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Abstract

We explain the many reasons for the interest in flavor physics. We describ
flavor physics and the related CP violation within the Standard Model, and
explain how the B-factories proved that the Kobayashi-Maskawa méeshan
dominates the CP violation that is 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 why the values flavor parameters of the $tanda
Model are puzzling, present the Froggatt-Nielsen mechanism as alpassib
lution, and describe how measurements of neutrino parameters are itgdrpre
in the context of this puzzle. We show that the recently discovered Higgs-
like boson may provide new opportunities for making progress on the \&ariou
flavor puzzles.

1 What is flavor?

The term flavors” is used, in the jargon of particle physics, to describe several coptbe shme gauge

representation, namely several fields that are assigned the same quaarges. Within the Standard
Model, when thinking of its unbrokeSU (3)c x U(1)gm gauge group, there are four different types o
particles, each coming in three flavors:

Up-type quarks in th€3) 3 representationu, c, t;
Down-type quarks in thé3) _, /3 representationd, s, b;
Charged leptons in th@)_; representatiore, u, 7;
Neutrinos in the€ 1), representationzy, vs, vs.

The term flavor physics’ refers to interactions that distinguish between flavors. By definitior
gauge interactions, namely interactions that are related to unbroken synsmaeitienediated therefore
by massless gauge bosons, do not distinguish among the flavors and donstitute part of flavor
physics. Within the Standard Model, flavor-physics refers to the wedk/akawa interactions.

The term flavor parameters’ refers to parameters that carry flavor indices. Within the Star
dard Model, these are the nine masses of the charged fermions andritheifaog parameters” (three
angles and one phase) that describe the interactions of the chardefonesacarriers ' +) with quark-
antiquark pairs. If one augments the Standard Model with Majorana mass ter the neutrinos, one
should add to the list three neutrino masses and six mixing parameters (thtege 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 pr
portional to the unit matrix in flavor space. Thus, the strong and electrogtiagnteractions are flavor-
universal. An alternative term for “flavor-universal” ildvor-blind ".

The term flavor diagonal” refers to interactions with couplings (or to parameters) that are diag
nal, but not necessarily universal, in the flavor space. Within the Staiiadel, the Yukawa interactions
of the Higgs patrticle are flavor diagonal.

The term flavor changing’ refers to processes where the initial and final flavor-numbers (th
is, the number of particles of a certain flavor minus the number of anti-parti€be same flavor) are
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different. In “flavor changing charged current” processes, bgtlype and down-type flavors, and/or
both charged lepton and neutrino flavors are involved. Examples aredr) decay vig: — ev;v;, and
(i) K~ — p~v; (which corresponds, at the quark level,sto — p~ ;). Within the Standard Model,
these processes are mediated by lieébosons and occur at tree level. Ifiavor changing neutral
current” (FCNC) processes, either up-type or down-type flavors but nitt,bend/or either charged
lepton or neutrino flavors but not both, are involved. Example are (i) ndezay viag — ey and (ii)
K1 — ptp~ (which corresponds, at the quark levelstb— 71 ~). Within the Standard Model, these
processes do not occur at tree level, and are often highly supgresse

Another useful term isffavor violation”. We explain it later in these lectures.

2 Why is flavor physics interesting?
— Flavor physics can discover new physics or probe it before it isttlirebserved in experiments.
Here are some examples from the past:
The smallness ((I;Lj;";f;)) led to predicting a fourth (the charm) quark;
The size ofAmk led to a successful prediction of the charm mass;
The size ofAmp led to a successful prediction of the top mass;
The measurement ef; led to predicting the third generation.
The measurement of neutrino flavor transitions led to the discovery imemasses.

— CP violation is closely related to flavor physics. Within the Standard Modek ik single CP
violating parameter, the Kobayashi-Maskawa phagg [1]. Baryogenesis tells us, however, that
there must exist new sources of CP violation. Measurements of CP violatftavar changing
processes might provide evidence for such sources.

— The fine-tuning problem of the Higgs mass, and the puzzle of the dark nratir that there
exists new physics at, or below, the TeV scale. If such new physics badexic flavor structure,
it would contribute to flavor changing neutral current (FCNC) proeessders of magnitude above
the observed rates. The question of why this does not happen congtiteitesy physics flavor
puzzle

— Most of the charged fermion flavor parameters are small and hieratcfibe Standard Model
does not provide any explanation of these features. This iStdedard Model flavor puzzl&he
puzzle became even deeper after neutrino masses and mixings were eddastause, so far,
neither smallness nor hierarchy in these parameters have been established

3 Flavor in the Standard Model

A model of elementary particles and their interactions is defined by the folloingrgdients: (i) The
symmetries of the Lagrangian and the pattern of spontaneous symmetringré€@kThe representations
of fermions and scalars. The Standard Model (SM) is defined as follows
(i) The gauge symmetry is

Gsm = SU3)e x SU(2), x U(1)y. (1)

It is spontaneously broken by the VEV of a single Higgs scalr,2); » ((¢°) = v/v/2):
GSM — SU(3)C X U(l)EM. (2)
(ii) There are three fermion generations, each consisting of five repi@ons olZgy:

QrLi(3,2)+1/6, Uri(3,1)42/3, Dri(3,1)_13, Lri(1,2)_1/2, Eri(1,1)-1. )
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FLAVOUR PHYSICS AND CP VIOLATION

3.1 The interaction basis

The Standard Model Lagrangiafigy;, is the most general renormalizable Lagrangian that is consiste
with the gauge symmetry (1), the particle content (3) and the pattern of sgants.symmetry breaking
(2). It can be divided to three parts:

ﬁSM = Ekinetic + ﬁHiggs + £Yukawa~ (4)

As concerns the kinetic terms, to maintain gauge invariance, one has toerépdaterivative with
a covariant derivative:
DV = 0" + igsGl Ly + igW}'T, + ig' B'Y. (5)

HereGY; are the eight gluon field$}’}' the three weak interaction bosons @B the single hypercharge
boson. Thel,’s are SU(3)c generators (th8 x 3 Gell-Mann matrice%/\a for triplets, 0 for singlets),
theTy’s areSU (2)1, generators (the x 2 Pauli matrice%rb for doublets for singlets), and th&"’s are
theU(1)y charges. For example, for the quark doublgis we have

- i P
Liinetic(Qr) = 1QLivu (8“ + igng)‘a + §9Wé Tp + 69/B”> 0:;Qrj, (6)

while for the lepton doublets! , we have
'Ckinetic(LL) = ZLLi’Y,u (8'“ + ing;uTb - 29’3“) 5ijLLj~ 7

The unit matrix in flavor spacey,;, signifies that these parts of the interaction Lagrangian are flavc
universal. In addition, they conserve CP.

The Higgs potential, which describes the scalar self interactions, is giwen b
Liiggs = 12670 — A(679)*. (8)

For the Standard Model scalar sector, where there is a single doublgtathisf the Lagrangian is also
CP conserving.

The quark Yukawa interactions are given by
—L% =YQLi¢Dr; + Y4QLidUr; + h.c., (9)
(Whereg = im»¢') while the lepton Yukawa interactions are given by
—LS = Y5L1i¢ER; + hec.. (10)
This part of the Lagrangian is, in general, flavor-dependent (th&tis¢ 1) and CP violating.
3.2 Global symmetries
In the absence of the Yukawa matridé$, Y* andY ¢, the SM has a larg&(3)°® global symmetry:
Globat (Y€ = 0) = SU(3); x SU(3); x U(1)°, (11)
where

SU@3)S = SU@3)q x SUB)y x SU(3)p,
SU@B); = SUB)L x SUB)g,
U1 = U xU) xU)y xU(l)pg x U(1)g. (12)
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Out of the fiveU (1) charges, three can be identified with baryon numig (epton number ) and
hyperchargeX'), which are respected by the Yukawa interactions. The two remali{ng groups can
be identified with the PQ symmetry whereby the Higgs @hg E fields have opposite charges, anc
with a global rotation o' only.

The point that is important for our purposes is thad,ctic + Liges respect the non-Abelian flavor
symmetryS(3)2 x SU(3)7, under which

Qr — VoQr, Ur — VyUg, Dr— VpDg, L — ViLy, Er— VgERg, (13)
where thel/; are unitary matrices. The Yukawa interactions (9) and (10) break thalgglhmetry,
Galobal (Y% £ 0) = U(1)p x U(1)e x U(1), x U(1),. (14)

(Of course, the gaugdd(1)y also remains a good symmetry.) Thus, the transformations of Eq. (13)
not a symmetry ofq\;. Instead, they correspond to a change of the interaction basis. Theswations
also offer an alternative way of defining flavor physics: it refers torawtions that break th8U (3)°
symmetry (13). Thus, the ternfldvor violation” is often used to describe processes or parameters tt
break the symmetry.

One can think of the quark Yukawa couplings as spurions that brealtdbalg?U(3)§ symmetry
(but are neutral undé¥ (1) ),

V"~ (3,3, 1)su(3)3 v~ (3,1, 3)su ()3, (15)

and of the lepton Yukawa couplings as spurions that break the giibgd)? symmetry (but are neutral
underU(1). x U(1), x U(1),), )

The spurion formalism is convenient for several purposes: paraguiating (see below), identification
of flavor suppression factors (see Section 5), and the idea of minimat ffaation (see Section 5.3).

3.3 Counting parameters

How many independent parameters are theg&it The two Yukawa matrice$;" andY'?, are3 x 3 and
complex. Consequently, there are 18 real and 18 imaginary parametegsémtiatrices. Not all of them
are, however, physical. The pattern@f;.,.1 breaking means that there is freedom to remove 9 re
and 17 imaginary parameters (the number of parameters in3hte®unitary matrices minus the phase
related toU (1) ). For example, we can use the unitary transformat@ns— VoQr, Ur — VyUr
andDr — VpDg, to lead to the following interaction basis:

Y=g YU=VTiA, (17)
where),,, are diagonal,

Ad = diag(yd, Ys, U), Au = diag(Yu, Ye, Ut), (18)

while V' is a unitary matrix that depends on three real angles and one complex p¥asenclude that
there are 10 quark flavor parameters: 9 real ones and a single ph&se.mass basis, we will identify
the nine real parameters as six quark masses and three mixing angles, e/kitegle phase i&<y;.

How many independent parameters are ther@;iﬁ The Yukawa matrix® is 3 x 3 and complex.
Consequently, there are 9 real and 9 imaginary parameters in this matrike iEh@owever, freedom
to remove 6 real and 9 imaginary parameters (the number of parameters 3nxdvBaunitary matrices
minus the phases relatedt(1)?). For example, we can use the unitary transformatibps— Vi L1,
andEr — Vg ER, to lead to the following interaction basis:

Y€ = /\e = diag(yea Yus yT)' (19)
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We conclude that there are 3 real lepton flavor parameters. In the msiss wa will identify these
parameters as the three charged lepton masses. We must, however, neodifydiél when we take into
account the evidence for neutrino masses.

3.4 The mass basis

Upon the replacememe(¢°) — ”%‘O, the Yukawa interactions (9) give rise to the mass matrices

V2

The mass basis corresponds, by definition, to diagonal mass matricean\@ivays find unitary matri-
cesV,r, andV,r such that

M, v, (20)

: v
VoL MgV, = Mgiee = NS (21)
The four matriced/y;,, Vyr, Viur, andV, r are then the ones required to transform to the mass basis. |
example, if we start from the special basis (17), we hidye = Vg = Vug = 1 andV,, = V. The
combinationVuLVjL is independent of the interaction basis from which we start this procedure

We denote the left-handed quark mass eigenstat€g and D;. The charged current interactions
for quarks [that is the interactions of the charg#d(2);, gauge bosonW;jt = %(W;} F z‘Wi)], which
in the interaction basis are described by (6), have a complicated form in $®elaais:

g N
—LY,. = EULW’*VZ-J-DL]-WJ + h.c.. (22)
whereV is the3 x 3 unitary matrix ¢V = ViV = 1) that appeared in Eq. (17). For a genera
interaction basis,
V=V V. (23)

V' is the Cabibbo-Kobayashi-Maskawa (CKMiixing matrixfor quarks [1, 2]. As a result of the fact
thatV is not diagonal, th&/’* gauge bosons couple to quark mass eigenstates of different gengrati
Within the Standard Model, this is the only sourcdlafror changingquark interactions.

Exercise 1:Prove that, in the absence of neutrino masses, there is no mixing in the ket

Exercise 2: Prove that there is no mixing in th& couplings. (In the physics jargon, there are no
flavor changing neutral currents at tree level.)

The detailed structure of the CKM matrix, its parametrization, and the constaaiiits elements
are described in Appendix A.

4 Testing CKM

Measurements of rates, mixing, and CP asymmetrieB iecays in the two B factories, BaBar abd
Belle, and in the two Tevatron detectors, CDF and DO, signified a new enar innalerstanding of CP
violation. The progress is both qualitative and quantitative. Various basistipns concerning CP and
flavor violation have received, for the first time, answers based oarimpntal information. These
guestions include, for example,

— Is the Kobayashi-Maskawa mechanism at work (namelbig # 0)?
— Does the KM phase dominate the observed CP violation?

As a first step, one may assume the SM and test the overall consisten&y\aribus measurements.
However, the richness of data from the B factories allow us to go a stiefiand answer these questions
model independently, namely allowing new physics to contribute to the relgvaogésses. We here
explain the way in which this analysis proceeds.
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4.1 Sykg

The CP asymmetry itB — K¢ decays plays a major role in testing the KM mechanism. Befol
we explain the test itself, we should understand why the theoretical intatipreof the asymmetry is
exceptionally clean, and what are the theoretical parameters on whigheihde, within and beyond the
Standard Model.

The CP asymmetry in neutral meson decays into final CP eigengtatess defined as follows:

B dF/dt[Eghys(t) — fep ] — dU/dt[Bphys(t) — fep ]

A t) = — ) (24)
fer (1) dr [dt[B), o (t) = fop | +dU/dt[BOnys(t) — for ]
A detailed evaluation of this asymmetry is given in Appendix B. It leads to thevigilg form:
Afop (t) = Spop sin(Amt) — Cy,,, cos(Amt),
2Zm(\sep ) 1—yep P
S s er ) =_-_ “ler 25
fep T+ Asop 2 fop 1+ Aoy 2 (25)
where o

Aop = e 0n (Afcp /Afcp ) - (26)

Here ¢ refers to the phase dff;, [see Eq. (B.23)]. Within the Standard Model, the correspondir
phase factor is given by ‘
™8 = (VigVia) / (Vi Vi) - (27)

The decay amplituded ; and A, are defined in Eq. (B.1).

dors

@)z

Fig. 1: Feynman diagrams for (a) tree and (b) penguin amplitudetibating to B — f or B, — f via a
b — gqq quark-level process.

The B — J/4 K" decay [3,4] proceeds via the quark transitbors ¢c3. There are contributions
from both tree {) and penguing£?, whereq, = u,c,t is the quark in the loop) diagrams (see Fig. 1
which carry different weak phases:

Ap = (VaVetr+ D> (VasVaus) P - (28)
qu=u,c,t

(The distinction between tree and penguin contributions is a heuristic oreghaeation by the operator
that enters is more precise. For a detailed discussion of the more compleséoopeoduct approach,
which also includes higher order QCD corrections, see, for examglgstg Using CKM unitarity,
these decay amplitudes can always be written in terms of just two CKM combigation

Apre = (VaVeo) Tyx + (VipVaus) Pk (29)
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where Ty = tyx + pjx — Pyx and Py = pli — pi. A subtlety arises in this decay that is

related to the fact thaB® — J/yK° andB" — J/¢YKY. A common final state, e.gJ/vKg, can
be reached vid® — K° mixing. Consequently, the phase factor corresponding to nekitnaixing,
™K = (VaVi,)/(VqVis), plays arole:

Apics __ VaVa) Tur + (Vi) Pl ViV,

— . 30
Aorcs  (VaVo) Tor T (ViyVs) Pl ViVt (30)

The crucial point is that, foB — .J/1 K¢ and otheh — &cs processes, we can neglect thé
contribution toA, i, in the SM, to an approximation that is better than one percent:

|Pirc /Tyrc| X [Vub/Ven| X [Vus /Ves| ~ (loop factor) x 0.1 x 0.23 < 0.005. (31)

Thus, to an accuracy better than one percent,

A — tb " td bcd |\ _ _ ,—2iB 32
o= (i) (i) == 2

whereg is defined in Eg. (A.9), and consequently
S¢KS = sin Qﬁ, C@Z}KS =0. (33)

(Below the percent level, several effects modify this equation [6—9].)

Exercise 3: Show that, if theB — nr decays were dominated by tree diagrams, then =
sin 2a.

Exercise 4:Estimate the accuracy of the predictiofisx, = sin23 andCyg = 0.

When we consider extensions of the SM, we still do not expect any signifizew contribu-
tion to the tree level decay, — cés, beyond the SMiY-mediated diagram. Thus, the expressiol
Apks/Apirs = Va Vi) / (Vi Veq) remains valid, though the approximation of neglecting sub-domina
phases can be somewhat less accurate than Eq. (31). On the othelvharttie B° iy mixing ampli-
tude, can in principle get large and even dominant contributions from hggiqs. We can parametrize
the modification to the SM in terms of two parametefssignifying the change in magnitude, a2,
signifying the change in phase:

My = rj €4 M (p, ). (34)

This leads to the following generalization of Eq. (33):
SwKS = sin(26 + 29d)7 CwKS =0. (35)
The experimental measurements give the following ranges [10]:

Sykg = +0.68 £0.02, Cyrg, = +0.00540.017 . (36)

4.2 Self-consistency of the CKM assumption

The three generation standard model has room for CP violation, throegkNhphase in the quark
mixing matrix. Yet, one would like to make sure that indeed CP is violated by the Sivhatiens,
namely thatin dknr # 0. If we establish that this is the case, we would further like to know whether t
SM contributions to CP violating observables are dominant. More quantitativelyvould like to put
an upper bound on the ratio between the new physics and the SM contrgbution

As a first step, one can assume that flavor changing processedhadeficribed by the SM, and
check the consistency of the various measurements with this assumptioa.afééour relevant mixing
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Fig. 2: Allowed region in thep, n plane. Superimposed are the individual constraints froanroless semileptonic
B decays [(Vus/Ves|), mass differences in thB® (Am,) and B (Am) neutral meson systems, and CP violatior
in K — 7m (ex), B = YK (sin26), B — 7w, pm, pp (o), andB — DK (7). Taken from [12].

parameters, which can be taken to be the Wolfenstein parametédrg andn defined in Eq. (A.4). The
values ofA and A are known rather accurately [11] from, respectivély— n¢v andb — cfv decays:

A =0.2254 £ 0.0007, A =0.81115073. (37)

Then, one can express all the relevant observables as a functiomt@fdlremaining parameters.and
n, and check whether there is a range inghen plane that is consistent with all measurements. The li:
of observables includes the following:

The rates of inclusive and exclusive charmless semilep®miecays depend g, ;|2 oc p? +n?;
The CP asymmetry i — ¢ Kg, Syx, = sin2f = (2’7(;")'

1=p)*+n*’
. N _ Jr .
— The rates of variou® — DK decays depend on the phagavherec’” = \/%,

The rates of variou® — 7, pr, pp decays depend on the phase- 7 — 3 — ~;

The ratio between the mass splittings in the neutraind B, systems is sensitive {0,/ V;|> =
N1 = p)? +n7);

— The CP violation ik — nm decays¢ g, depends in a complicated way prandy.

The resulting constraints are shown in Fig. 2.

The consistency of the various constraints is impressive. In particuéafpliowing ranges fop
andn can account for all the measurements [11]:

p=-+0.1317092 " 5 = 10.345 + 0.014. (38)
0.013
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One can make then the following statement [13]:
Very likely, CP violation in flavor changing processes is dominated by th Kobayashi-Maskawa
phase.

In the next two subsections, we explain how we can remove the phraselikely” from this
statement, and how we can quantify the KM-dominance.

4.3 |s the KM mechanism at work?

In proving that the KM mechanism is at work, we assume that chargednturee-level processes are
dominated by th&/’-mediated SM diagrams (see, for example, [14]). This is a very plausilergion.

| am not aware of any viable well-motivated model where this assumption igfidt Thus we can use
all tree level processes and fit themptandn, as we did before. The list of such processes includes tl
following:

1. Charmless semileptonig-decaysp — ufv, measureR, [see Eq. (A.8)].

2. B — DK decays, which go through the quark transitiens> cus andb — ucs, measure the
angley [see Eqg. (A.9)].

3. B — pp decays (and, similarly3 — n7m and B — pw decays) go through the quark transition
b — wud. With an isospin analysis, one can determine the relative phase betweeeetlietay
amplitude and the mixing amplitude. By incorporating the measuremeht;f, one can subtract
the phase from the mixing amplitude, finally providing a measurement of the angkee Eq.
(A.9)].

In addition, we can use loop processes, but then we must allow for ngsicgtcontributions, in
addition to the(p, n)-dependent SM contributions. Of course, if each such measurendsaeaparate
mode-dependent parameter, then we do not gain anything by using thisation. However, there is a
number of observables where the only relevant loop proces$ is B mixing. The listincludesS, k.,
Amp and the CP asymmetry in semileptodcdecays:

Sypkg = sin(28 + 264),
Amp = r?l(AmB)SM,
Flg SM sin 29d Flg SM COS 29d
A = —R T ) 39
St c <M12> r2 am Mo r2 (39)

As explained above, such processes involve two new parametersds€84j]. Since there are three
relevant observables, we can further tighten the constraints ifpthg-plane. Similarly, one can use
measurements related 1, — B, mixing. One gains three new observables at the cost of two ne
parameters (see, for example, [15]).

The results of such fit, projected on the- n plane, can be seen in Fig. 3. It gives [12]
n=0.44709% (30). (40)

[A similar analysis in Ref. [16] obtains th& range(0.31 — 0.46).] It is clear thaty # 0 is well
established:
The Kobayashi-Maskawa mechanism of CP violation is at work.

Another way to establish that CP is violated by the CKM matrix is to find, within the gaote-
dure, the allowed range fein 25 [16]:

sin 23" = 0.80 & 0.03. (41)

Thus, 3 # 0 is well established.

The consistency of the experimental results (36) with the SM predictiond (Bheans that the
KM mechanism of CP violation dominates the observed CP violation. In the obsestion, we make
this statement more quantitative.
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Fig. 3: The allowed region in the — 7 plane, assuming that tree diagrams are dominated by thd&thmodel
[12].

4.4 How much can new physics contribute taB° — BY mixing?

All that we need to do in order to establish whether the SM dominates the eds€r violation, and
to put an upper bound on the new physics contributiofsfo— B° mixing, is to project the results of
the fit performed in the previous subsection on tfie- 26, plane. If we find that, < 3, then the
SM dominance in the observed CP violation will be established. The constagshown in Fig. 4(a).
Indeedf; < 5.

An alternative way to present the data is to uselther; parametrization,
rae% =14 hge®. (42)

While thery, 8; parameters give the relation between the full mixing amplitude and the SM ode,
are convenient to apply to the measurementsithe,; parameters give the relation between the ne\
physics and SM contributions, and are more convenient in testing thebretdals:

hge?od = 12 (43)

The constraints in th; — o4 plane are shown in Fig. 4(b). We can make the following two statement

1. A new physics contribution t&° — B’ mixing amplitude that carries a phase that is significantl
different from the KM phase is constrained to lie below the 20-30% level.

2. A new physics contribution to thg° - B mixing amplitude which is aligned with the KM phase
is constrained to be at most comparable to the CKM contribution.

One can reformulate these statements as follows:
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processes are negligible [12].

1. The KM mechanism dominates CP violationsl — B’ mixing.
2. The CKM mechanism is a major player#? — B” mixing.

5 The new physics flavor puzzle
5.1 A model independent discussion
It is clear that the Standard Model is not a complete theory of Nature:

1. It does not include gravity, and therefore it cannot be valid atyggnsrales aboverpianac ~ 109
GeV:

2. It does not allow for neutrino masses, and therefore it cannot ligk ataenergy scales above
Mseesaw ™~ 101 GeV,

3. The fine-tuning problem of the Higgs mass suggests that the scale thbe3# is replaced with
a more fundamental theory is actually much lowef,, —partners < a few TeV.

4, If the dark matter is made of weakly interacting massive particles (WIMEB) tgain, a low scale
of new physics is likelyynyimp < afew TeV.

Given that the SM is only an effective low energy theory, non-renormblézterms must be added to
Lsyv Of EQ. (4). These are terms of dimension higher than four in the fields whielefore, have

couplings that are inversely proportional to the scale of new physige For example, the lowest
dimension non-renormalizable terms are dimension five:

. A4
_‘Cgl’llrlrll;vga = AI:IJlf’ LizLijQSQS + h.c.. (44)

These are the seesaw terms, leading to neutrino masses.

Exercise 5:How does the global symmetry breaking pattern (14) change wheng#aKen into
account?

Exercise 6: What is the number of physical lepton flavor parameters in this casetifgléhese
parameters in the mass basis.
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Table 1: Measurements related to neutral meson mixing

Sector CP-conserving CP-violating
sd Amg/myg =7.0x 1071 ex =2.3x 1073
cu AmD/mD =8.7x 1071 Ar/ycp < 0.2

bd Amp/mp =6.3x 107 Syx = +0.67 £0.02
bs  Amp,/mp, =2.1x 10712 Sy, = —0.04 £ 0.09

Table 2: Lower bounds on the scale of new physitgp, in units of TeV. The bounds from CP conserving
(violating) observables scale likgzi; (1/2/)-

ij CP-conserving CP-violating

sd 1x10° 2 x 104
cu 1x 103 3 x 103
bd 4 x 102 8 x 102
bs 7 x 10! 2 x 102

As concerns quark flavor physics, consider, for example, the folpdiimension-six, four-fermion,
flavor changing operators:

- Zbs
7d(dL’YubL)2 + ATb(SL’YubL)2' (45)
NP

Each of these terms contributes to the mass splitting between the correspondingutral mesons.
For example, the termap—o x (deyHbL)2 contributes tdAm g, the mass difference between the twc

neutral B-mesons. We us¢/5 = -1 (B%|£ap_,|B") and

2mp

. - 0 1
(B°|(dLav"bra)(drpyubrs)| B ) = _ngBf%;BB- (46)

This leads toAmp/mp = 2|ME|/mp ~ (|204]/3)(fz/Axp)?. Analogous expressions hold for the
other neutral mesons.

The experimental results for CP conserving and CP violating observaddésd to neutral meson
mixing (mass splittings and CP asymmetries in tree level decays, respectieegjiyan in Table 1.

The measurements quoted in Table 1 lead, for a given value,jq)hndz{j = Zm(z;), to lower
bounds on the scaleyp. In Table 2 we give the bounds that corresponfttg = 1 and to,z{j =1.The

bounds scale likg/z;; and, /z{j, respectively.

We conclude that if the new physics has a generic flavor structure, thatisO(1), then its scale
must be abov&0? — 10* TeV. If the leading contributions involve electroweak loops, the lower Hour
is somewhat lower, of ordeli0? — 10® TeV. The bounds from the corresponding four-fermi terms wit|
LR structure, instead of the LL structure of Eq. (45), are even stroffigedeedAxp > TeV, it means
that we have misinterpreted the hints from the fine-tuning problem and thentitter puzzle.

There is, however, another way to look at these constraints:

zea < 8% 1077 (Anp/TeV)?,

~
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Zew < B X 1077 (Axp/TeV)?,
Zd S 0 X 1076 (ANP/TGV)Q,
2 < 2x 1071 (Anp/TeV)?, (47)
2l < 6x 1077 (Anp/TeV)?,
zh, < 1x 1077 (Axp/TeV)?,
;< 1x107% (Anp/TeV)?,
A4, < 2x107° (Anp/TeV)2. (48)

It could be that the scale of new physics is of order TeV, but its flavactstre is far from generic.
Specifically, if new particles at the TeV scale couple to the SM fermions, tleea #re two ways in which
their contributions to FCNC processes, such as neutral meson mixingecsuppressed: degeneracy
and alignment. Either of these principles, or a combination of both, signifiegaperic structure.

One can use the language of effective operators also for the SM,atitegout all particles sig-
nificantly heavier than the neutral mesons (that is, the top, the Higgs ancktiegauge bosons). Thus,
the scale is\gy1 ~ myy. Since the leading contributions to neutral meson mixings come from box d
grams, they;; coefficients are suppressed by. To identify the relevant flavor suppression factor, on
can employ the spurion formalism. For example, the flavor transition that isarelevB° — B° mixing
involvesdy,b;, which transforms ags, 1, 1)SU(3)3. The leading contribution must then be proportional tc

(YY) 3 o yfvtbvtg. Indeed, an explicit calculation, using VIA for the matrix element and néglgc
QCD corrections, gives (a detailed derivation can be found in AppeBidix[17])

2M{; as fi 2
~ — * 4
wherez; = m?/m}, and
x 11z 2?> 32%Inx
S T
So(@) = 75 PR ETC g (°0)

Similar spurion analyses, or explicit calculations, allow us to extract the wedklavor suppression
factors that apply in the SM:

Im(EM) ~ a2y ViaVis|? ~ 1 x 10710,
M~ QB2 VeaVes|? ~ 5 x 1079,
Im(zM) ~ a3y ViV ~ 2 x 10714,

2t~ by ViaVi|? ~ 7T x 1078,
zliM ~ a%yﬂV}thb\Q ~2x 1075, (51)

Note that we did not include’M in the list. The reason is tha it requires a more detailed conside
ation. The naively leading short distance contributioncia?3 (2 /y2)|VesVus|> ~ 5 x 10713, However,
higher dimension terms can replacgZfactor with (A/mp)? [18]. Moreover, long distance contribu-
tions are expected to dominate. In particular, peculiar phase spacts ¢1f8c20] have been identified
which are expected to enhanden  to within an order of magnitude of the its measured value. The C
violating part, on the other hand, is dominated by short distance physics.

It is clear then that contributions from new physicsAatp ~ 1 TeV should be suppressed by
factors that are comparable or smaller than the SM ones. Why does tipattraphis is the new physics
flavor puzzle.
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Table 3: The phenomenological upper bounds @, ):; and (5};) = /(67 1)i;(0%r)i;- Hereq = u,d and
M = L, R. The constraints are given fat; = 1 TeV andz = m?2/m? = 1. We assume that the phases coulc
suppress the imaginary part by a factorof).3. Taken from Ref. [22].

ij | (0fp)i (0F)

12 0.03 0.002
13 0.2 0.07
23 0.2 0.07
12 0.1 0.008

C 0O 0 o

The fact that the flavor structure of new physics at the TeV scale mustfygeneric means that
flavor measurements are a good probe of the new physics. Perhapssthstudlied example is that of
supersymmetry. Here, the spectrum of the superpartners and the r&troictheir couplings to the SM
fermions will allow us to probe the mechanism of dynamical supersymmetrikibgea

5.2 The supersymmetric flavor puzzle

We consider, as an example, the contributions from the box diagrams inyohérsquark doublets of the
second and third generatior@m,g, to the B, — B, mixing amplitude. The contributions are proportional
to K§ K§;K§ K¢, whereK is the mixing matrix of the gluino couplings to a left-handed down quar
and their supersymmetric squark partnexs(5¢; )23]2 in the mass insertion approximation, describe
in Appendix C.1). We work in the mass basis for both quarks and squAritetailed derivation [21] is
given in Appendix C.2. It gives:

oa?mp, f3 Be.nqcep .. . - (Amn?2)?
Mjy = = 10§m2~ [11fe(x) + 4xf6($)]T§(K§l2K§i2)2- (52)
d

Herem; is the average mass of the two squark generatiﬁrmsé~ is the mass-squared difference, anc
x = ms/mfz.

Eq. (52) can be translated into our generic language:
Axp = myg, (53)

~ ~ 2
s 11 fe(x) + 4z fo(x Arm? « _
S U2 )a2< 1) (g K) ~ 107 (0,

18 S\ m?2

d

where, for the last approximation, we took the example ef 1 [and used, correspondingly] fg(1) +
4f¢(1) = 1/6], and defined

Am2
st = () (s ). )
m;

Similar expressions can be derived for the dependené&’of K on (6%, )12, B — B on (84, )13,
and D° — D9 on (8%,5)12- Then we can use the constraints of Eqs. (47,48) to put upper bounds
(6,5)ij- Some examples are given in Table 3 (see Ref. [22] for details and lisfetnces).

We learn that, in most cases, we nei%cj/mq < 1/TeV. One can immediately identify three
generic ways in which supersymmetric contributions to neutral meson mixingecanppressed:

1. Heavinessing > 1TeV,
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2. DegeneracyAm? < m3;
3. Alignment: K, < 1.

When heaviness is the only suppression mechanism, as in split supersyn8¢the squarks are
very heavy and supersymmetry no longer solves the fine tuning problemer(\ffie first two squark
generations are mildly heavy and the third generation is light, as in effectpersymmetry [24], the
fine tuning problem is still solved, but additional suppression mechanisensesded.) If we want to
maintain supersymmetry as a solution to the fine tuning problem, either degeoeralignment or a
combination of the two is needed. This means that the flavor structure akyupaetry is not generic,
as argued in the previous section.

Take, for example(5j‘-fL)12 < 0.03. Naively, one might expect the alignment to be of orde
(V.aV%) ~ 0.2, which is far from sufficient by itself. Barring a very precise alignmeht| < |V,s|)
[25, 26] and accidental cancelations, we are led to conclude that thieviirsquark generations must be
quasi-degenerate. Actually, by combining the constraints fidtn- K9 mixing andD® — DO mixing,
one can show that this is the case independently of assumptions about tineeaitd27—-29]. Analogous
conclusions can be drawn for many TeV-scale new physics scenarisisong level of degeneracy is
required (for definitions and detailed analysis, see [30]).

Exercise 9: DoesK:,‘f1 ~ | V| suffice to satisfy the\m g constraint with neither degeneracy nor
heaviness? (Use the two generation approximation and ignore the sgeoedation.)

Is there a natural way to make the squarks degenerate? Degenepaiogs¢hat thad x 3 matrix of
soft supersymmetry breaking mass-squared teﬁ@ ~ mfjl. We have mentioned already that flavor
universality is a generic feature of gauge interactions. Thus, the ezgeirt of degeneracy is perhaps ¢
hint that supersymmetry breakinggauge mediatetb the MSSM fields.

5.3 Minimal flavor violation (MFV)

If supersymmetry breaking is gauge mediated, the squark mass matricéé/{ay;- doublet and
SU(2)-singlet squarks have the following form at the scale of mediatigp:

N, (ma) = (m3, + Do ) 1+ MM,
]\Z/%L(mM) = (m%L + DDL> 1 +MdMT7
N (mar) = (m + Duy ) 1+ MMy,
N3 (ma) = (m3 + Dpg) 1+ MMy, (55)

whereD,, = (T3)q, — (QrM)q,55m% cos 23 are theD-term contributions. Here, the only source of
the SU(3); breaking are the SM Yukawa matrices.

This statement holds also when the renormalization group evolution is applied titné form of
these matrices at the weak scale. Taking the scale of the soft breaking#tgrns be somewhat higher
than the electroweak breaking scalg; allows us to neglect th®,, and M, terms in (55). Then we
obtain

MéL (myg) ~ méL <1”31 + CuYuYJ + CdeYdT> ,
MgR(mZ) ~ m%}_{ (7“31 + CuRYJYu> ,
M%R(mz) ~ m%R (7”31 + CdRYdTYd) . (56)

Herers represents the universal RGE contribution that is proportional to thegginass (3 = O(6) x
(M3(mar)/mg(mar))) and thec-coefficients depend logarithmically on,; /mz and can be o®(1)
whenm, is not far below the GUT scale.
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Models of gauge mediated supersymmetry breaking (GMSB) provide aetenexample of a
large class of models that obey a simple principle caitédimal flavor violation(MFV) [31]. This
principle guarantees that low energy flavor changing processestel@rily very little from the SM
predictions. The basic idea can be described as follows. The gauggctitas of the SM are universal
in flavor space. The only breaking of this flavor universality comes fitwgrthree Yukawa matrice¥ ",
Y4 andY®. If this remains true in the presence of the new physics, naiig)yy ¢ andY ¢ are the only
flavor non-universal parameters, then the model belongs to the MF¥. clas

Let us now formulate this principle in a more formal way, using the languagpuwifions that
we presented in section 3.2. The Standard Model with vanishing Yukaugliogs has a large global
symmetry (11,12). In this section we concentrate only on the quarks. Thdbelian part of the flavor
symmetry for the quarks iSU(3)2 of Eg. (12) with the three generations of quark fields transformin
as follows:

Qr(3,1,1), Ur(1,3,1), Dgr(1,1,3). (57)
The Yukawa interactions,
Ly = QrYDprH + QY "UrH,, (58)
(H. = imoH™) break this symmetry. The Yukawa couplings can thus be thought of amspuwvith the
following transformation properties undSU(?))g [see Eq. (15)]:

Y~ (3,3,1), Y%~ (3,1,3). (59)
When we say “spurions”, we mean that we pretend that the Yukawa madriedields which transform
under the flavor symmetry, and then require that all the Lagrangian teonstracted from the SM

fields,Y andY*, must be (formally) invariant under the flavor groﬂb’(?))g. Of course, in realityLy
breaksSU (3)2 precisely becausg?* arenotfields and do not transform under the symmetry.

The idea of minimal flavor violation is relevant to extensions of the SM, andbeapplied in two
ways:

1. If we consider the SM as a low energy effective theory, then all highmension operators, con-
structed from SM-fields antf -spurions, are formally invariant undél;opai.

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

Exercise 10: Use the spurion formalism to argue that, in MFV models, i — 7'v decay
amplitude is proportional ta? Vi, V;:.

Exercise 11:Find the flavor suppression factors in thg* coefficients, if MFV is imposed, and
compare to the bounds in Eq. (47).

Examples of MFV models include models of supersymmetry with gauge-mediatidgthanomaly-
mediation of its breaking.

531 Testing MFV attheLHC

If the LHC discovers new particles that couple to the SM fermions, then it wilille to test solutions
to the new physics flavor puzzle such as MFV [32]. Much of its power tostesh frameworks is based
on identifying top and bottom quarks.

To understand this statement, we notice that the spufiGhandY¢ can always be written in
terms of the two diagonal Yukawa matricks and \; and the CKM matrixV/, see Egs. (17,18). Thus,
the only source of quark flavor changing transitions in MFV models is the @iattix. Next, note that
to an accuracy that is better thé}{0.05), we can write the CKM matrix as follows:

1 023 0
v=|(-023 1 o]. (60)
0 0 1
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Exercise 12:The approximation (60) should be intuitively obvious to top-physicists,dfirtitely
counter-intuitive to bottom-physicists. (Some of them have dedicated agdargef their careers to
experimental or theoretical efforts to determivig andV,,;,.) What does the approximation imply for the
bottom quark? When we take into account that it is only goo@ ¢.05), what would the implications
be?

We learn that the third generation of quarks is decoupled, to a goodxaption, from the first
two. This, in turn, means that any new patrticle that couples to an odd nurritber®W quarks (think, for
example, of heavy quarks in vector-like representatiorigsaf), decay into either third generation quark,
or to non-third generation quark, but not to both. For example, in R}, lFV models with additional
charge—1/3, SU(2).-singlet quarks -B’ — were considered. A concrete test of MFV was propose
based on the fact that the largest mixing effect involving the third genaritiof order|V,,|? ~ 0.002:

Is the following prediction, concerning eventsBf pair production, fulfilled:

I'(B'B’ X
BB = Xqi005) <1073, (61)
['(B'B" = Xqi2q12) + I'(B'B" — Xq3q3)

If not, then MFV is excluded. One could similarly test various versions of mihigpaon flavor violation
(MLFV) [33-38].

Analogous tests can be carried out in the supersymmetric frameworkgB9Hdre, there is also
a generic prediction that, in each of the three seciQis Ur, Dr), squarks of the first two generations
are quasi-degenerate, and do not decay into third generation g&apkarks of the third generation can
be separated in mass (though, for smatl 3, the degeneracy in thB sector is threefold), and decay
only to third generation quarks.

We conclude that measurements at the LHC related to new particles that tothi@e&SM fermions
are likely to teach us much more about flavor physics.

6 The Standard Model flavor puzzle

The SM has thirteen flavor parameters: six quark Yukawa couplingsClidivl parameters (three angles
and a phase), and three charged lepton Yukawa couplings. (Onaed@armions masses instead of the
fermion Yukawa couplingsy; = \/§mf/v.) The orders of magnitudes of these thirteen dimensionle
parameters are as follows:

Y; ~ 1, YV.~10"2, Y, ~107?,

Y, ~ 1072, Y,~1073, Y;~ 1074

Y, ~ 1072 Y, ~1073 Y.~ 1075,

Vis| ~ 0.2, |Vip| ~0.04, |Vip| ~0.004, dxar ~ 1. (62)

Only two of these parameters are clearly@(l ), the top-Yukawa and the KM phase. The other flavo
parameters exhibit smallness and hierarchy. Their values span sis afdmagnitude. It may be that

this set of numerical values are just accidental. More likely, the smallnesshanhierarchy have a

reason. The question of why there is smallness and hierarchy in the St flakameters constitutes
“The Standard Model flavor puzzle."

The motivation to think that there is indeed a structure in the flavor parametgrsngthened by
considering the values of the four SM parameters that are not flavamgders, namely the three gauge
couplings and the Higgs self-coupling:

gs~1, g~06, e~03, An~0.2. (63)

This set of values does seem to be a random distribution of order-anbang, as one would naively
expect.
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A few examples of mechanisms that were proposed to explain the obsénvetdie of the flavor
parameters are the following:

— An approximate Abelian symmetry (“The Froggatt-Nielsen mechanism" [46]);
— An approximate non-Abelian symmetry (sg.[47]);

— Conformal dynamics (“The Nelson-Strassler mechanism" [48]);

— Location in an extra dimension [49].

We will take as an example the Froggatt-Nielsen mechanism.

6.1 The Froggatt-Nielsen mechanism

Small numbers and hierarchies are often explained by approximate symmetniesxample, the small
mass splitting between the charged and neural pions finds an explanatian apglroximate isospin
(global SU (2)) symmetry of the strong interactions.

Approximate symmetries lead to selection rules which account for the sizeviatides from the
symmetry limit. Spurion analysis is particularly convenient to derive suchtsatetiles. The Froggatt-
Nielsen mechanism postulate$/al) ;; symmetry, that is broken by a small spurign. Without loss of
generality, we assigey; aU (1) charge ofH (e;7) = —1. Each SMfield is assigned&(1) ;7 charge. In
general, different fermion generations are assigned differenyebanence the term ‘horizontal symme-
try.” The rule is that each term in the Lagrangian, made of SM fields andotiméos should be formally
invariant undeU (1) .

The approximaté/ (1) symmetry thus leads to the following selection rules:

vy = JH@HHUHHG
i = JH@IHHD) G|
}/i? — Eg(Li)+H(Ej)*H(¢d)|. (64)

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

H(Q:) = H(Uj)=H(E;)=(21,0),

(Li) = H(D;)=(0,0,0),

H(¢u) = H(da)=0. (65)

et 3 & e e €
Yin e @ e, Yin@)T~le € €]. (66)
e e 1 11 1

We emphasize that for each entry we give the parametric suppressiois (the power ok), but each
entry has an unknown (complex) coefficient of order one, and threre@relations between the order
one coefficients of different entries.

The structure of the Yukawa matrices dictates the parametric suppresstmnatiysical observ-
ables:
1, Yo~e?, Y, ~é,
YV, ~ 1, Yi~e Yo~ e,
1, Y, ~e¢, YeNeQ,
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‘Vus‘ ~ € "/cb"\“fy ’Vub”\'627 5KMN1~ (67)

Fore ~ 0.05, the parametric suppressions are roughly consistent with the obsaevacthy. In partic-
ular, this set of charges predicts that the down and charged lepton reeshies are similar, while the
up hierarchy is the square of the down hierarchy. These featuresiayiely realized in Nature.

Exercise 13: Derive the parametric suppression and approximate numerical valtiég*pits
eigenvalues, and the three anglesd@f, for H(Q;) = 4,2,0, H(U;) = 3,2,0 andey = 0.2

Could we explain any set of observed values with such an approximate sgyfiniewe could,
then the FN mechanism cannot be really tested. The answer howeveaiyaeg§onsider, for example,
the quark sector. Naively, we have U11) ; charges that we are free to choose. However{tfBy x
U(1)p x U(1)pq symmetry implies that there are only 8 independent choices that affect tictusér of
the Yukawa couplings. On the other hand, there are 9 physical paramEters, there should be a single
relation between the physical parameters that is independent of the oficlt@ges. Assuming that the
sum of charges in the exponents of Eq. (64) is of the same sign for atirhBinations, the relation is

’Vub‘ ~ ’Vus‘/cb’7 (68)
which is fulfilled to within a factor of 2. There are also interesting inequalitiesgh< j):
Vii| 2 m(Usi)/m(Uj), m(Ds)/m(D;). (69)

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

6.2 The flavor of neutrinos

Five neutrino flavor parameters have been measured in recent geaesd.[50]): two mass-squared
differences,

Am3, = (7.54£0.2) x 1075 eV2, |Am3,| = (2.5 £0.1) x 1073 eV?, (70)
and the three mixing angles,
[Uea| = 0.55 £0.01, |U,3| = 0.64+0.02, |Ues|=0.15+0.01. (72)

These parameters constitute a significant addition to the thirteen SM flaxanetars and provide, in
principle, tests of various ideas to explain the SM flavor puzzle.

The numerical values of the parameters show various surprising feature

= [Ups| > any |Vij];

— |Uea| > any |Vil;

— |Ues| is not particularly small|Ues| & |UeaUps));

— ma/m3 2,1/6 > any m;/m; for charged fermions.

These features can be summarized by the statement that, in contrast torgeddeamions, neither
smallness nor hierarchy have been observed so far in the neutrinanetaameters.

One way of interpretation of the neutrino data comes under the name of wentsiss anarchy
[51-53]. It postulates that the neutrino mass matrix has no structure, nathefhtries are of the same
order of magnitude. Normalized to an effective neutrino mass sclésccsaw, the various entries are
random numbers of order one. Note that anarchy means neither higrascdegeneracy.
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If true, the contrast between neutrino mass anarchy and quark argedHapton mass hierarchy
may be a deep hint for a difference between the flavor physics of M&aaad Dirac fermions. The
source of both anarchy and hierarchy might, however, be explainedroyich more mundane mech-
anism. In particular, neutrino mass anarchy could be a result of a FN mienohawhere the three
left-handed lepton doublets carry the same FN charge. In that case\ tine&hanism predict paramet-
ric suppression of neither neutrino mass ratios nor leptonic mixing anglésh vglguite consistent with
(70) and (71). Indeed, the viable FN model presented in Section 6.1dgselorthis class.

Another possible interpretation of the neutrino data is to takgms ~ |Ues| ~ 0.15 to be small,
and require that they are parametrically suppressed (while the other twognaimgies are order one).
Such a situation is impossible to accommodate in a large class of FN models [54].

The same data, and in particular the proximity|Bf,| to 1/v/3 ~ 0.58 and the proximity of
U] to 1/v/2 ~ 0.71 led to a very different interpretation. This interpretation, termed ‘tribimaxims
mixing’ (TBM), postulates that the leptonic mixing matrix is parametrically close todh@fing special
form [55]:

2 1 9
Ve B

\U|tBM = ¢ ? ? . (72)
V6 V3 V2

Such a form is suggestive of discrete non-Abelian symmetries, and indeeerous models based on an
A, symmetry have been proposed [56,57]. A significant feature of of T8tkat the third mixing angle
should be close t{d/.3| = 0. Until recently, there have been only upper bound§gs|, consistent with
the models in the literature. In the last year, however, a valy€gf close to the previous upper bound
has been established [58], see Eq. (71). Such a large value (andnbeqoent significant deviation
of |Uy,s| from maximal bimixing) puts in serious doubt the TBM idea. Indeed, it is diffiou this
framework, if not impossible, to account favm2,/Am2, ~ |Ue3|? without fine-tuning [59].

7 Higgs physics: the new flavor arena

A Higgs-like bosonh has been discovered by the ATLAS and CMS experiments at the LHC 160, 6
The fact that for thef = v and f = ZZ* final states, the experiments measure
o(pp — h)BR(h — f)

B = (top > BBR( = FIF (73)

of order one (see.q.[62]),

Ryzz+ = 1.14£0.2, (74)
R,, = 11%0.2, (75)

is suggestive that thé-production via gluon-gluon fusion proceeds at a rate similar to the Stnd:
Model (SM) prediction, giving a strong indication tHgt thehtt Yukawa coupling, is of order one. This
first determination ot} signifies a new arena for the explorationflafvor physics

In the future, measurementsBf; and R+, will allow us to extract additional flavor parameters:
Y;, the hbb Yukawa coupling, and’,, the b7+ 7~ Yukawa coupling. For the latter, the current allowec
range is already quite restrictive:
Ro+.— =1.0+0.4. (76)

It may well be that the values df, and/orY, will deviate from their SM values. The most likely
explanation of such deviations will be that there are more than one Higtiateand that the doublet(s)
that couple to the down and charged lepton sectors are not the same a ttiatocouples to the up
sector.
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A more significant test of our understanding of flavor physics, which tpghvide a window into
new flavor physics, will come further in the future, whér). ,- is measured. (At present, there is ar
upper boundRz,,+,- < 9.8.) The ratio

x . —BR(h—puum)
prnm = BR(h — 7t77)’

(77)

is predicted within the SM with impressive theoretical cleanliness. To leadider,oit is given by
X,+,~ = m2,/m2, and the corrections of ordery, and of ordermn?,/m? to this leading result are
known. Itis an interesting question to understand what can be leawradiftest of this relation [63,64].

It is also possible to search for the SM-forbidden decay mddes, u*7F [65-68]. A measure-

ment of, or an upper bound on

BR(h — yt77) + BR(h — p=7%)
BR(h — 7t77) ’

X,ur (78)

would provide additional information relevant to flavor physics. Thuspadber question is to understand
the implications for flavor physics of measurementgiof .-, X+, and X, [63].
Let us take as an example how we can use the set of these three meassiiEthere is a single

light Higgs boson. A violation of the SM reIatioY;?M = @5@ is a consequence of nonrenormaliz-
able terms. The leading ones are the 6 terms. In the interaction basis, we have

LY = —Njfifhe +he., (79)
_ oo
£y = —13/ilho(8'6) + b,
where expanding around the vacuum we have (v + h)/+/2. DefiningVy, g via

2
Vom =V ()\ + ;MX> Viv, (80)

wherem = diag(m., m,,, m,), and defining\ via
A=V NV, (81)

we obtain

\/§mz~ 1)2

Yij = =i + i (82)

To proceed, one has to make assumptions about the structdrdofvhat follows, we consider
first the assumption of minimal flavor violation (MFV) and then a Froggatt-Nme{B&l) symmetry.

7.1 MRV

MFV requires that the leptonic part of the Lagrangian is invariant undef{a(3);, x SU(3)g global
symmetry, with the left-handed lepton doublets transformin{Bas), the right-handed charged lepton
singlets transforming aél, 3) and the charged lepton Yukawa matiixis a spurion transforming as
(3,3).

Specifically, MFV means that, in Eq. (79),

N = aX + AN+ O(N), (83)
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wherea andb are numbers. Note that,f;, andVy are the diagonalizing matrices fr&rVL)\V]f2 = )\diag

then they are also the diagonalizing matricesXaf \, Vi AAAV,! = (A\4#€)3. Then, Eqgs. (80), (81)
and (82) become

V2m av?\ g b?
— 1 =) )\diag Adlag 3
v < + 2A2> o
) : o 2 2v/2bm?
A= axteE 4 p(atee)t = a‘fvm + \Cgm :
V2m; av? Qbmf
Yi; = T&;j [1 + Az + A2 ] , (84)

where, in the expressions farandY’, we included only the leading universal and leading non-univers
corrections to the SM relations.

We learn the following points about the Higgs-related lepton flavor paramatehis class of
models:

1. h has no flavor off-diagonal couplings:

Yr, Yoy =0. (85)
2. The values of the diagonal couplings deviate from their SM valuesd@&Wiation is small, of order
v? /A%
2 9 -
v m (14 90 V2mr (86)
A2 v

3. The ratio between the Yukawa couplings to different charged lepteorflaeviates from its SM
value. The deviation is, however, very small, of ordel/A?:

Y,  my 2b(m?2 — mi)

The predictions of the SM with MFV non-renormalizable terms are then the fiolgpw

U(pp — h)SM Ftot 2 2
R = 1+42w?/A
( o(pp = ) I’?g”g . + 2av* /A7,
Xptm = (my/m-)*(1—4bm2/A?),
X, = 0. (88)

Thus, MFV will be excluded if experiments observe the» ;7 decay. On the other hand, MFV allows
for a universal deviation of(v?/A?) of the flavor-diagonal dilepton rates, and a smaller non-univers
deviation ofO(m2/A?).

7.2 FN

An attractive explanation of the smallness and hierarchy in the Yukawdiogsps provided by the
Froggatt-Nielsen (FN) mechanism [46]. In this framework/@ )y symmetry, under which different
generations carry different charges, is broken by a small parameté¥ithout loss of generalityz is
taken to be a spurion of chargel. Then, various entries in the Yukawa mass matrices are suppres
by different powers o€y, leading to smallness and hierarchy.

Specifically for the leptonic Yukawa matrix, takirtgto be neutral undet/ (1), H(h) = 0, we
have

\ij eg(Ej)fH(Li). (89)

144



FLAVOUR PHYSICS AND CP VIOLATION

We emphasize that the FN mechanism dictates only the parametric suppreBsicim.entry has an
arbitrary order one coefficient. The resulting parametric suppress$itre onasses and leptonic mixing
angles is given by [69]

H(E;)-H(L;) H(Lj)—H(L;) .

mgi/UNéH s ’Uij’NEH (90)

Since H(¢'¢) = 0, the entries of the matrix’ have the same parametric suppression as tl
corresponding entries ik [26], though the order one coefficients are different:

)‘;j = 0(1) X )\ij- (91)
This structure allows us to estimate the entrieé@ﬁn terms of physical observables:

Az~ m./v,

Aag  ~ mu/v,

Aag ~  |Uss|(m-/v),

Asg ~ (mp/v)/|Uss. (92)

We learn the following points about the Higgs-related lepton flavor paramatehis class of
models:

1. h has flavor off-diagonal couplings:

|Uaz|vm,
Y;m’ = O<A2 ’

vm
Y, = —r_. 93
g © (!U23!A2> 53)
2. The values of the diagonal couplings deviate from their SM values:
2
v~ Y2mr [0 (2] (94)
v A2

3. The ratio between the Yukawa couplings to different charged lepteorfl@eviates from its SM

value: )
Yu _my, v
Lomlio(%)]. o

The predictions of the SM with FN-suppressed non-renormalizable teerikem the following:

(U(pp — h)SM Ftot) R
o(pp — h) Ftsé\g T

1+ Ow?/A?),
X/ﬁlf = (mu/mT)Q(l + O(Uz/A2))7
XT,IL = 0(04//\4)' (96)
Thus, FN will be excluded if experiments observe deviations from the Skhefsame size in both
flavor-diagonal and flavor-changirigdecays. On the other hand, FN allows non-universal deviations

O(v?/A?) in the flavor-diagonal dilepton rates, and a smaller deviatiofi@f* /A*) in the off-diagonal
rate.
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8 Conclusions

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

(i) Measurements of flavor changidgrmeson decays have established the the Cabibbo-Kobaye
Maskawa mechanism is a major player in flavor violation.

(iii) The consistency of all these measurements with the CKM predictions ahsirine new
physics flavor puzzle: If there is new physics at, or below, the TeV stteda its flavor structure must be
highly non-generic.

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

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

(vi) If the flavor structure of such new patrticles is affected by the sargsighthat sets the flavor
structure of the Yukawa couplings, then the LHC experiments (and futwerffactories) may be able
to shed light also on the standard model flavor puzzle.

(vii) The recently discovered Higgs-like boson provides an opportunitya&e progress in our
understanding of the flavor puzzle(s).

The huge progress in flavor physics in recent years has providedeas to many questions. At
the same time, new questions arise. The LHC era is likely to provide more anaag@more guestions.

Appendices
A The CKM matrix

The CKM matrixV is a3 x 3 unitary matrix. Its form, however, is not unique:

(i) There is freedom in defininy in that we can permute between the various generations. Tl
freedom is fixed by ordering the up quarks and the down quarks byrressesi.e. (u1,uz, us) —
(u,c,t) and(dy, d2,ds) — (d, s,b). The elements of are written as follows:

Vud Vus Vub
V=|(Va Ves V|- (A.1)
Via Vis Vw

(7i) There is further freedom in the phase structur&ofThis means that the number of physical
parameters iV’ is smaller than the number of parameters in a general uritary matrix which is nine
(three real angles and six phases). Let us definé; = u, d) to be diagonal unitary (phase) matrices.
Then, if instead of usind,;, andV,x for the rotation (21) to the mass basis we g andV,z, defined
by V,;, = P,V andV,z = P,V,r, we still maintain a legitimate mass basis sidtf{éﬁag remains
unchanged by such transformations. HoweVedoes change:

V — P,V P (A.2)

This freedom is fixed by demanding thidthas the minimal number of phases. In the three generati
caseV has a single phase. (There are five phase differences betweenntensdefP, and P; and,
therefore, five of the six phases in the CKM matrix can be removed.) This ikdhayashi-Maskawa
phasejiyr which is the single source of CP violation in the quark sector of the Standad®ML].
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VidVib
a=o —

Vu quB B = q) 1

Fig. A.1: Graphical representation of the unitarity constraipiV,; + V.aV}j, + ViaVy;, = 0 as a triangle in the
complex plane.

The fact thatl” is unitary and depends on only four independent physical parametetseomade
manifest by choosing a specific parametrization. The standard choid® is [7

i

C12€13 $12€C13 s13€e
_ i i
V = | —s12c23 — c12523513€"  c12C23 — S12523513€" s23¢13 |, (A.3)
6 i
512823 — €12¢23513€"0  —C12523 — $12€23513€"  €23C13

wherec;; = cosf;; ands;; = sinf;;. The#;;’s are the three real mixing parameters whilés the
Kobayashi-Maskawa phase. It is known experimentally that« so3 < s12 < 1. Itis convenient to
choose an approximate expression where this hierarchy is manifest. Ted/iolfenstein parametriza-
tion, where the four mixing parameters dre A, p,n) with A = |V,,5| = 0.23 playing the role of an
expansion parameter andepresenting the CP violating phase [71, 72]:

1— %)\2 — %)\4 A A)\3(p —1in)
V= |[-A+3A2N5[1-2(p+in)] 1—3ir— IX(1+442) AN? . (A4
AN1— (1= 3IXY)(p+in)] —AN 4+ FAM[L —2(p+in)] 1-—5A2\

A very useful concept is that of thaitarity triangles The unitarity of the CKM matrix leads to
various relations among the matrix elemesetsg,.

VuaVis + VeadVes + ViaVis = 0, (A.5)
Vs Vi + Ves Vi + VisVip = 0, (A.6)
VudVap + VeV + ViaViy = 0. (A7)

Each of these three relations requires the sum of three complex quantiti@si$t and so can be geo-
metrically represented in the complex plane as a triangle. These are “thétymitangles”, though the
term “unitarity triangle" is usually reserved for the relation (A.7) only. Tidarity triangle related to
Eq. (A.7) is depicted in Fig. A.1.

The rescaled unitarity triangle is derived from (A.7) by (a) choosingaseltonvention such that
(VeaVy;) is real, and (b) dividing the lengths of all sides|by,;V; |. Step (a) aligns one side of the triangle
with the real axis, and step (b) makes the length of this side 1. The form ¢fidingle is unchanged.
Two vertices of the rescaled unitarity triangle are thus fixed at (0,0) a@. (The coordinates of the
remaining vertex correspond to the Wolfenstein parameierg). The area of the rescaled unitarity
triangle is|n|/2.

Depicting the rescaled unitarity triangle in tfie ) plane, the lengths of the two complex sides

= VP4, Ri=

are
Vuqub

VeaVen

ViaVi
VeaVen

R, = =V -p?+n (A.8)
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The three angles of the unitarity triangle are defined as follows [73, 74]:

Ltdil;l'; Ve 7) - ud *b
c u X .
o = arg [— VeaVr | B =arg |— ViV | v = arg VeaV (A.9)

They are physical quantities and can be independently measured by@measies inB decays. Itis
also useful to define the two small angles of the unitarity triangles (A.6,A.5):

VisVip
VesViy

Bs = arg [— } , Bi = arg [— VCSVCZ} . (A.10)

VsV

B CPVin B decays to final CP eigenstates

We define decay amplitudes @&f (which could be charged or neutral) and its CP conjudatm a
multi-particle final statef and its CP conjugaté¢ as

Ap=(fIHIB) . A;=(fIHIB) , Ap=(fH|B) , Ay=(fH|B), (B.)

where?{ is the Hamiltonian governing weak interactions. The action of CP on these sttefices
phasegp and{; according to

CP|B) = e"™7[B) , CP|f)=e"|f),
CP|B) = e ™7|B) , CP[f)=e"|f), (B.2)

so that(C'P )? = 1. The phase§p and¢; are arbitrary and unphysical because of the flavor symmet
of the strong interaction. If CP is conserved by the dynani©s; ,#] = 0, then Ay andZ? have the
same magnitude and an arbitrary unphysical relative phase

Ay =& o) Ay (B.3)

A state that is initially a superposition &° and B, say
[4(0)) = a(0)| B%) + b(0)| BY) , (B.4)

will evolve in time acquiring components that describe all possible decay faaiss f1, fo, . . .}, that
is,

(1)) = a(t)| B®) + b(t)| BY) + c1(t)| f1) + ca(®)| fo) + -+ . (B.5)

If we are interested in computing only the values:¢f) andb(t) (and not the values of afi;(¢)), and

if the timest in which we are interested are much larger than the typical strong interacads then
we can use a much simplified formalism [75]. The simplified time evolution is deterntiped x 2
effective Hamiltoniari{ that is not Hermitian, since otherwise the mesons would only oscillate and |
decay. Any complex matrix, such @& can be written in terms of Hermitian matricks andI” as

H:M—%F. (B.6)

M andT are associated withB", BY) <+ (B, BY) transitions via off-shell (dispersive) and on-shell
(absorptive) intermediate states, respectively. Diagonal elements ahdI” are associated with the
flavor-conserving transitionB? — B? and B — B° while off-diagonal elements are associated witt
flavor-changing transition8° <+ BY.

The eigenvectors of{ have well defined masses and decay widths. We introduce complex
rameterg andgq to specify the components of the strong interaction eigenst&teand B, in the light
(Br) and heavy By) mass eigenstates:

|Bru) = p|B°) +q|B°) (B.7)
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with the normalizationp|?> + |¢|*> = 1. The special form of Eq. (B.7) is related to the fact that CP"
imposesMi; = My andI'y; = I'ys. Solving the eigenvalue problem gives

D Mo — (i/2)T'12
If either CP or T is a symmetry ¢, thenM;, andTl'y» are relatively real, leading to
2 .
<‘-’> — e o M ~1, (B.9)
p p

where¢g is the arbitrary unphysical phase introduced in Eqg. (B.2).

The real and imaginary parts of the eigenvalues{o€orresponding tdB;, ) represent their
masses and decay-widths, respectively. The mass differdncg and the width differencé\I'z are
defined as follows:

AmBEMH—ML, AFBEFH—FL. (BlO)

Note that here\m g is positive by definition, while the sign dfI' is to be experimentally determined.
The average mass and width are given by

M M r r
mp= HTML o _lHTL (B.11)
2 2
It is useful to define dimensionless ratiegndy:
AmB AFB
= = —. B.12
r, Y=o, (B.12)
Solving the eigenvalue equation gives
1
(AmB)2 — Z(AFB)Q = (4’M12’2 — ’F12|2), AmBAFB = 4R8(M12I“{2). (813)

All CP-violating observables if? and B decays to final statesand f can be expressed in terms
of phase-convention-independent combinationd pfA , Az andZ?, together with, for neutral-meson
decays onlyg/p. CP violation in charged-meson decays depends only on the combirﬁwmfy,
while CP violation in neutral-meson decays is complicateddy <> B° oscillations and depends,
additionally, onjg/p| and on\ s = (¢/p)(As/Ay).

For neutralD, B, andB; mesonsATI'/T" < 1 and so both mass eigenstates must be consider
in their evolution. We denote the state of an initially piB) or | B°) after an elapsed proper timies
|BOnys(t)) or [BY, (1)), respectively. Using the effective Hamiltonian approximation, we obtain

phys
Bs(8)) = g4(8)[B°) — g g-()|BY),
BYye(t)) = g4(t)[B°) g g-(1)B° . (B.14)
where ) ' ) ' )
g+(t) = 5 (e—’mHt—ifH’f + e—lmLt—aFLf) : (B.15)

One obtains the following time-dependent decay rates:

0
R T {1y /A ) o) + (1A = (/)2 costaT)
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+ 2Re((q/p)A}Ay) sinh(yI't) — 2Zm((q/p) A3 Ay) sin(xI't) , (B.16)

AT [BY d _ _
| ‘*jﬁ)Nj L (Itp/@)Af|? + [Af]?) cosh(yI't) — ((p/q)As|?> — [Af|?) cos(aT't)

+ 2R€((p/q)AfZ}) sinh(yI't) — 2Im((p/q)AfZ;) sin(zI't) , (B.17)

whereN; is a common normalization factor. Decay rates to the CP-conjugate finalfstageobtained
analogously, with\y = N and the substitutiond; — A7 andA; — Z7 in Egs. (B.16,B.17). Terms
proportional to| A¢|? or |A¢|? are associated with decays that occur without anyfet B oscilla-
tion, while terms proportional tt(q/p)A¢|* or |(p/q)A¢|* are associated with decays following a ne
oscillation. Thesinh(yI't) andsin(xI't) terms of Egs. (B.16,B.17) are associated with the interferen
between these two cases. Note that, in multi-body decays, amplitudes aierfaraf phase-space vari-
ables. Interference may be present in some regions but not othetis, strongly influenced by resonant
substructure.

One possible manifestation of CP-violating effects in meson decays [76] i®imtbrference
between a decay without mixindg® — f, and a decay with mixingB® — BY — f (such an effect
occurs only in decays to final states that are commaB%@nd B°, including all CP eigenstates). It is
defined by

Im(Af) #0, (B.18)
with o
_qAy

N =200 B.19

f P A (B.19)

This form of CP violation can be observed, for example, using the asymmietgutral meson decays
into final CP eigenstatep

_ dr/dt[Eghys(t) — fop ] — dU/dt[Bphys(t) — fep ]
dU/dt[BY () = fop ]+ dU/dt[BOphys(t) — fep]

Afcp (t) (B.20)

For AT' = 0 and|q/p| = 1 (which is a good approximation faB mesons),A;., has a particularly
simple form [77-79]:

Af(t) = Sysin(Amt) — Cycos(Amt),
2Zm(Xy) _ 1P

ISR A = B.21
Ve R wel (B.21)

Sy =

Consider theB — f decay amplituded s, and the CP conjugate proceds$,— f, with decay
amplitudeZ?. There are two types of phases that may appear in these decay ampliColeglex
parameters in any Lagrangian term that contributes to the amplitude will ajppeamplex conjugate
form in the CP-conjugate amplitude. Thus their phases appe&y Hnd27 with opposite signs. In the
Standard Model, these phases occur only in the couplings dithéosons and hence are often callec
“weak phases”. The weak phase of any single term is convention depenHowever, the difference
between the weak phases in two different termd jris convention independent. A second type of phas
can appear in scattering or decay amplitudes even when the Lagrangiah iBlreir origin is the possible
contribution from intermediate on-shell states in the decay process. Sasmghases are generated b
CP-invariant interactions, they are the sameﬂlj]nandzf. Usually the dominant rescattering is due tc
strong interactions and hence the designation “strong phases” for &se ghifts so induced. Again,
only the relative strong phases between different terms in the amplitudéysiegly meaningful.

The ‘weak’ and ‘strong’ phases discussed here appear in additioa fsphrious’ CP-transformatiol
phases of Eq. (B.3). Those spurious phases are due to an arblicacg of phase convention, and do
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not originate from any dynamics or induce any CP violation. For simplicity, &t¢heem to zero from
here on.

It is useful to write each contributios; to A, in three parts: its magnitude;|, its weak phase;,
and its strong phasg. If, for example, there are two such contributiods, = a; + a2, we have

Af _ |a1‘ei(61+¢1)+|a2‘ei(52+¢2)7
Az = e @70 fage®2), (B.22)

Similarly, for neutral meson decays, it is useful to write
Myy = [Myp|e'® | Typ = [Tyoler . (B.23)

Each of the phases appearing in Egs. (B.22,B.23) is convention deyiebdé combinations such as
81— 62, d1— 2, dar — dr andeas + 1 — ¢, (Whereg, is a weak phase contributing ) are physical.

In the approximations that only a single weak phase contributes to depay,]af|ei(5f+¢f), and
that|I"2/M2| = 0, we obtain|A\s| = 1 and the CP asymmetries in decays to a final CP eigengtate
[Eq. (B.20)] with eigenvalue; = £1 are given by

Afop (1) =Im(Af) sin(Amt) with Zm(Ay) = nysin(oup + 2¢y). (B.24)

Note that the phase so measured is purely a weak phase, and no hpdrameters are involved in the
extraction of its value frorm(\y).

C Supersymmetric flavor violation
C.1 Mass insertions

Supersymmetric models provide, in general, new sources of flavor violaiiehere present the for-
malism of mass insertions. We do that for the charged sleptons, but theligymg straightforwardly
adapted for squarks.

The supersymmetric lepton flavor violation is most commonly analyzed in the bastgdh the
charged lepton mass matrix and the gaugino vertices are diagonal. In tisistbaslepton masses are
not necessarily flavor-diagonal, and have the form

~ ~ -~ M2 A.qv O
* n[g ]V[NE L E* P < Lij ilVd > ~L] ’ Cc1
Mz( Vi )Zj Ny ( Li Rk) Ajk’vd M]%kl ERl ( )

where M, N = L, R label chirality, andi, j, k,{ = 1,2,3 are generational indices\/? and M3 are
the supersymmetry breaking slepton masses-squared. ATp@rameters enter in the trilinear scalal
couplings A;;¢alril};, Whereg, is the down-type Higgs boson, ang = (pq). We neglect small
flavor-conserving terms involvingan 8 = v, /vg.

In this basis, charged LFV takes place through one or more slepton massoins Each mass
insertion brings with it a factor of
SN = (MMM Jm?, (C.2)

wheremn? is the representative slepton mass scale. Physical processes theoefirain
(O™ et ~ max [0V 6} PSEN (i o )] (C.3)
For example,

(61L2R)eff ~ max [Alg’l)d/’l’hz, MglkAkgvd/ﬁfl, AlkvdMI%kz/m4, (e 2)] . (C.49)
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Note that contributions with two or more insertions may be less suppressethtszwith only one.

It is useful to express th@f}“’ mass insertions in terms of parameters in the mass basis. We
write, for example,

1 A~
S = =T KL KL A, (C.5)
«
Here, we ignord. — R mixing, SO thal‘K’iLCY is the mixing angle in the coupling of a neutralino’fQ — /1.,
(with ¢; = e, u, 7 denoting charged lepton mass eigenstateand ¢1, £, ¢35 denoting charged slepton
mass eigenstates), addn? = m% —m?. Using the unitarity of the mixing matrix %, we can write
Lo

miot = KL K (AmG, +m?) = (M2)[F, (C.6)

thus reproducing the definition (C.2).

In many cases, a two generation effective framework is useful. Torstaohel that, consider a case
where (no summation overj, k)

(KK < KGR,
(KK AmE o | < |KGK7 AmE - (C.7)

lr; Lr;lr:"

whereAm%Z = m% — m2 . Then, the contribution of the intermediatge can be neglected and,
ili Lj Li

furthermore, to a good approximatidty; K ;* + K/;K [ = 0. For these cases, we obtain

2
mZ2 -~
Lrilr;

oLl —
ij m2

L 7-Lx

C.2 Neutral meson mixing

We consider the squark-gluino box diagram contributiomtb— D’ mixing amplitude that is propor-
tional to K3, Ki;" K3, K17, where K is the mixing matrix of the gluino couplings to left-handed ug
quarks and their up squark partners. (In the language of the massansgproximation, we calculate
here the contribution that i [(6%;)12]%.) We work in the mass basis for both quarks and squarks.

The contribution is given by

472

M} =—i
12 Z27

a2mp fpBpnqep » (g K1y K3 K1) (135 + 4l Lij ). (C.9)
i,J

where

j / d4p p2
435 = = =
’ (2m)* (p? —m2)?(p? — m?)(p? — 13)

i M2 m;* ~§
+ — IV —— In— + — —— ——In—2|, (C.10)
(mg —m3)(m; —m2)? 2 (M} —mZ)(mZ —m2)? 2
I _ /d4p 1
W @)t - m2)2(p? — ) (p? — m?)
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2 72
J

m
n—|. (C11
(=)~ g G o — e g (O

We now follow the discussion in refs. [21, 80]. To see the conseqsearfdbe super-GIM mech-
anism, let us expand the expression for the box integral around someﬁdélfor the squark masses-
squared:

L2, mi,m3) = L(m2, 2+ 0mi,m2 + om?)
= L(mj,m2,md) + (0mg + 6m3)I5(m2, mg, mg, )
1 - - - - 29 -9 2 ~9 -
where .
d*p 1
L,(m2,m2,.. ., m2 z/ C.13
n(mg7mq) 7mq) (277_)4 (pg — mg)g(pg — mg)n_ga ( )

and similarly forIy;;. Note thatl,, oc (m2)"~% and, o« (m2)"~%. Thus, usings = m2/m2, it is
customary to define

7 ~ ) ~
In= 5 —gmma /(@) In= 55 /n(2) (C.14)
(4m)?(mg)"—2 (4m)?(mg)"—3
The unitarity of the mixing matrix implies that
Y (BSKE KK =Y (Ky KKK =0. (C.15)

? J

Consequently, the terms that are proportiofalfs, f5 and f5 vanish in their contribution td/;». When
om? < mg for all ¢, the leading contributions td/,, come fromfs and fs. We learn that for quasi-
degenerate squarks, the leading contribution is quadratic in the small mesed difference. The
functionsfs(z) and fg(z) are given by

6(1+3z)Inx + 23 — 922 — 92 + 17

f6<x) = 6(1 _$)5 ’
- N — 3 — 9p2
o) = 6z(1+z)1 z(lix)SQ:c +9:r:+1' (C.16)

For example, withe = 1, fs(1) = —1/20 and fo = +1/30; with z = 2.33, f5(2.33) = —0.015 and
fe = +0.013.

To further simplify things, let us consider a two generation case. Then
Miy o 2(K3K17)*(6m1)? + 2(K3, Ki5)?(0mm3) + (K3 K1t K3 K1y ) (5mi + 6i3)?
= (K Ki7)?(m3 — mi)*. (C.17)

We thus rewrite Eq. (C.9) for the case of quasi-degenerate squarks:

oampfiB N AM3)?
MB = Dm% Ng”QCD [11fs(2) + 4xf6(x)]%(K21K11 )2. (C.18)
mq mq

For example, for: = 1, 11 fg(x) + 4z f(z) = +0.17. Forz = 2.33, 11 f5(z) + 4z fs(2) = 40.003.
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