for A,
VL)\VR A28 then they are also the diagonalizing matrices for AT, VL)\)\T)\VR (\diag)3,
Then, Egs. (136), (137) and (138) become

2 2
\/im _ (1_'_ av ))\dlag+ bv ()\diag)3’

v 2A2 2A2
\/§m 2v/2bm?
a + ,

v3

)\ — a}\diag+b()\diag>3 —

V2m; av? 2bm
B R R ol

Y =

(140)

where, in the expressions for A and Y, we included only the leading universal and leading
non-universal corrections to the SM relations.
We learn the following points about the Higgs-related lepton flavor parameters in this

class of models:

1. h has no flavor off-diagonal couplings:

Y.r, Y, = 0. (141)
2. The values of the diagonal couplings deviate from their SM values. The deviation is

small, of order v?/A?:
(1 + A2> Vam: (142)

v

3. The ratio between the Yukawa couplings to different charged lepton flavors deviates

from its SM value. The deviation is, however, very small, of order m3/A?:

Yo M 2b(m7 —my)
N
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The predictions of the SM with MFV non-renormalizable terms are then the following:

Pt = 14 2av?/A?,
Xytp- = (my/m;)*(1 — 4bm?2/A?),
X,, = 0. (144)

Thus, MFV will be excluded if experiments observe the h — u7 decay. On the other hand,
MFV allows for a universal deviation of O(v?/A?) of the flavor-diagonal dilepton rates, and

a smaller non-universal deviation of O(m?/A?).

B. FN

An attractive explanation of the smallness and hierarchy in the Yukawa couplings is pro-
vided by the Froggatt-Nielsen (FN) mechanism [29]. In this framework, a U(1)y symmetry,
under which different generations carry different charges, is broken by a small parameter €.
Without loss of generality, ey is taken to be a spurion of charge —1. Then, various entries
in the Yukawa mass matrices are suppressed by different powers of ey, leading to smallness
and hierarchy.

Specifically for the leptonic Yukawa matrix, taking h to be neutral under U(1)g, H(h) =
0, we have

Aij o e =HED (145)

We emphasize that the FN mechanism dictates only the parametric suppression. Each entry
has an arbitrary order one coefficient. The resulting parametric suppression of the masses

and leptonic mixing angles is given by [61]

mzi/v ~ Eg(Ei)_H(Li) 7 |Uz'j| -~ eg(Lj)_H(Li) '

(146)

Since H(¢'¢) = 0, the entries of the matrix A’ have the same parametric suppression as

the corresponding entries in A [62], though the order one coefficients are different:
This structure allows us to estimate the entries of ;\ij in terms of physical observables:

5\33 ~ mr/Ua
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5\22 ~ mu/v,
5\23 ~ ’U23|(m7'/v)7
s~ (my,/v)/|Uss|. (148)

We learn the following points about the Higgs-related lepton flavor parameters in this

class of models:
1. h has flavor off-diagonal couplings:

|Uas|vm,
Yor = © <A ’

vmy,

Y, = 0<|U23|A2>. (149)

2. The values of the diagonal couplings deviate from their SM values:

Yr ~ vam, [1 +O <v2>] . (150)

v A2
3. The ratio between the Yukawa couplings to different charged lepton flavors deviates

2
-2 f-of)

The predictions of the SM with FN-suppressed non-renormalizable terms are then the

from its SM value:

following:
Hrtr— = 1+ O(U2/A2)7
Xyrp = (my/mr)*(1+ O(W?/A?)),
X, = O(v'/AY). (152)
Thus, FN will be excluded if experiments observe deviations from the SM of the same
size in both flavor-diagonal and flavor-changing A decays. On the other hand, FN allows

non-universal deviations of O(v?/A?) in the flavor-diagonal dilepton rates, and a smaller

deviation of O(v!/A?) in the off-diagonal rate.

VII. NEW PHYSICS?

In this section we discuss two sets of recent measurements of flavor changing processes

that arouse much interest: h — 7 and B — D®rw.
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A. h—T1u

Naively averaging over the experimental ranges for BR(h — 7p) quoted in Eq. (132)
gives

BR(h — ) = (5.5 +2.8) x 1073, (153)

In this section we entertain the idea that BR(h — 7u) ~ 0.005 will indeed be established
by the experiments, and explore the implications of such a hypothetical discovery.

The h — T decay has several aspects that are worth emphasizing:

o It violates the lepton-flavor symmetry U(1),, x U(1),, which is an accidental symmetry

of the SM.
e It is an FCNC process.

e It violates the prediction that Y¢ oc M,, which applies at tree level in all models of

NFEC.

Due to these three aspects, an observation of h — 7 at the few permil level will have far-
reaching implications. The accidental symmetry of the SM was presented in Eq. (45). This
symmetry forbids the h — 7 decay, since it violates muon number and tau number. Acci-
dental symmetries are, however, broken by higher dimension terms, so that their breaking
confirms that the SM is not a full theory of Nature but only a low energy effective theory.

In fact, violation of U(1). x U(1), x U(1), has already been experimentally discovered
by neutrino oscillation experiments (atmospheric, accelerator and reactor) and by the MSW
effect (solar neutrinos). To explain these previous observations, one has to consider the
dimension-five terms of Eq. (100):

v

Lis = 2 Lp;Ljo¢+hec. (154)
ALNV

These terms break lepton flavor, as well as total lepton number. The measurement of

|Am2,| ~ 0.0025 eV? implies a new physics scale,
ALNV ~ 1015 GeV Zmexs (155>

where Z.x is the largest eigenvalue of the matrix Z. Since U(1), x U(1), is broken by
(156), the h — 7p is induced by these terms. However, the decay rate suffers from the

FCNC suppression factors:
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e Loop suppression ~ a3;

e Mixing suppression ~ |U,3U.3|?;
e GIM suppression ~ (Am3,/m#,)%.

The GIM suppression is particularly effective: Given the smallness of Am3,/mi,, the pre-
dicted branching ratio is unobservably tiny, BR(h — 7u) ~ 1070,
Thus, to explain a branching ratio as high as 0.005, another source of lepton flavor

violation has to be invoked. Indeed, it can be achieved by dimension-six terms:

e

Lio = 52 (6'¢)$L 1, Ery + hic.. (156)

2
ALFV

With these terms we have

2
M, = “(Yw g Z@>,

V2 20y
yE — yey SV g (157)
" 20y
so that
2
YE = (V2M,/v) + —s— Z°. (158)
2MAfpy
Branching ratio of order 0.005 is induced if
Arpy ~ 7 TeV (/Z5 . (159)

Thus, the new physics is likely to be directly accessible at the LHC.

A branching ratio of order 0.005 would further imply that the decay rate is not much
smaller than the h — 77 decay rate. The h — 7u decay is, however, an FCNC process
which, within the SM and many of its extensions (such as the minimal supersymmetric SM

(MSSM)), is loop suppressed. With loop suppression, what is required is that

(v*/ALpy) (aw /4m) Xyr K yr ~ 1072, (160)

Here X,,; is some flavor changing coupling. Note that the electroweak loop factor by itself
provides a suppression of order 1073, Thus, Eq. (160) is very challenging for model building.
For example, it cannot be satisfied in the MSSM [63].

Thus, BR(h — 7u) « BR(h — 77) is suggestive that h — 7u proceeds at tree level. We

remind you that tree level flavor changing Higgs couplings arise if there are bare mass terms
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or several Higgs doublets. The two most relevant extensions of the SM are then vector-like
leptons and multi-Higgs doublets. The former framework leads, generally, to unacceptably
large Z — Tp and T — py decay rates, leaving the two Higgs doublet model (2HDM) as the
simplest model that can account for BR(h — ) ~ 0.005.

For a 2HDM, we can use, without loss of generality, the basis {¢,, ¢4} where

(o0) =0/V2, (¢%) =0. (161)

The rotation angle from this basis to the basis of doublets that contain the light (k) and
heavy (H) neutral CP-even scalar mass eigenstates is usually denoted by a — f (not to be

confused with a and /3 of the unitarity triangle). In particular,
h = sa-pRe(2) + ca_pRe(Y), (162)

leading to
V¢ = 54_(V2M,/V) + ca_pY§. (163)

Note that Y is an arbitrary, unknown Yukawa matrix. With

Ca (Vi) pr K sap(V2m.Jv), (164)

BR(h — 711) « BR(h — 77) is generated. If one sets all other (Y{);; = 0, no phenomeno-
logical problems arise. Thus, the 2HDM is the simplest framework to explain a hypothetical
measurement of large rate of h — 7u. Yet, such a large rate is inconsistent with all motivated
flavor models.
: . : - h |2 h |2 h |2 h2y
Exercise 15: Estimate the ratio (|Y[* + [Y.|?)/(IY,01* +|Y].[?) in the FN framework.

The upper bound on BR(u — ey) requires \/|YA[2 +|YE[? < 1.2 x 107, Estimate the
corresponding upper bound on BR(h — Tu) in the FN framework.

B. B— DWry

Babar [64, 65|, Belle [66, 67] and LHCb [68] have measured the following ratios, which

test lepton flavor universality:

(B — D®7v)
() =
RID™) = 15 =5 Do) (165)
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where ¢ = e, u. The HFAG average of these measurements gives [69]

R(D*) = (1.2540.07) x R(D*)s,
R(D) = (1.3240.16) x R(D)su. (166)

The combined significance of these excesses is 4.0c. In this section we entertain the idea
that a deviation from the SM will indeed be established. We follow mainly the analyses of
Refs. [70, 71].

We assume that the new physics that affects the b — c7v transition takes place at an
energy scale larger than the electroweak breaking scale, in which case it can be represented

by higher dimensional operators. The most general d = 6 terms are [70]
Lo = Bor(Qinuo Qi) (L oals) + cGur(QiU;)io® (L Ey)
+eire(diQi) (Lu Ey) + cinpe (diow Q) (Lyo™ Ep) + hec.. (167)

It has been shown that a non-zero cgyr. alone cannot accommodate both R(D(*)) and be
consistent with the measurements of the corresponding decay spectra.

In what follows, we write the Wilson coefficients in the down and charged lepton mass
bases, e.g. Q3 = (Vipu;r,br)? and Ly = (v, 12)T.

Given that the deviation from the SM is large, of order 30%, and that within the SM
the semileptonic decay b — crv is a W-mediated tree-level decay, it is likely that the new
physics contribution is also a tree-level one. The mediator can be a Lorentz scalar or vector,

and a color singlet or triplet, for example:
o A scalar H'(1,2)419;
e A vector W;(1,3)o;
o A vector Uy(3,1)42/3;
o A scalar A(3,2)47/6.

We discuss the first three.

The scalar H' with Yukawa couplings

Ly = —Y,QsH'bg — Y, — QsH'cgp — Y, LsH'rp + h.c. (168)
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generates

Cg)l:gge = Y17YT*/M12{+7 6?225)[36 = YCYT/Mgﬁ (169)

It can account for (166) with ¢}57, = (50 14)TeV~? and Comte = (—1.6 £ 0.5)TeV 2,
The vector W/¢ with couplings

Ly =W} ()\ngm“a“Qj + )\fjii'y“a“Lj) (170)
generates
ngiL = —Ns\zs/Miy. (171)

It can account for (166) (note a V, suppression factor) with ciir, = (—2.1 £ 0.5)TeV 2.
At the same time, this operator leads to bb — W' — 777~ at unacceptably large rate.

The vector leptoquark U, with couplings
Ly = guU,Q37"Ls + h.c. (172)

generates
L = g/ (2M3). (173)

It can account for (166) (note a Vi, suppression factor) with ¢35}, = (2.1 % 0.5)TeV 2,
The presence of a quark doublet (); and a lepton doublet L, in all operators implies that,
in parallel to the charged current operator of interest, there are unavoidably also neutral
current four fermion operators of the type aul=¢* or dd¢~¢*. Let us take as an example the
case of W/ with only M3 # 0 among the quark couplings. Even in this case, a potentially

large contribution to AC' = 2 transition is generated [71]:

w’ (Agfivm? 02)2

LAy =— N, (aryucr)® + hec.. (174)

The experimental bounds on CP violation in D° — D° mixing require [71]

q2
)‘33
M?
W/

<10 TeV 2, (175)

to be compared with the R(D™) constraint [70, 71],

q \/
)‘33)‘33

M%/Nzﬂwﬂ. (176)

Thus, the model is viable for M\, /A4, < 5.
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VIII. CONCLUSIONS

(i) Measurements of CP violating B-meson decays have established that the Kobayashi-
Maskawa mechanism is the dominant source of the observed CP violation.

(ii) Measurements of flavor changing B-meson decays have established the the Cabibbo-
Kobayashi-Maskawa mechanism is a major player in flavor violation.

(iii) 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.

(iv) Measurements of neutrino flavor parameters have not only not clarified the standard
model flavor puzzle, but actually deepened it. Whether they imply an anarchical structure,
or a tribimaximal mixing, it seems that the neutrino flavor structure is very different from
that of quarks.

(v) If the LHC experiments, ATLAS and CMS, discover new particles that couple to
the Standard Model fermions, then, in principle, they will be able to measure new flavor
parameters. Consequently, the new physics flavor puzzle is likely to be understood.

(vi) If the flavor structure of such new particles is affected by the same physics that sets
the flavor structure of the Yukawa couplings, then the LHC experiments (and future flavor
factories) may be able to shed light also on the standard model flavor puzzle.

(vii) The recently discovered Higgs-like boson provides an opportunity to make progress
in our understanding of the flavor puzzle(s).

(viii) Extensions of the SM where new particles couple to quark- and/or lepton-pairs are
constrained by flavor.

The huge progress in flavor physics in recent years has provided answers to many ques-
tions. At the same time, new questions arise. The LHC era is likely to provide more answers

and more questions.
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APPENDIX A: 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=|(Va Ve Va|. (A1)
Via Vis Vi

(74) 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 g for the
rotations (16) and (19) to the mass basis we use V,;, and V,z, defined by V,;, = P,V,;, and
f/qR = P,V,r, we still maintain a legitimate mass basis since M;“ag remains unchanged by

such transformations. However, V' does change:
V- P, VP]. (A2)

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 [72]

0

C12C13 $12C13 S13€
_ id is
V = | —si2c23 — C12523513¢€ C12C23 — 512523513€ 523C13 ) (A3)
) )
512823 — C12C23513€" —C12523 — $12C23513€" C23C13
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FIG. 6: Graphical representation of the unitarity constraint Vi,V + VgV + VgV = 0 as a

triangle in the complex plane.

where ¢;; = cosf;; and s;; = sinf;;. The 0,;’s are the three real mixing parameters while

0 is the Kobayashi-Maskawa phase. It is known experimentally that s;3 < so3 < 519 < 1.

It is convenient to choose an approximate expression where this hierarchy is manifest. This

is the Wolfenstein parametrization, where the four mixing parameters are (X, A, p,n) with

A = |Vius| = 0.23 playing the role of an expansion parameter and n representing the CP

violating phase [73, 74]:

— AT — M A AN (p —in)

V= =N+ $A2X°[1 — 2(p + in)] — A% — (1 4+ 442) AN? . (A4)
AN[I =1 =3X)(p+in)] —AN + 1AM —2(p+1in)] 1— A2

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.

VudVigs + VeaVis + ViaVis = 0, (A5)
Vus u*b + ‘/;8‘/073 + ‘/ts tz = 07 (A6)
ViV + VeaVig, + ViaViy = 0. (A7)

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
(A7) only. The unitarity triangle related to Eq. (A7) is depicted in Fig. 6.

The rescaled unitarity triangle is derived from (A7) 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
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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, ) plane, the lengths of the two complex

sides are
ViuaVuw ViaVi
R, = =\/p*+n? R = = /(1 =p)2+n% A8
Vv, | = Vet =, (1=p)*+n (A8)
The three angles of the unitarity triangle are defined as follows [75, 76]:
). el ] ool
o =arg |— , =arg |— <, =arg |— 1. A9
g [ T f=arg |-~ e Y= | —y (A9)

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 (A6,A5):

VisVip
Ves Vg

(A10)

Ves Ve
|- o=

The A and A parameters are very well determined at present, see Eq. (94). The main

effort in CKM measurements is thus aimed at improving our knowledge of p and n:
p=0.12+£0.02, n=0.36=+0.01. (A11)

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 0.2251 £ 0.0005 (3.57+0.15) x 1073
V| =1 0.2249 £+ 0.0005 0.9735 £+ 0.0001 (4.114+0.13) x 1072 | . (A12)
(8.740.3) x 1073 (4.034+0.13) x 1072 0.99915 = 0.00005

APPENDIX B: CPV IN B DECAYS TO FINAL CP EIGENSTATES

We define decay amplitudes of B (which could be charged or neutral) and its CP conjugate
B to a multi-particle final state f and its CP conjugate f as

Ap=(fIHIB) . Ap=(fIH[B) , Az={fIH|B) , A;=(f[H|B), (B1)
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where H is the Hamiltonian governing weak interactions. The action of CP on these states

introduces phases g and £f according to

CP|B) = ™5 |B) , CP|f)=e"|f),

CP[B) = e*#|B) , CP|f)=e"|f), (B2)
so that (C'P )? = 1. The phases £p and &; are arbitrary and unphysical because of the flavor

symmetry of the strong interaction. If CP is conserved by the dynamics, [CP ,H] = 0, then

Ay and ﬂ? have the same magnitude and an arbitrary unphysical relative phase
Z? — & —€B) Ay (B3)
A state that is initially a superposition of B® and B, say
[4(0)) = a(0)| B”) + b(0)[B°) , (B4)

will evolve in time acquiring components that describe all possible decay final states

{f1, fa,...}, that is,
(1)) = a(t)|B%) + b(t)[B®) + c1(t)| 1) + ca(t)| fa) + -+ - . (B5)

If we are interested in computing only the values of a(t) and b(¢) (and not the values of
all ¢;(t)), and if the times ¢ in which we are interested are much larger than the typical
strong interaction scale, then we can use a much simplified formalism [77]. The simplified
time evolution is determined by a 2 x 2 effective Hamiltonian H that is not Hermitian, since
otherwise the mesons would only oscillate and not decay. Any complex matrix, such as H,

can be written in terms of Hermitian matrices M and I as
H=M-— %r . (B6)

M and T are associated with (B°, B%) «» (B°, BY) 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 B® — B° and B® — B while off-diagonal
elements are associated with flavor-changing transitions B° < B°.

The eigenvectors of H have well defined masses and decay widths. We introduce complex
parameters p and ¢ to specify the components of the strong interaction eigenstates, BY and

B, in the light (Br) and heavy (By) mass eigenstates:
|Bru) = p|B”) £+ q|B°) (B7)
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with the normalization |p|? + |g|> = 1. The special form of Eq. (B7) is related to the fact
that CPT imposes My, = My, and [';; = I'y5. Solving the eigenvalue problem gives

q\* _ Mp—(i/2)T5,
(p) My —(i/2)Tyg (B8)

If either CP or T is a symmetry of H, then M5 and I'j5 are relatively real, leading to

2
<q> =¥ o |q| =1, (B9)
p p

where {p is the arbitrary unphysical phase introduced in Eq. (B2).
The real and imaginary parts of the eigenvalues of H corresponding to |By g) repre-
sent their masses and decay-widths, respectively. The mass difference Ampg and the width

difference AI'p are defined as follows:
AmBEMH—ML, AFBEFH—FL. (BlO)

Note that here Amp is positive by definition, while the sign of AI'g is to be experimentally

determined. The average mass and width are given by

My + M r r
mp= Bt ML p _lET L (B11)
2 2
It is useful to define dimensionless ratios x and y:
AmB AFB
= = . B12
Solving the eigenvalue equation gives
1
(Amp)® — Z(AFB)2 = (4 M2]* = |T12]?), AmpAlp = 4Re(M;als,). (B13)

All CP-violating observables in B and B decays to final states f and f can be expressed in
terms of phase-convention-independent combinations of Ay, Ay, A? and Z?, together with,
for neutral-meson decays only, ¢/p. CP violation in charged-meson decays depends only
on the combination ’Z?/Af’, while CP violation in neutral-meson decays is complicated by
BY ++ BY oscillations and depends, additionally, on |¢/p| and on A\ = (¢/p)(A;/Ay).

For neutral D, B, and B, mesons, AI'/T" < 1 and so both mass eigenstates must be
considered in their evolution. We denote the state of an initially pure |B°) or |B) af-

ter an elapsed proper time ¢ as |B%ys(t)) or |BY, (t)), respectively. Using the effective

phys
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Hamiltonian approximation, we obtain

|Boas(1)) = g2 (8)|B%) — ; g-(t)|B°),

Bel0)) = 9+ [B°) = - ()| B°) (B14)
where

g:(t) = ; (emtmut=alat g emimt=3Tut) (B15)

One obtains the following time-dependent decay rates:

dr{B pzy;(ij IV 14y + 1(a/p) A ) cosh(yTe) + (| Agl? = I(a/p) ) cos(aT?)

+ 27Re((q/p)A}Ay) sinh(yI't) — 2Zm((q/p) A} Ay) sin(2T't) , (B16)

dﬂBpheyi(i)Nj A (0a s + [AS) cosh(uT®) = (1(p/a) A2 = [Af[F) cos(aTt)

+ 2Re((p/q)AfZ;) sinh(y['t) — 2Im((p/q)AfZ;) sin(zl't) , (B17)

where N} is a common normalization factor. Decay rates to the CP-conjugate final state f
are obtained analogously, with Ny = N7 and the substitutions Ay — A; and Ay — A5 in
Egs. (B16,B17). Terms proportional to |A|? or |A;|* are associated with decays that occur
without any net B > B oscillation, while terms proportional to |(q/p)As|* or |(p/q)As]?
are associated with decays following a net oscillation. The sinh(yI't) and sin(zI't) terms of
Egs. (B16,B17) are associated with the interference between these two cases. Note that, in
multi-body decays, amplitudes are functions of phase-space variables. Interference may be
present in some regions but not others, and is strongly influenced by resonant substructure.

One possible manifestation of CP-violating effects in meson decays [78] is in the interfer-
ence between a decay without mixing, B® — f, and a decay with mixing, B — B — f
(such an effect occurs only in decays to final states that are common to B® and B?, including

all CP eigenstates). It is defined by

Im(\f) #0, (B18)
with B
_q4y

A= 241 B19

1=04, (B19)

This form of CP violation can be observed, for example, using the asymmetry of neutral

meson decays into final CP eigenstates fop

A (t) dr/dt[gghys(t) — fCP ] - dr/dt[Bophys<t> — fCP ]
fer dr/dt[gghys(t) — fCP ] + dF/dt[Bopllys(t) — fCP ] .

(B20)
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For AT' = 0 and |¢/p| = 1 (which is a good approximation for B mesons), Ay, has a
particularly simple form [79-81]:

As(t) = Sysin(Amt) — Cy cos(Amt),
2Zm(As) _ 1=

Sy = /2 = ,
R PV ER S A P PWE

(B21)

Consider the B — f decay amplitude Ay, and the CP conjugate process, B — f,
with decay amplitude Zf. There are two types of phases that may appear in these decay
amplitudes. Complex parameters in any Lagrangian term that contributes to the amplitude
will appear in complex conjugate form in the CP-conjugate amplitude. Thus their phases
appear in Ay and Zf with opposite signs. In the Standard Model, these phases occur only
in the couplings of the W= bosons and hence are often called “weak phases”. The weak
phase of any single term is convention dependent. However, the difference between the weak
phases in two different terms in Ay is convention independent. A second type of phase can
appear in scattering or decay amplitudes even when the Lagrangian is real. Their origin is
the possible contribution from intermediate on-shell states in the decay process. Since these
phases are generated by CP-invariant interactions, they are the same in Ay and Z?. Usually
the dominant rescattering is due to strong interactions and hence the designation “strong
phases” for the phase shifts so induced. Again, only the relative strong phases between
different terms in the amplitude are physically meaningful.

The ‘weak’ and ‘strong’ phases discussed here appear in addition to the ‘spurious’ CP-
transformation phases of Eq. (B3). Those spurious phases are due to an arbitrary choice of
phase convention, and do not originate from any dynamics or induce any CP violation. For
simplicity, we set them to zero from here on.

It is useful to write each contribution a; to Ay in three parts: its magnitude |a;], its
weak phase ¢;, and its strong phase §;. If, for example, there are two such contributions,

Ay = ay + ag, we have

Ap = |a1|€i(61+¢1) + |a2|€z‘(52+¢2)7

A? = |a1\ei(617¢1) + ]a2|ei(627¢2). (B22)

Similarly, for neutral meson decays, it is useful to write
My = \M12|ei¢M , = |F12|ei¢SF . (B23)
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Each of the phases appearing in Eqs. (B22,B23) is convention dependent, but combinations
such as 6y — 82, 1 — o, dar — ér and ¢y + ¢ — ¢y (where ¢, is a weak phase contributing
to A;) are physical.

In the approximations that only a single weak phase contributes to decay, Ay =
las|e?®r95) and that |['15/Mia| = 0, we obtain |A\f| = 1 and the CP asymmetries in decays

to a final CP eigenstate f [Eq. (B20)] with eigenvalue 7y = %1 are given by
Asop (1) =Im(Ag) sin(Amt) with Zm(Ay) = nysin(éy + 2¢5). (B24)

Note that the phase so measured is purely a weak phase, and no hadronic parameters are

involved in the extraction of its value from Zm(\y).

APPENDIX C: SUPERSYMMETRIC FLAVOR VIOLATION

1. Mass insertions

Supersymmetric models provide, in general, new sources of flavor violation. We here
present the formalism of mass insertions. We do that for the charged sleptons, but the
formalism is straightforwardly adapted for squarks.

The supersymmetric lepton flavor violation is most commonly analyzed in the basis in
which the charged lepton mass matrix and the gaugino vertices are diagonal. In this basis,
the slepton masses are not necessarily flavor-diagonal, and have the form
Mzij Ayvg / Lj

*Mi(Mgz)?jJNgNj = ( zz *Rk> 9 ~
Ajrva Mpy Cr

: (C1)

where M, N = L, R label chirality, and 4, j, k,[ = 1,2,3 are generational indices. M7 and
M3 are the supersymmetry breaking slepton masses-squared. The A parameters enter in the
trilinear scalar couplings Aijgbdz L,-Z*Rj, where ¢4 is the down-type Higgs boson, and vy = (¢q).
We neglect small flavor-conserving terms involving tan 5 = v, /vg.

In this basis, charged LFV takes place through one or more slepton mass insertion. Each

mass insertion brings with it a factor of
MN _ (a72\MN /~2
5ij = (MZ)ij m-, (C2)
where m? is the representative slepton mass scale. Physical processes therefore constrain

((Si\fN)eff ~ max [5%]\[, (S%P(SZN, Cee (Z — ])} : <C3)
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For example,
(013 )ett ~ max [Asgva/m®, M7y Argva/®, ApvaMpyo /.. (14 2)] . (C4)

Note that contributions with two or more insertions may be less suppressed than those with
only one.

It is useful to express the 5{}4 N

mass insertions in terms of parameters in the mass basis.

We can write, for example,
1
LL L poLs A2

Here, we ignore L — R mixing, so that K% is the mixing angle in the coupling of a neutralino
to lr; — lre (with ¢; = e, u, 7 denoting charged lepton mass eigenstates and 0, = Zl,gg,gg

denoting charged slepton mass eigenstates), and Am? = m% — m?. Using the unitarity

La

of the mixing matrix K%, we can write

m%}f Z Kk KL* (Am2 4+ m?) = (M~)LL (C6)

ij

thus reproducing the definition (C2).
In many cases, a two generation effective framework is useful. To understand that,

consider a case where (no summation over i, j, k)

KK < |KEKF,

(KGRI Am? o | < KK Am? (C7)

Lrj ril? |

where Am»[z = mz — m% . Then, the contribution of the intermediate 0}, can be neglected
7% Lj Li
and, furthermore, to a good approximation KK ]LZ* + K{;K jL]* = 0. For these cases, we

obtain
Ame 7
SiLjL 7nL21 Li F{L K’L* (CS)

2. Neutral meson mixing

We consider the squark-gluino box diagram contribution to D° — D’ mixing amplitude
that is proportional to Ky; Ki;" K3, K17, where K* is the mixing matrix of the gluino couplings

to left-handed up quarks and their up squark partners. (In the language of the mass insertion
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approximation, we calculate here the contribution that is oc [(0%;)12]%.) We work in the mass
basis for both quarks and squarks.

The contribution is given by

,47T2 * ToU ToUk T ~
MpB = —12—70z§mD fbBomaep D (K3 K1y Ky K5 (115 + 4mLg;). (C9)
i?j
where
Iy = [ d'p P
! (2m)* (p* — m2)%(p? — m?)(p? — m?)
_ [ g
(4m)% | (m7 —m2)(m7 —m2)
i 72 i} (s
U In —% J In —2 C10
Tt M T R ) e e | (C10)
d* 1
‘,417' E/ p4 2 ~ON\2 (2 ~ N/ 2 ~9
(2m)* (p? — m2)2(p? — W) (p? — m3)
i 1
 (4m)? [(mf—mg)(mg—mg)
m2 m2 m?2 m?2
sl 5 In—=%| . (Cl1)
(M7 —m3)(m7; —m2)> 20 (m3 —mi)(mi—m2)? m?

We now follow the discussion in refs. [20, 82]. To see the consequences of the super-GIM
mechanism, let us expand the expression for the box integral around some value mg for the
squark masses-squared:

Ly(m2,mZ,m3) = Iy(m.,m? + 6m?, m; + 6m?)

= L(mj, mZ,m3) + (6m; 4+ 6m)Is(m;, m2, m;, m)

5 (@) + (0m)? + 2000w )(6m3)| To(rmg, g, g, g, ) + - -(C12)
where
d*p 1
Jn(mQ,mQ,...,mQ)z/ _ — (C13)
9 q q (271’)4 (p2 — m3)2(p2 _ m?])n 2

2

and similarly for Iy;;. Note that I,, oc (2)"~2 and I, o (2)"~%. Thus, using = = m?/m2,

it is customary to define

i —fulx), I, Wﬁ(m)_ (C14)

= )
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The unitarity of the mixing matrix implies that

SKGK{T Ky KL) = S (K3 KKy KY) = 0. (C15)

% J

Consequently, the terms that are proportional fy, f4, f5 and fN5 vanish in their contribution
to My;. When dm? < Thg for all 7, the leading contributions to Mjs come from fg and
fﬁ. We learn that for quasi-degenerate squarks, the leading contribution is quadratic in the

small mass-squared difference. The functions fs(z) and fs(z) are given by

6(1 + 3z)Inx + 2* — 922 — 9z + 17

Jola) = 6(1 —x)° ’
Filz) = 6z(1 + x) lnz(z f3$_)59$2 + 92 + 1‘ (C16)

For example, with = = 1, fg(1) = —1/20 and fs = +1/30; with = = 2.33, f¢(2.33) = —0.015
and fg = +0.013.
To further simplify things, let us consider a two generation case. Then
My o 2(Kg Ki7)*(6m3)* + 2(K5K15)*(0m3)° + (Kgy Kiy K3, K5 ) (0mmf + 1mj)?
= (KyKiy)*(m; —mi)*. (C17)

We thus rewrite Eq. (C9) for the case of quasi-degenerate squarks:

o2mp f5Bpnqep ¢ . 7 (A31)% 0 s
M1D2: 10[;37%3 @ [11f6($)+4$f6($>]m?(KmKH)Q- (Cl8>

For example, for z = 1, 11fs(z) + 4z fs(z) = 4+0.17. For x = 2.33, 11fs(z) + 4z fo(z) =
+0.003.
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