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Abstract

We explain the many reasons for the interest in flavor physile describe
flavor physics and the related CP violation within the Stadddodel, and

explain how the B-factories proved that the Kobayashi-Mask mechanism
dominates the CP violation that is observed in meson ded&fgsexplain the

implications of flavor physics for new physics, with empkasn the “new

physics flavor puzzle”, and present the idea of minimal flaxiolation as a

possible solution. We explain why the values flavor pararseifthe Standard
Model are puzzling, present the Froggatt-Nielsen mechaasa possible so-
lution, and describe how measurements of neutrino paramate interpreted
in the context of this puzzle. We show that the recently disoed Higgs-

like boson may provide new opportunities for making progres the various
flavor puzzles.

1 What is flavor?

The term flavors” is used, in the jargon of particle physics, to describe sdveopies of the same gauge
representation, namely several fields that are assigneshthe quantum charges. Within the Standard
Model, when thinking of its unbroke6U (3)c x U(1)gm gauge group, there are four different types of
particles, each coming in three flavors:

— Up-type quarks in the3) /3 representationu, c, t;

— Down-type quarks in the3)_, /3 representationd, s, b;
Charged leptons in th@)_; representatione, p, 7;
Neutrinos in the1), representationyy, v, v3.

The term flavor physics’ refers to interactions that distinguish between flavorsg. dgfinition,
gauge interactions, namely interactions that are relateshbroken symmetries and mediated therefore
by massless gauge bosons, do not distinguish among thesflamdr do not constitute part of flavor
physics. Within the Standard Model, flavor-physics referthe weak and Yukawa interactions.

The term flavor parameters’ refers to parameters that carry flavor indices. Within thanS
dard Model, these are the nine masses of the charged fermahthe four “mixing parameters” (three
angles and one phase) that describe the interactions ofitgex] weak-force carrierdi{*) with quark-
antiquark pairs. If one augments the Standard Model withokéaia mass terms for the neutrinos, one
should add to the list three neutrino masses and six mixingnpeters (three angles and three phases)
for the W interactions with lepton-antilepton pairs.

The term flavor universal” refers to interactions with couplings (or to parametersjttare pro-
portional to the unit matrix in flavor space. Thus, the strand electromagnetic interactions are flavor-
universal. An alternative term for “flavor-universal” ifidvor-blind ”.

The term flavor diagonal” refers to interactions with couplings (or to parametehsit are diago-
nal, but not necessarily universal, in the flavor space. Wite Standard Model, the Yukawa interactions
of the Higgs particle are flavor diagonal.

The term flavor changing’ refers to processes where the initial and final flavor-nursit{that
is, the number of particles of a certain flavor minus the nunatb@nti-particles of the same flavor) are
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different. In “flavor changing charged current” procesdesth up-type and down-type flavors, and/or
both charged lepton and neutrino flavors are involved. Exesrgre (i) muon decay via — ev;v;, and
(i) K= — p~v; (which corresponds, at the quark level,sto — p~ ;). Within the Standard Model,
these processes are mediated by liebosons and occur at tree level. Ifiavor changing neutral
current” (FCNC) processes, either up-type or down-type flavors lmithoth, and/or either charged
lepton or neutrino flavors but not both, are involved. Exasmgole (i) muon decay via — ey and (ii)
K1, — ptp~ (which corresponds, at the quark level stb— 7). Within the Standard Model, these
processes do not occur at tree level, and are often highjyresped.

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 betagedirectly observed in experiments.
Here are some examples from the past:
The smallness ({%ﬂ‘;f;)) led to predicting a fourth (the charm) quark;
The size ofAm g 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 teeadiery of neutrino masses.

— CP violation is closely related to flavor physics. Withie tBtandard Model, there is a single CP
violating parameter, the Kobayashi-Maskawa phagg [1]. Baryogenesis tells us, however, that
there must exist new sources of CP violation. Measuremdn@Poviolation in flavor changing
processes might provide evidence for such sources.

— The fine-tuning problem of the Higgs mass, and the puzzidefdark matter imply that there
exists new physics at, or below, the TeV scale. If such nevsigbyhad a generic flavor structure,
it would contribute to flavor changing neutral current (FONcesses orders of magnitude above
the observed rates. The question of why this does not happestittites thanew physics flavor
puzzle

— Most of the charged fermion flavor parameters are small @&warchical. The Standard Model
does not provide any explanation of these features. ThiwiStandard Model flavor puzzld@he
puzzle became even deeper after neutrino masses and mixergsmeasured because, so far,
neither smallness nor hierarchy in these parameters havedstablished.

3 Flavor in the Standard Model

A model of elementary particles and their interactions isngel by the following ingredients: (i) The
symmetries of the Lagrangian and the pattern of spontarmoasietry breaking; (ii) The representations
of fermions and scalars. The Standard Model (SM) is definddliasvs:
(i) The gauge symmetry is

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

It is spontaneously broken by the VEV of a single Higgs scalér, 2); » ((¢°) = v/v2):
GSM — SU(?))C X U(l)EM. (2)
(ii) There are three fermion generations, each consistifiy@representations afgy;:

QLZ'(372)+1/67 URi(?’a 1)+2/37 DRi(?’a 1)71/37 LLZ‘(1>2)71/27 ERi(lal)*l‘ (3)



3.1 The interaction basis

The Standard Model Lagrangiafigys, is the most general renormalizable Lagrangian that isistemg
with the gauge symmetrif](1), the particle contént (3) angptitéern of spontaneous symmetry breaking
(2). It can be divided to three parts:

Lsm = Lyinetic + LHiggs + Lyukawa- (4)

As concerns the kinetic terms, to maintain gauge invariaoce has to replace the derivative with
a covariant derivative:
DV = 9" +igsGH L, + igWi'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, O for singlets),
theTy's areSU (2);, generators (the x 2 Pauli matrice%n) for doublets for singlets), and th&’s are
theU(1)y charges. For example, for the quark doubl@is we have

Liinetic(QL) = 1QLivy (5“ + §9sGZ)\a + §9WfTb + EQIB“> 0i;QLjs (6)

while for the lepton doublet&! , we have
Luinetic(L1) = iLrivu <5“ + 59Wb”7b - §Q,B”> 0i;Lr;. (7)

The unit matrix in flavor spacej;;, signifies that these parts of the interaction Lagrangianflavor-
universal. In addition, they conserve CP.

The Higgs potential, which describes the scalar self istaras, is given by:
Ltiges = 1° 01 — M¢9)”. (8)

For the Standard Model scalar sector, where there is a silagiblet, this part of the Lagrangian is also
CP conserving.

The quark Yukawa interactions are given by
— L% =YQLi¢Drj + Y4QLidUr; + h.c., 9)
(where¢ = it ¢!) while the lepton Yukawa interactions are given by
— LY =Y{LLidER; + hec.. (10)
This part of the Lagrangian is, in general, flavor-dependiatt is,Y/ o« 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:
Galobal (Y4 = 0) = SU(3); x SU(3) x U(1)?, (11)
where

SU@3): = SU(3)q x SUB)y x SU(3)p,
SU@B); = SUB)L x SU3)E,
U(1)5 = U(l)B X U(l)L X U(l)y X U(l)pQ X U(l)E (12)
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Out of the fiveU (1) charges, three can be identified with baryon numi#; (epton number L) and
hyperchargeY), which are respected by the Yukawa interactions. The twwaneingU (1) groups can
be identified with the PQ symmetry whereby the Higgs @hgl E fields have opposite charges, and
with a global rotation off' only.

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

Qr = VoQr, Ur = VyUr, Dr— VpDgr, Ly, = ViLy, Er— VgER, (13)
where théel; are unitary matrices. The Yukawa interactionis (9) (téakthe global symmetry,
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 transformatio&s)o{13) are

not a symmetry of2gy;. Instead, they correspond to a change of the interactias.bBsese observations
also offer an alternative way of defining flavor physics: fers to interactions that break tt/(3)°
symmetry [(IB). Thus, the ternflévor violation” is often used to describe processes or parameters that
break the symmetry.

One can think of the quark Yukawa couplings as spurions trestkothe gIobaBU(3)g’ symmetry
(but are neutral undé€v (1) ),

Y~ (3737 1)SU(3)27 Yd ~ (37 173)SU(3)27 (15)

and of the lepton Yukawa couplings as spurions that breajltitzal SU(3)§ symmetry (but are neutral
underU (1), x U(1), x U(1),),
Y~ (3,3)su)2- (16)

The spurion formalism is convenient for several purposasameter counting (see below), identification
of flavor suppression factors (see Secfibn 5), and the ide@romal flavor violation (see Sectign 5.3).

3.3 Counting parameters

How many independent parameters are therli? The two Yukawa matriced;" andY?, are3 x 3 and
complex. Consequently, there are 18 real and 18 imaginaanpeters in these matrices. Not all of them
are, however, physical. The pattern@f;.,.1 breaking means that there is freedom to remove 9 real
and 17 imaginary parameters (the number of parametersaaihx 3 unitary matrices minus the phase
related toU (1) ). For example, we can use the unitary transformatiQas— VoQr, Ur — VyUr
andDpr — VpDg, to lead to the following interaction basis:

Y=g Y'=VTA, (17)
where),,,, are diagonal,

A = diag(ya, vs, Ub), Au = diag(Yu, Ye, vt)- (18)

while V' is a unitary matrix that depends on three real angles and@mglex phase. We conclude that
there are 10 quark flavor parameters: 9 real ones and a sihgéepin the mass basis, we will identify
the nine real parameters as six quark masses and three raixghes, while the single phasedigy;.

How many independent parameters are thellé{jf? The Yukawa matri¥ ¢ is 3 x 3 and complex.
Consequently, there are 9 real and 9 imaginary parametehisimatrix. There is, however, freedom
to remove 6 real and 9 imaginary parameters (the number ahpeters in twa x 3 unitary matrices
minus the phases related&t(1)®). For example, we can use the unitary transformatibps— V, L,
andEr — Vg ER, to lead to the following interaction basis:

Y¢ = A = diag(ye, Y, yYr)- (19)
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We conclude that there are 3 real lepton flavor parametershelnrmass basis, we will identify these
parameters as the three charged lepton masses. We mustghomedify the model when we take into
account the evidence for neutrino masses.

3.4 The mass basis

Upon the replacemerRe(¢°) — ”jgo, the Yukawa interaction§(9) give rise to the mass matrices

v
M, =—
V2
The mass basis corresponds, by definition, to diagonal mas&es. We can always find unitary matri-
cesV,r, andV,r such that

Y. (20)

v
V2
The four matriced/;;,, Var, Viur, andV, g are then the ones required to transform to the mass basis. For

example, if we start from the special bagis|(17), we hdye = V;r = Vug = 1 andV,, = V. The
combinationV,;,V; is independent of the interaction basis from which we stastgrocedure.

VoL MgVl = Mo = — . (21)

We denote the left-handed quark mass eigenstatés and D;,. The charged current interactions
for quarks [that is the interactions of the chargdd(2);, gauge bosonBVui = %(Wﬁ F iWﬁ)], which
in the interaction basis are described by (6), have a coatplicform in the mass basis:

e %U—Lify“‘/ijDLjW; +he. (22)
whereV is the 3 x 3 unitary matrix ¢V = ViV = 1) that appeared in Eq[{lL7). For a general
interaction basis,
V =Vu V). (23)

V is the Cabibbo-Kobayashi-Maskawa (CKMhiixing matrixfor quarks [1, 2]. As a result of the fact
thatV” is not diagonal, thé/’* gauge bosons couple to quark mass eigenstates of diffezaptagions.
Within the Standard Model, this is the only sourcdlafor changingquark interactions.

Exercise 1:Prove that, in the absence of neutrino masses, there is rniagrirxthe lepton sector.

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

The detailed structure of the CKM matrix, its parametriatiand the constraints on its elements
are described in Appendix| A.

4 Testing CKM

Measurements of rates, mixing, and CP asymmetrie8 mecays in the two B factories, BaBar abd

Belle, and in the two Tevatron detectors, CDF and DO, sighifieew era in our understanding of CP

violation. The progress is both qualitative and quantitatiVarious basic questions concerning CP and
flavor violation have received, for the first time, answersdohon experimental information. These

guestions include, for example,

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

As a first step, one may assume the SM and test the overallstemsy of the various measurements.
However, the richness of data from the B factories allow ggota step further and answer these questions
model independently, namely allowing new physics to cbote to the relevant processes. We here
explain the way in which this analysis proceeds.
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41 Syrs

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

The CP asymmetry in neutral meson decays into final CP eesst p is defined as follows:

_ dU/dt[BY . (t) = fep | — dT/dtBys(t) — for]

A t) = — . (24)
fer ) = O B (6) — fop | + A0t Boya(h) — for ]
A detailed evaluation of this asymmetry is given in Apperiixt leads to the following form:
Afep (1) = Spop sin(Amt) — Cy.pp cos(Amt),
2Zm(Nyep ) 1— yop |2
S = = Jer/ =_ “Jer 25
fop 1+ |)\fCP |2 fep 1+ |)\fCP |2 (25)
where S

Afep = e 'p (Afep [Asep ) - (26)

Here ¢ refers to the phase dff;; [see Eq.[(B.23)]. Within the Standard Model, the corresjumnd
phase factor is given by A
e = (VgVia) | (Vi Via) - (27)

The decay amplituded ; and A are defined in EqL(Bl1).

dors N \ B 0
" or
3 V.Eb f B,

@)z

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

The B® — J/v K" decay[[3,4] proceeds via the quark transitlons ¢cs. 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=(VaVedtr+ > (ViVis) Pl (28)

qu=1u,c,t

(The distinction between tree and penguin contributiorashisuristic one, the separation by the operator
that enters is more precise. For a detailed discussion ahtite complete operator product approach,
which also includes higher order QCD corrections, see, fample, ref.[[5].) Using CKM unitarity,
these decay amplitudes can always be written in terms ofjieisCKM combinations:

AwK = (‘/Z;)‘/CS) TIPK + (VJqus) P;ZJLK’ (29)



whereTyx = tyx + pl — Pl and Pj;ioz Pk —_ppr. A subtlety arises in this decay that is
related to the fact thaB® — J/yK° and B~ — J/4K°. A common final state, e.gJ/yKs, can
be reached vid? — K° mixing. Consequently, the phase factor corresponding tiraleX” mixing,
™18 = (ViiVes) / (VoqVii), plays a role:

Aprs  VVE) Tyk + (Vi Vi) Pig VAV,

— X . 30
Aorcs  (ViVeo) Tk + (ViVis) Pl VgV (30)

The crucial point is that, foB — J/¢Kg and otheh — écs processes, we can neglect thg
contribution toA, x, in the SM, to an approximation that is better than one pércen

|Porc/Tyrc| < [Vaub/Ve| X [Vus/Ves| ~ (loop factor) x 0.1 x 0.23 < 0.005. (31)

Thus, to an accuracy better than one percent,

Vip Vi Ve V2 Y
by — tb " td C€0Vcd |\ _ _ 2i08 32
o= (i) () == .

whereg is defined in Eq.[(A]9), and consequently
SwKS = sin 2,8, CwKS =0. (33)

(Below the percent level, several effects modify this eiguaj6-9].)

Exercise 3: Show that, if theB — =7 decays were dominated by tree diagrams, then =
sin 2a.

Exercise 4:Estimate the accuracy of the predictiofigx, = sin23 andCyx, = 0.

When we consider extensions of the SM, we still do not expagtsignificant new contribu-
tion to the tree level decay, — ccs, beyond the SMi¥-mediated diagram. Thus, the expression
Aprs/Avks = VoV / (Vi Veq) remains valid, though the approximation of neglecting dahbrinant
phases can be somewhat less accurate thafi Bq. (31). Onéndatid M-, the B° iy mixing ampli-
tude, can in principle get large and even dominant coniobstfrom new physics. We can parametrize
the modification to the SM in terms of two parametefssignifying the change in magnitude, apé;
signifying the change in phase:

Mg =73 €% M (p,m). (34)

This leads to the following generalization of EQ.](33):
Sykg =sin(28 4+ 204), Cyrs =0. (35)
The experimental measurements give the following rarigéls [1

Syks = +0.68 £0.02, Cyxy = +0.005+0.017 . (36)

4.2 Self-consistency of the CKM assumption

The three generation standard model has room for CP vialaticough the KM phase in the quark
mixing matrix. Yet, one would like to make sure that indeed i€Riolated by the SM interactions,
namely thatin oxy # 0. If we establish that this is the case, we would further ldk&now whether the

SM contributions to CP violating observables are dominafre quantitatively, we would like to put
an upper bound on the ratio between the new physics and theoStlaitions.

As a first step, one can assume that flavor changing procességdlya described by the SM, and
check the consistency of the various measurements witlagsismption. There are four relevant mixing
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Fig. 2: Allowed region in thep, n plane. Superimposed are the individual constraints froanrakess semileptonic
B decays (Vs /Ves|), mass differences in thB? (Am,) and B; (Am,) neutral meson systems, and CP violation
in K — 7w (eg), B — YK (sin28), B — 7w, pm, pp (), andB — DK (v). Taken from[[12].

parameters, which can be taken to be the Wolfenstein pagasietA, p andn defined in Eq.[(A4). The
values of\ and A are known rather accurately [11] from, respectivély— w/v andb — cfv decays:

A = 0.2254 +0.0007, A =0.81115022. (37)

Then, one can express all the relevant observables as @ofunétthe two remaining parameteysand
n, and check whether there is a range inghen plane that is consistent with all measurements. The list
of observables includes the following:

The rates of inclusive and exclusive charmless semilép@mecays depend div,,|? o p? +n?;
The CP asymmetry il8 — ¢ Kg, Syx, = sin2p = _ni=p) .

(1=p)+n*"
: iy _ _ptin .
— The rates of variou® — DK decays depend on the phagevherec’” = \/%,

The rates of variou8 — =, pm, pp decays depend on the phase- 7 — 8 — ~;

The ratio between the mass splittings in the neuraind B, systems is sensitive 10,/ V;,|? =
N[(1 = p)? + 07,

— The CP violation inK — 7w decaysg g, depends in a complicated way prandy.

The resulting constraints are shown in Hig. 2.

The consistency of the various constraints is impressivgatticular, the following ranges for
andn can account for all the measurements [11]:

p = 4013170075, n=+0.345 4+ 0.014. (38)



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

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

4.3 |sthe KM mechanism at work?

In proving that the KM mechanism is at work, we assume thatggthcurrent tree-level processes are
dominated by thél’-mediated SM diagrams (see, for example| [14]). This is g plausible assumption.

| am not aware of any viable well-motivated model where tisisuanption is not valid. Thus we can use
all tree level processes and fit themgandr, as we did before. The list of such processes includes the
following:

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

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

3. B — pp decays (and, similarlyB — =7 and B — pr decays) go through the quark transition
b — uud. With an isospin analysis, one can determine the relaties@lbetween the tree decay
amplitude and the mixing amplitude. By incorporating theasweement of; k., one can subtract
the phase from the mixing amplitude, finally providing a meament of the angle [see Eg.

A9).

In addition, we can use loop processes, but then we must &lonew physics contributions, in
addition to the(p, n)-dependent SM contributions. Of course, if each such measemt adds a separate
mode-dependent parameter, then we do not gain anythingity thes information. However, there is a
number of observables where the only relevant loop proee3$ +- BY mixing. The list includesS, k.,
Amp and the CP asymmetry in semileptorcdecays:

SwKs = SiIl(Qﬁ + 29d),
Amp = rﬁ(AmB)SM,
T'io SM gin 264 T'i9 SM cos 2604
= —-R T . 39
Asgr, 2 <M12> 2 +ZIm Voo . (39)

As explained above, such processes involve two new parasrisee Eq.[(34)]. Since there are three
relevant observables, we can further tighten the conssrainthe (p, n)-plane. Similarly, one can use
measurements related 8, — B, mixing. One gains three new observables at the cost of two new
parameters (see, for example,l[15]).

The results of such fit, projected on the- n plane, can be seen in Fig. 3. It gives|[12]
n = 0447553 (30). (40)

[A similar analysis in Ref.[[16] obtains th& range(0.31 — 0.46).] It is clear thatn # 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 maisito find, within the same proce-
dure, the allowed range fein 25 [16]:

sin 23%°¢ = 0.80 4 0.03. (41)

Thus, # 0 is well established.

The consistency of the experimental resultd (36) with the@&tlictions [(318,41) means that the
KM mechanism of CP violation dominates the observed CP titia In the next subsection, 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 the&thModel
[12].

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

All that we need to do in order to establish whether the SM daieis the observed CP violation, and
to put an upper bound on the new physics contributiofo— B° mixing, is to project the results of
the fit performed in the previous subsection on tﬁ& 260, plane. If we find that; < g, then the
SM dominance in the observed CP violation will be estabtisfiéhe constraints are shown in Hig. 4(a).
Indeed,d; < 5.

An alternative way to present the data is to useltfier; parametrization,
Tgemed =1+ hdezi"d. (42)

While ther,, 8; parameters give the relation between the full mixing amgétand the SM one, and
are convenient to apply to the measurementsjthe,; parameters give the relation between the new
physics and SM contributions, and are more convenient tmtgtheoretical models:

QZ'O'd

hde = —ar- (43)

The constraints in thk,; — o4 plane are shown in Figl 4(b). We can make the following twtestents:

1. A new physics contribution t&° — B’ mixing amplitude that carries a phase that is significantly
different from the KM phase is constrained to lie below the3B0%o 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 contobuti

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

1. The KM mechanism dominates CP violationf — 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 theoyaitire:

1. It does not include gravity, and therefore it cannot bahat energy scales abovep,ac ~ 1019
GeV:

2. It does not allow for neutrino masses, and therefore ihoabe valid at energy scales above
Meeesaw ~ 1017 GeV;

3. The fine-tuning problem of the Higgs mass suggests thadale where the SM 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 massiwtigas (WIMPSs) then, again, a low scale
of new physics is likelymyimp < afew TeV.

Given that the SM is only an effective low energy theory, menermalizable terms must be added to
Lsu of Eq. (4). These are terms of dimension higher than four énfiblds which, therefore, have
couplings that are inversely proportional to the scale af physicsAxp. For example, the lowest
dimension non-renormalizable terms are dimension five:

. VAL
- £dY1111111;v§a = A—I\ZIJPLiiLij(ﬁ(ﬁ + h.c.. (44)

These are the seesaw terms, leading to neutrino masses.

Exercise 5: How does the global symmetry breaking pattérd (14) changenv{@d) is taken into
account?

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

Sector CP-conserving CP-violating
sd Amy /my = 7.0 x 1071 ex =2.3x 1073
cu AmD/mD =8.7x 10715 Ap/ycp < 0.2

bd Amp/mp =6.3 x 10714 Syx = +0.67 £0.02
bs  Amp,/mp, =21x10712 S, =—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 likgz;; (4 /z{j).

ij CP-conserving CP-violating

sd 1x10° 2 x 10*
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 examplefall@ving dimension-six, four-fermion,
flavor changing operators:
L (dryubr)? + (5Tvubr)*. (45)

Lap—s = ——(dp, “(eryuus)® +

Zbs
2 2 N2
ANP ANP ANP

Each of these terms contributes to the mass splitting betwre corresponding two neutral mesons.
For example, the termiap—o (deyMbL) contributes tdAm g, the mass difference between the two
neutral B-mesons. We usg/{3 = BO|Lap— Q\B ) and

2mB <

_ - —0 1
(B°|(dLa7"bra) ALy yubis)[BY) = —3mi 5 Bp. (46)

This leads toAmp/mp = 2|MEB|/mp ~ (1204|/3)(f5/Axp)?. Analogous expressions hold for the
other neutral mesons.

The experimental results for CP conserving and CP violailrggrvables related to neutral meson
mixing (mass splittings and CP asymmetries in tree levehggarespectively) are given in Table 1.

The measurements quoted in Tdble 1 lead, for a given valqu)hndz{j = Zm(z;;), to lower
bounds on the scaléxp. In Table2 we give the bounds that corresponttig = 1 and t0z{j =1.The

bounds scale likg/z;; and, /2L, respectively.

We conclude that if the new physics has a generic flavor streicthat isz;; = O(1), then its scale
must be abov&0? — 10* TeV. If the leading contributions involve electroweak lspphe lower bound
is somewhat lower, of ordeli0? — 10? TeV. The bounds from the corresponding four-fermi termswit
LR structure, instead of the LL structure of EQ.1(45), arenesteongerlf indeedAnp > TeV, it means
that we have misinterpreted the hints from the fine-tunirgplem and the dark matter puzzle.

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

zea < 8% 1077 (Anp/TeV)?,
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5x 1077 (Axp/TeV)?,
5x 107 (Axp/TeV)?,
2% 107* (Axp/TeV)?, (47)

£
ISH
ANRZANRZA

6 x 1072 (Anp/TeV)?,
1 x 1077 (Anp/TeV)?,
1 x 1078 (Axp/TeV)?,
2 x 1075 (Axp/TeV)?. (48)

R
IS8
VANRZANRZANRZAN

Zbs

It could be that the scale of new physics is of order TeV, luflavor structure is far from generic.
Specifically, if new particles at the TeV scale couple to thef&mions, then there are two ways in which
their contributions to FCNC processes, such as neutral mesxing, can be suppressed: degeneracy
and alignment. Either of these principles, or a combinatibinoth, signifies non-generic structure.

One can use the language of effective operators also forNhengegrating out all particles sig-
nificantly heavier than the neutral mesons (that is, thett@pHiggs and the weak gauge bosons). Thus,
the scale is\gy ~ myy. Since the leading contributions to neutral meson mixirayae from box dia-
grams, thez;; coefficients are suppressed &y. To identify the relevant flavor suppression factor, one
can employ the spurion formalism. For example, the flavarsiteon that is relevant t&° — B° mixing
involvesdr, by, which transforms a€s, 1, 1)SU(3)3. The leading contribution must then be proportional to

(YY) 3 o ythth’C‘l. Indeed, an explicit calculation, using VIA for the matrbement and neglecting
QCD corrections, gives (a detailed derivation can be fourtigpendix B of [17])

2M1% a% f]_23 *\2
e ~ —Em—%VSo(wt)(Wthd) ) (49)
wherex; = m?/m}, and
z 11z 22 3x2lnz
S = - 1 - - . 50
@) =T TR G (50)

Similar spurion analyses, or explicit calculations, allog/to extract the weak and flavor suppression
factors that apply in the SM:

Im(5)) ~ a3y |VigVis|? ~ 1 x 10717,
2t~ 03yl VeaVes|* ~ 5 x 1077,
Im(ze)") ~ a3yi[ViVip|? ~ 2 x 10714,

2~ By VigVi? ~ T x 1078,
M~ a2y |VigVip|? ~ 2 x 1076, (51)

Note that we did not includeSM in the list. The reason is tha it requires a more detailedidens
ation. The naively leading short distance contributioncia3 (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, peculiaspltspace effects [19,20] have been identified
which are expected to enhanden p to within an order of magnitude of the its measured value. CRe
violating part, on the other hand, is dominated by shoradist physics.

It is clear then that contributions from new physicsAaip ~ 1 TeV should be suppressed by
factors that are comparable or smaller than the SM ones. \Way that happen? This is the new physics
flavor puzzle.
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Table 3: The phenomenological upper bounds @f;);; and (6%;) = /(07 1)ij(0%p)i;- Hereq = u,d and
M = L, R. The constraints are given fat; = 1 TeV andx = mg/mz~ = 1. We assume that the phases could
suppress the imaginary part by a factorof).3. Taken from Ref.[[22].

] (5%L)ij <5gj>
12| 0.03 0.002
13 0.2 0.07
23 0.2 0.07
12 0.1 0.008

C 0O 0 9o

The fact that the flavor structure of new physics at the TeVestaust be non-generic means that
flavor measurements are a good probe of the new physics. Retta best-studied example is that of
supersymmetry. Here, the spectrum of the superpartner¢hargtructure of their couplings to the SM
fermions will allow us to probe the mechanism of dynamicgdessymmetry breaking.

5.2 The supersymmetric flavor puzzle

We consider, as an example, the contributions from the bardims involving the squark doublets of the
second and third generatiori@;. 3, to the B, — B, mixing amplitude. The contributions are proportional
to K§y K, K§* Kg,, whereK® is the mixing matrix of the gluino couplings to a left-handimivn quark
and their supersymmetric squark partnexs[(§¢; )23]% in the mass insertion approximation, described
in Appendix'C.1). We work in the mass basis for both quarkssandhrks. A detailed derivation [21] is
given in AppendiX CR. It gives:

a?mp, f3 Be,nqcp .. . (Amn?2)?
My, = = '1(1)98Sm2 [11f6(9€)+4$f6($)]Tf(K§l§K§lz)2- (52)
g d

Herem ; is the average mass of the two squark generatianﬁgl. is the mass-squared difference, and
x = mg/m?z.
Eq. (52) can be translated into our generic language:

Axnp = mg, (53)

~ ~ 2
s 11fg(x) + 4z fo(x A2 » _
e M)A (SR Gt 0t

18 s 2

m4
d

where, for the last approximation, we took the example ef 1 [and used, correspondinglylfﬁ(l) +
4f6(1) = 1/6], and defined

A2
055 = ( 2d> (K KS,). (54)
i

Similar expressions can be derived for the dependend&’of K0 on (64,5 )12, B — BO on (6%, 3 )13,
and D° — DO on (6%, )12- Then we can use the constraints of E|s.][(47,48) to put uppends on
(63,5)ij- Some examples are given in Table 3 (see Ref. [22] for degailslist of references).

We learn that, in most cases, we ne¥g/m; < 1/TeV. One can immediately identify three
generic ways in which supersymmetric contributions to redumeson mixing can be suppressed:

1. Heavinessmg > 1 TeV;
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2. DegeneracyAm? < m2;
3. Alignment: K, < 1.

When heaviness is the only suppression mechanism, as tnsapkrsymmetry [23], the squarks are
very heavy and supersymmetry no longer solves the fine tymiaglem. (When the first two squark

generations are mildly heavy and the third generation Ist,ligs in effective supersymmetry [24], the
fine tuning problem is still solved, but additional suppr@sanechanisms are needed.) If we want to
maintain supersymmetry as a solution to the fine tuning prableither degeneracy or alignment or a
combination of the two is needed. This means that the flavactsire of supersymmetry is not generic,
as argued in the previous section.

Take, for example(d¢;)1> < 0.03. Naively, one might expect the alignment to be of order
(V.qVi%) ~ 0.2, which is far from sufficient by itself. Barring a very preeialignment (K{,| < |Vys|)
[25,26] and accidental cancelations, we are led to condhalethe first two squark generations must be
quasi-degenerate. Actually, by combining the constrdiots K° — K0 mixing andD°® — D9 mixing,
one can show that this is the case independently of assumsgtwout the alignmernit [27529]. Analogous
conclusions can be drawn for many TeV-scale new physicsasicasn a strong level of degeneracy is
required (for definitions and detailed analysis, $eé [30]).

Exercise 9: DoesKg‘f1 ~ |V | suffice to satisfy thé\m g constraint with neither degeneracy nor
heaviness? (Use the two generation approximation and gtite second generation.)

Is there a natural way to make the squarks degenerate? Daggmnequires that th&x 3 matrix of
soft supersymmetry breaking mass-squared teﬁ@g ~ mg.l. We have mentioned already that flavor
universality is a generic feature of gauge interactionausTthe requirement of degeneracy is perhaps a
hint that supersymmetry breakinggauge mediatetb the MSSM fields.

5.3 Minimal flavor violation (MFV)

If supersymmetry breaking is gauge mediated, the squarks medrices forSU(2)- doublet and
SU (2)r-singlet squarks have the following form at the scale of raalm ;:

N, (my) = (m3, +Du, )1+ M,M],
M%)L(mM) = (m%L + DDL) 1+ MdMT7
M[QJR(mJ\/I) = (ngR + DUR) 1+ MJMU,
M%R(mM) = <m%R + DDR) 1+ MCTlMd, (55)

whereD,, = (T3)q, — (Qum)q, 55, m% cos 2/ 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 groojusen is applied to find the form of
these matrices at the weak scale. Taking the scale of thersafking termsn;, to be somewhat higher
than the electroweak breaking scate; allows us to neglect th®,, and )/, terms in [55). Then we
obtain

M3, (mz) ~ Qﬂ+%nm+%mﬁ»

2
"o
M(%R(mz) ~ mzﬁR (rgl —{—CURYJYU) ,

M%)R(mz) ~ mQDR (7“31 +CdRYC;rYd> . (56)

Herers represents the universal RGE contribution that is propodti to the gluino mass{ = O(6) x
(Ms(mar)/mg(mar))) and thec-coefficients depend logarithmically on,;/m and can be 0®(1)
whenm, is not far below the GUT scale.
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Models of gauge mediated supersymmetry breaking (GMSBJigeoa concrete example of a
large class of models that obey a simple principle caiftédimal flavor violation(MFV) [31]. This
principle guarantees that low energy flavor changing pseEssleviate only very little from the SM
predictions. The basic idea can be described as follows.gabge interactions of the SM are universal
in flavor space. The only breaking of this flavor universatditynes from the three Yukawa matricés:,

Y4 andY®. If this remains true in the presence of the new physics, haliig, Y'¢ andY® are the only
flavor non-universal parameters, then the model belondsetMFV class.

Let us now formulate this principle in a more formal way, gsthe language of spurions that
we presented in sectidn B.2. The Standard Model with vamisiukawa couplings has a large global
symmetry [(1I[,12). In this section we concentrate only orgtierks. The non-Abelian part of the flavor
symmetry for the quarks iSU(3)Z’ of Eq. (12) with the three generations of quark fields tramsfiog
as follows:

Qr(3,1,1), Ugr(1,3,1), Dgr(1,1,3). (57)
The Yukawa interactions,
Ly =QrYDrH + QLY "UrH,, (58)
(H. = ito H*) break this symmetry. The Yukawa couplings can thus be thibofjas spurions with the
following transformation properties undsit/ (3)2 [see Eq.[(IB)]:

YU~ (3,3,1), ven~(3,1,3). (59)
When we say “spurions”, we mean that we pretend that the Yakaatrices are fields which transform
under the flavor symmetry, and then require that all the Lramjean terms, constructed from the SM
fields,Y ¢ andY™*, must be (formally) invariant under the flavor grofip’(3)3. Of course, in realityy
breaksSU(?))g precisely becausg " arenotfields and do not transform under the symmetry.
The idea of minimal flavor violation is relevant to extensiari the SM, and can be applied in two
ways:
1. If we consider the SM as a low energy effective theory, théhigher-dimension operators, con-
structed from SM-fields an¥ -spurions, are formally invariant undékyop,a; .

2. If we consider a full high-energy theory that extends thg Bien all operators, constructed from
SM and the new fields, and froi-spurions, are formally invariant undéfy)p.-

Exercise 10: Use the spurion formalism to argue that, in MFV models, Kie — 7°v decay
amplitude is proportional tg? V4 V;:.

Exercise 11:Find the flavor suppression factors in tlzféS coefficients, if MFV is imposed, and
compare to the bounds in EQ._(47).

Examples of MFV models include models of supersymmetry gathge-mediation or with anomaly-
mediation of its breaking.

531 Testing MFV attheLHC

If the LHC discovers new particles that couple to the SM femsi then it will be able to test solutions
to the new physics flavor puzzle such as MEVI[32]. Much of iteeoto test such 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 Eqs.[(1[7,18). Thus,
the only source of quark flavor changing transitions in MFVdels is the CKM matrix. Next, note that
to an accuracy that is better thér{0.05), we can write the CKM matrix as follows:

1 023 0
V=_-023 1 0. (60)
0 0 1
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Exercise 12:The approximation (60) should be intuitively obvious to-plyysicists, but definitely
counter-intuitive to bottom-physicists. (Some of themehdedicated a large part of 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,good approximation, from the first
two. This, in turn, means that any new patrticle that couglestodd number of the SM quarks (think, for
example, of heavy quarks in vector-like representationss@f), decay into either third generation quark,
or to non-third generation quark, but not to both. For exanipl Ref. [32], MFV models with additional
charge—1/3, SU(2)y-singlet quarks -B’ — were considered. A concrete test of MFV was proposed,
based on the fact that the largest mixing effect involving tthird generation is of orde¥,,|?> ~ 0.002:

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

I'(B'B’ = X
_ TBB = Xq1208) <1072, (61)
P(B/B, — qu’qug) + P(B/B, — XQ3Q3)

If not, then MFV is excluded. One could similarly test vaisotersions of minimal lepton flavor violation
(MLFV) [33H38].

Analogous tests can be carried out in the supersymmetnoeinaork [39+-45]. Here, 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 genemgtiarks. Squarks 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 newelegarthat couple to the 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 doggl four CKM parameters (three angles
and a phase), and three charged lepton Yukawa couplinge ¢@mnuse fermions masses instead of the
fermion Yukawa couplingsy; = \/§mf/v.) The orders of magnitudes of these thirteen dimensionless
parameters are as follows:

Y, ~ 1, YV.~1072 Y, ~107°,

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

Y, ~ 107% Y, ~107% Y.~ 1079,

Vs~ 0.2, |[Vip| ~0.04, |Vip| ~0.004, Jxm ~ 1. (62)

Only two of these parameters are clearly@(l), the top-Yukawa and the KM phase. The other flavor
parameters exhibit smallness and hierarchy. Their valpas six orders of magnitude. It may be that

this set of numerical values are just accidental. More yikie smallness and the hierarchy have a
reason. The question of why there is smallness and hieranctiye SM flavor parameters constitutes

“The Standard Model flavor puzzle."

The motivation to think that there is indeed a structure aftavor parameters is strengthened by
considering the values of the four SM parameters that arflavair parameters, namely the three gauge
couplings and the Higgs self-coupling:

gs~1, g~0.6, e~0.3, A~ 0.2. (63)

This set of values does seem to be a random distribution @framde numbers, as one would naively
expect.
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A few examples of mechanisms that were proposed to explaiotiserved structure of the flavor
parameters are the following:

— An approximate Abelian symmetry (“The Froggatt-Nielseectmanism"[[45]);
— An approximate non-Abelian symmetry (seg.[47]);

— Conformal dynamics (“The Nelson-Strassler mechanisr@]){4

— 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 appabe& symmetries. For example, the small
mass splitting between the charged and neural pions findx@aration in the approximate isospin
(global SU (2)) symmetry of the strong interactions.

Approximate symmetries lead to selection rules which asttar the size of deviations from the
symmetry limit. Spurion analysis is particularly conventi¢éo derive such selection rules. The Froggatt-
Nielsen mechanism postulate$/él) ; symmetry, that is broken by a small spurian. Without loss of
generality, we assigeyy aU (1) charge ofH (ei7) = —1. Each SMfield is assigned(&(1) ;7 charge. In
general, different fermion generations are assignedrdiffecharges, hence the term ‘horizontal symme-
try.” The rule is that each term in the Lagrangian, made of SMi§ and the spurion should be formally
invariant unde (1) 7.

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

u |H(Q:)+H (Uj)+H(¢pu)]
Yz‘j = €y ! )
yi — JH@H )
Y'Z? _ Eg(Li)+H(Ej)_H(¢d)I. (64)

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

H(Q) = H(U))
H(I_’z) = H(Dz) = (07070)7
H(¢u) = H(dq) =0. (65)

H(Ez) = (27 L, 0)7

It leads to the following parametric suppressions of theavuk couplings:

e 3 €& e & €&

,YdN(Ye)TN e € €]. (66)

e e 1 1 1

We emphasize that for each entry we give the parametric egpion (that is the power ef, but each
entry has an unknown (complex) coefficient of order one, &edetare no relations between the order
one coefficients of different entries.

The structure of the Yukawa matrices dictates the paramstippression of the physical observ-
ables:

17 }/CN627 YUN647
Yy ~ 1, Yi~e Yi~é?
1

2
) YMNev }/eNev
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|Vus| ~ €, |chb| ~ €, |Vub| ~ 627 6KM ~ 1. (67)

Fore ~ 0.05, the parametric suppressions are roughly consistent hétlobserved hierarchy. In partic-
ular, this set of charges predicts that the down and chaeg#di mass hierarchies are similar, while the
up hierarchy is the square of the down hierarchy. Theseresfre roughly realized in Nature.

Exercise 13: Derive the parametric suppression and approximate nuraérelues ofY", its
eigenvalues, and the three angles/@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 appate symmetry? If we could,
then the FN mechanism cannot be really tested. The answevieovs negative. Consider, for example,
the quark sector. Naively, we have U11)y charges that we are free to choose. Howeverlifigy x
U(1)p x U(1)pq symmetry implies that there are only 8 independent cholwaisaffect the structure of
the Yukawa couplings. On the other hand, there are 9 physézalmeters. Thus, there should be a single
relation between the physical parameters that is indepgrmd¢he choice of charges. Assuming that the
sum of charges in the exponents of Hq.l (64) is of the same sigallf18 combinations, the relation is

|Vub| ~ |Vuchb|a (68)
which is fulfilled to within a factor of 2. There are also irgsting inequalities (here< j):
Vil 2 m(Ui)/m(Uj), m(D;)/m(D;). (69)

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

6.2 The flavor of neutrinos

Five neutrino flavor parameters have been measured in rgeard (see.g.[50]): two mass-squared
differences,

Am3, = (7.5+£0.2) x 107° V2, |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. (71)

These parameters constitute a significant addition to tinedm SM flavor parameters and provide, in
principle, tests of various ideas to explain the SM flavorzteiz

The numerical values of the parameters show various simgtisatures:

— [Ups| > any |V
— |Ue2| > any |V,
— |U.s] is not particularly small|Ues| & |Ue2U,3)):;

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

These features can be summarized by the statement thatptirmsioto the charged fermions, neither
smallness nor hierarchy have been observed so far in themewtlated parameters.

One way of interpretation of the neutrino data comes undemntime of neutrino mass anarchy
[51453]. It postulates that the neutrino mass matrix hagmetsire, namely all entries are of the same
order of magnitude. Normalized to an effective neutrino sreealep? /Ageesaw, the various entries are
random numbers of order one. Note that anarchy means nbitfrarchy nor degeneracy.
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If true, the contrast between neutrino mass anarchy andk quial charged lepton mass hierarchy
may be a deep hint for a difference between the flavor physiddagorana and Dirac fermions. The
source of both anarchy and hierarchy might, however, beameid by a much more mundane mech-
anism. In particular, neutrino mass anarchy could be atre§uh FN mechanism, where the three
left-handed lepton doublets carry the same FN charge. trcds, the FN mechanism predict paramet-
ric suppression of neither neutrino mass ratios nor leptoriking angles, which is quite consistent with
(ZQ) and[(71). Indeed, the viable FN model presented in @H&il belongs to this class.

Another possible interpretation of the neutrino data igi@ins/ms ~ |Ues| ~ 0.15 to be small,
and require that they are parametrically suppressed (whelether two mixing angles are order one).
Such a situation is impossible to accommodate in a largs cfBEN models[[54].

The same data, and in particular the proximity|Gf,| to 1/v/3 ~ 0.58 and the proximity of
|Uus| t01/3/2 ~ 0.71 led to a very different interpretation. This interpretatidgermed ‘tribimaximal
mixing’ (TBM), postulates that the leptonic mixing matrixparametrically close to the following special
form [55]:

2 1L 9
v

\U|rBM = i v (72)
V6 V3 V2

Such a form is suggestive of discrete non-Abelian symntaed indeed numerous models based on an
A4 symmetry have been proposed|[56,57]. A significant featfiof ©BM is that the third mixing angle
should be close td/.3| = 0. Until recently, there have been only upper bound$§lgg|, consistent with

the models in the literature. In the last year, however, aevaf |U. 3| close to the previous upper bound
has been established [58], see Hqg.] (71). Such a large valdetliia consequent significant deviation
of |Uy,s| from maximal bimixing) puts in serious doubt the TBM idea.déed, it is difficult in this
framework, if not impossible, to account farm?, /Am3, ~ |U.3|* 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 [6d,61].
The fact that for thef = v and f = ZZ* final states, the experiments measure

o(pp — h)BR(h — f)

~ [o(pp = W)BR(h — f)]SM 73

of order one (see.q.[62]),
Ryze = 1.140.2, (74)
Ry, = 11+0.2, (75)

is suggestive that thé-production via gluon-gluon fusion proceeds at a rate simib the Standard
Model (SM) prediction, giving a strong indication tHat thehtt Yukawa coupling, is of order one. This
first determination of; signifies a new arena for the explorationflafvor physics

In the future, measurements Bf; 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 allowed
range is already quite restrictive:

R - =10+04. (76)

T
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 maae ttne Higgs doublets, and that the doublet(s)
that couple to the down and charged lepton sectors are naate as the one that couples to the up
sector.
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A more significant test of our understanding of flavor physidsich might provide a window into
new flavor physics, will come further in the future, whéy . ,- is measured. (At present, there is an
upper boundR,,+,~ < 9.8.) The ratio

B -
X = R(h = pru7)

B BR(h— 7t77)] (77)

is predicted within the SM with impressive theoretical cid@ess. To leading order, it is given by
X,+,~ = m’/m2, and the corrections of ordery, and of orderm? /m? to this leading result are
known. Itis an interesting question to understand what ededrned from a test of this relatian [63] 64].

It is also possible to search for the SM-forbidden decay ragde p*7T [65-68]. A measure-
ment of, or an upper bound on

BR(h — pt77) + BR(h — p~77)

Xpr ,
H BR(h — 7t77)

(78)

would provide additional information relevant to flavor gigs. Thus, a broader question is to understand
the implications for flavor physics of measurementsof .-, X+, and X, [63].

Let us take as an example how we can use the set of these thasenements if there 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

LEY = —Njfifhe +he., (79)
B N
L7 = — 33 LfRo(¢'6) +he.,

where expanding around the vacuum we have (v + h)/+/2. DefiningV;, r via

2
V2m =V, <)\ + ;ﬁx> Viv, (80)
wherem = diag(m., m,,, m,), and defining) via
A=ViNV, (81)
we obtain Y )
2m; (VN
Yij = — 0 + 35 (82)

To proceed, one has to make assumptions about the struétirdmwhat follows, we consider
first the assumption of minimal flavor violation (MFV) and thea Froggatt-Nielsen (FN) symmetry.

7.1 MFV

MFV requires that the leptonic part of the Lagrangian is irar@ under anSU(3), x SU(3)g global
symmetry, with the left-handed lepton doublets transfagras(3, 1), the right-handed charged lepton
singlets transforming a€l, 3) and the charged lepton Yukawa matiixis a spurion transforming as
(3,3).

Specifically, MFV means that, in E4._(79),

N = aX + DI + O(\D), (83)
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wherea andb are numbers. Note that,lify, andV; are the diagonalizing matrices ferL)\Vli, = )\diag

then they are also the diagonalizing matricesXaf \, V, A\TAV = (A42€)3. Then, Egs. [{80)[(81)
and [82) become

V2m av?\ g w? 4
— 1 27 ) diag e )\dlag 3
v ( * 2A2> oA
A . . 2m  2v/2bm?
P— a}\dlag + b()\dlag)B _ a\/—m 4 \/_3m 7
v v
V2m; av? 2bm?
Y;‘j = T(Sij |:1 + F + A2 :| 5 (84)

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

We learn the following points about the Higgs-related leptiavor parameters in this class of
models:

1. h has no flavor off-diagonal couplings:

Yyir, Yoy = 0. (85)
2. The values of the diagonal couplings deviate from thein@Mes. The deviation is small, of order
v2 /A
2 2
Y~ (1422 v2m: (86)
A2 v

3. The ratio between the Yukawa couplings to different chdrgpton flavors deviates from its SM
value. The deviation is, however, very small, of order/A*:

Y, my 2b(mZ —m2)

The predictions of the SM with MFV non-renormalizable terans then the following:

o(pp = h)*M Tiot 2,49
- = 142 A
< o(pp = k) TSV R+, + 2av* /A*,

Xy = (mu/my)*(1 — 4bm?2 /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 ab(v?/A?) of the flavor-diagonal dilepton rates, and a smaller nowarsal
deviation ofO(m?2/A?).

7.2 FN

An attractive explanation of the smallness and hierarchthinYukawa couplings is provided by the
Froggatt-Nielsen (FN) mechanisin [46]. In this framework/@ )z symmetry, under which different
generations carry different charges, is broken by a smedirpatere ;. Without loss of generality; is
taken to be a spurion of chargel. Then, various entries in the Yukawa mass matrices are sspea
by different powers o€y, leading to smallness and hierarchy.

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

)\ij x Eg(Ej)*H(Li) . (89)
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We emphasize that the FN mechanism dictates only the paiamseppression. Each entry has an
arbitrary order one coefficient. The resulting parametniggsession of the masses and leptonic mixing
angles is given by [69]

H(E;)—H (L) H(Lj)—H(L;)
H

» |Uij| ~ €g . (90)

my, v ~ €

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

This structure allows us to estimate the entrieél@ﬁn terms of physical observables:

5\33 ~ mT/T%

Ayg  ~ my/v,

Aoz~ |Uss|(ms/v),

Asa ~  (my/v)/|Uss]. (92)

We learn the following points about the Higgs-related leptiavor parameters in this class of
models:

1. h has flavor off-diagonal couplings:

Ve — @<M>

A2
vm
Y, = —F .
2. The values of the diagonal couplings deviate from theirn@Mes:
\/imT v2
v~ Y2 {14—(9(@)]. (94)
3. The ratio between the Yukawa couplings to different chdrgpton flavors deviates from its SM
value: )
Y, my v
L_omlio(%)]. o
The predictions of the SM with FN-suppressed non-renomahble terms are then the following:
U(pp — h)SM ot 2 /42
R+.- = 14+0w/A
( U(pp N h) Ftsé\é[ Ttr + (U / )7
Xpru- = (my/m:)2(1+ O(0?/A?),

X, = O@*/AY). (96)

Thus, FN will be excluded if experiments observe deviatiboosn the SM of the same size in both
flavor-diagonal and flavor-changirigdecays. On the other hand, FN allows non-universal deviatid
O(v?/A?) in the flavor-diagonal dilepton rates, and a smaller demiatif O(v*/A*) in the off-diagonal
rate.
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8 Conclusions

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

(i) Measurements of flavor changirdgrmeson 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 Cpifddictions sharpens the new
physics flavor puzzle: If there is new physics at, or below,ThV scale, then its flavor structure must be
highly non-generic.

(iv) Measurements of neutrino flavor parameters have not nat clarified the standard model
flavor puzzle, but actually deepened it. Whether they implyanarchical structure, or a tribimaximal
mixing, it seems that the neutrino flavor structure is veffedént from that of quarks.

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

(vi) If the flavor structure of such new patrticles is affeclydthe same physics that sets the flavor
structure of the Yukawa couplings, then the LHC experiméats! future flavor factories) may be able
to shed light also on the standard model flavor puzzle.

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

The huge progress in flavor physics in recent years has moadswers to many questions. At
the same time, new questions arise. The LHC era is likelydoige more answers and more questions.

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. This
freedom is fixed by ordering the up quarks and the down quaykthdir massesi.e. (uy,ug,us3) —
(u,c,t) and(dy, ds,ds) — (d, s,b). The elements of are written as follows:

Vud Vus Vub
V=1V Ves Va |- (A1)
Via Vis Vi

(i4) 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 defipg = u, d) to be diagonal unitary (phase) matrices.
Then, if instead of using,;, andV,x for the rotation[(21L) to the mass basis we Uisg andV,z, defined
by V,;, = P,V,r andV,r = P,V,r, we still maintain a legitimate mass basis sineg*¢ remains
unchanged by such transformations. HoweVedoes change:

V — P,VP. (A.2)

This freedom is fixed by demanding thidthas the minimal number of phases. In the three generation
caseV has a single phase. (There are five phase differences betheetements of’, and P; and,
therefore, five of the six phases in the CKM matrix can be reedgv This is the Kobayashi-Maskawa
phaseikn which is the single source of CP violation in the quark seofdhe Standard Model [1].
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Fig. A.1: Graphical representation of the unitarity constrdipgV., + V.aV.; + ViaV,;, = 0 as a triangle in the
complex plane.

The fact thatl” is unitary and depends on only four independent physicamaters can be made
manifest by choosing a specific parametrization. The stanttzoice is[[70]

0

C12C13 $12€C13 S13€
i i
V = | —s12c23 — c12523513€"  c12C23 — S12523513€" s93C13 | (A.3)
i i
512823 — C12C23513€"°  —C12523 — $12C23513€"0  €23C13

wherec;; = cosf;; ands;; = sinf;;. Thef;;’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 hierarchyrigest This is the Wolfenstein parametriza-
tion, where the four mixing parameters dre A, p, ) with A\ = |V,s| = 0.23 playing the role of an
expansion parameter apdepresenting the CP violating phasel[71, 72]:

1—IX2— 14 A AX3(p —in)
V=|-A+31A2N[1—-2(p+in)] 1—5X2— I (1+44?) AN? . (A4)
AN[L— (1= (p+in)] —ANZ+ FANL —2(p+in)] 1—1A2N\4

A very useful concept is that of thanitarity triangles The unitarity of the CKM matrix leads to
various relations among the matrix elemeetsgj.

VudVis + VeaVie + VidVis = 0, (A.5)
VusVJb + chs‘/gl; + ‘/ts‘/;fz = 07 (A6)
VaudVay + VeaVey, + ViaVig, = 0. (A7)

Each of these three relations requires the sum of three exngplantities to vanish and so can be geo-
metrically represented in the complex plane as a trianghes@ are “the unitarity triangles”, though the
term “unitarity triangle" is usually reserved for the rédat (A.7) only. The unitarity triangle related to
Eq. (A1) is depicted in Fig_Al1.

The rescaled unitarity triangle is derived fram (A.7) by ¢aposing a phase convention 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 sid€hk form of the triangle is unchanged.
Two vertices of the rescaled unitarity triangle are thusdiae (0,0) and (1,0). The coordinates of the
remaining vertex correspond to the Wolfenstein paramdigrg). The area of the rescaled unitarity
triangle is|n|/2.

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

=VpPP+n, Ri=

are
. Vuqub

| VedVip

ViaViw
VeaVen

=V =p?+n (A.8)

u =
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The three angles of the unitarity triangle are defined ask@I[73[74]:

ViaViy, VeaVy, VudVyp
= — = — c = - A.9
o arg{ VedV | B =arg A7 N R (A.9)

They are physical quantities and can be independently mesh&ly CP asymmetries iB decays. It is
also useful to define the two small angles of the unitarignigies[(A6,A.b):

VisViy VesVed ]

A.10
VoV ViV (A.10)

685arg[— }, ﬁKEarg[—

B CPVin B decays to final CP eigenstates

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

Ap=(FHIB) | A =(fIMIB) . Ap=(fHIB) . A =(FMB), (B

where?{ is the Hamiltonian governing weak interactions. The actbiCP on these states introduces
phaseg s and{ according to

CP|B) = e™™B|B) , CP|f)=e"/[f),
CP|B) = e ®5|B) , CP|f)=c¢*|f), (B.2)

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

Ay =eCrtm) Ay (B.3)

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

will evolve in time acquiring components that describe al$gible decay final statds, fo, ...}, that
is,

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

If we are interested in computing only the values:6f) andb(¢) (and not the values of ai;(¢)), and
if the timest in which we are interested are much larger than the typicahgtinteraction scale, then
we can use a much simplified formalism [75]. The simplifieddiavolution is determined by x 2
effective Hamiltoniarf{ that is not Hermitian, since otherwise the mesons would oabjllate and not
decay. Any complex matrix, such @& can be written in terms of Hermitian matricgés andI” as

H:M—%P. (B.6)

M andT are associated withB°, BY) « (B°, BY) transitions via off-shell (dispersive) and on-shell
(absorptive) intermediate states, respectively. Diagelements ofM/ andI' are associated with the
flavor-conserving transition8? — B? and B — B° while off-diagonal elements are associated with
flavor-changing transitions? < BY.

The eigenvectors off have well defined masses and decay widths. We introduce esnpgl
rameterg andgq to specify the components of the strong interaction eigeestB® and BY, in the light
(Br) and heavy By) mass eigenstates:

|B,u) = p|B°) + q|B°) (B.7)
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with the normalizationp|?> + |¢|?> = 1. The special form of Eq.[{Bl7) is related to the fact that CPT
imposesM7; = My, andl'y; = I'ys. Solving the eigenvalue problem gives

a\* _ Mj, = (i/2)T5,
<];> B M12 - (1/2)P12 ' (B8)

If either CP or T is a symmetry ¢, thenM,, andl'» are relatively real, leading to

2
G):ﬁ@ N H:L (8.9)
p p

where¢p is the arbitrary unphysical phase introduced in Eq.J(B.2).

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

Amp= My — M, Al'gp=Ty-Ty. (B.10)

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

M M T T
mp=2H XML o _lHYIL (B.11)
2 2
It is useful to define dimensionless ratiesindy:
AmB APB
= = ——. B.12
TE o YEor, (B.12)
Solving the eigenvalue equation gives
1 *
(Amp)? — Z(AFB)2 = (4|M|*> = T12), AmpATp = 4Re(MoT%,). (B.13)

All CP-violating observables i and B decays to final stateg and f can be expressed in terms
of phase-convention-independent combinationd pfA, A+ and A7, together with, for neutral-meson
decays onlyg/p. CP violation in charged-meson decays depends only on thdioation |Z?/Af|,
while CP violation in neutral-meson decays is complicatgd®y « B° oscillations and depends,
additionally, onjq/p| and on\; = (q/p)(As/Ay).

For neutralD, B, and B, mesonsATI'/T' <« 1 and so both mass eigenstates must be considered
in their evolution. We denote the state of an initially piB) or | B°) after an elapsed proper times
| BOpnys (1)) Or [BY,. (1)), respectively. Using the effective Hamiltonian approxiioa, we obtain

Bnys(8)) = g4(1) |BY) — 1% g9-(1)B),

” oy P
Bonys(®) = 9+(0)|B") = " 9-(1)|B") (B.14)

where
g:l:(t) = % (efimHtf%I‘Ht + e*imLtférLt) ) (815)

One obtains the following time-dependent decay rates:

dU[Bnys(t) — f]/dt
e_Fth

= (JAfI* + [(a/p)As|?) cosh(yI't) + (|Af|> — |(q/p)Af|?) cos(zTt)
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+ 2Re((q/p)A}Zf) sinh(yI't) — QIm((q/p)A}Zf) sin(zI't) , (B.16)
e_Fth

(It/@)Af[* + | A |?) cosh(yT't) — (I(p/q)Ayl* — [Af[?) cos(aTt)
+ 2Re((p/q)Aijc) sinh(yI't) — QIm((p/q)AfZ;) sin(zI't) , (B.17)

where/; is a common normalization factor. Decay rates to the CPugmig final statg are obtained
analogously, with\y = A and the substitutiond; — A; andA; — Ay in Egs. (BI6.BI). Terms
proportional to|A;|* or [A|? are associated with decays that occur without any/het> B oscilla-
tion, while terms proportional t&(q/p)A¢|* or |(p/q)As|* are associated with decays following a net
oscillation. Thesinh(yI't) andsin(xI't) terms of Eqs.[(B.16,B.17) are associated with the intenfaze
between these two cases. Note that, in multi-body decaygljitades are functions of phase-space vari-
ables. Interference may be present in some regions but metsptand is strongly influenced by resonant
substructure.

One possible manifestation of CP-violating effects in nmedecays|[[76] is in the interference
between a decay without mixing3® — f, and a decay with mixingB? — B — f (such an effect
occurs only in decays to final states that are commaB%@nd BV, including all CP eigenstates). It is
defined by

Tm(A\;) £ 0, (B.18)
with _
_q4y

Ap = ——= . B.19

i pAs ( )

This form of CP violation can be observed, for example, usigasymmetry of neutral meson decays
into final CP eigenstatefg-p

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

Afep (1) (B.20)

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

Ag(t) = Sysin(Amt) — Cfcos(Amt),
2Zm(Ay) 1P

S E T T
! L+ Py T g

(B.21)

Consider theB — f decay amplituded s, and the CP conjugate proceds,— £, with decay
amplitudeAf. There are two types of phases that may appear in these degaituaes. Complex
parameters in any Lagrangian term that contributes to thaitme will appear in complex conjugate
form in the CP-conjugate amplitude. Thus their phases appedy, andZ? with opposite signs. In the
Standard Model, these phases occur only in the couplingsed#t™ bosons and hence are often called
“weak phases”. The weak phase of any single term is convengpendent. However, the difference
between the weak phases in two different termd jris convention independent. A second type of phase
can appear in scattering or decay amplitudes even when tramgian is real. Their origin is the possible
contribution from intermediate on-shell states in the ggmacess. Since these phases are generated by
CP-invariant interactions, they are the sameﬂl;nandzf. Usually the dominant rescattering is due to
strong interactions and hence the designation “stronggsfider the phase shifts so induced. Again,
only the relative strong phases between different termisératnplitude are physically meaningful.

The ‘weak’ and ‘strong’ phases discussed here appear itiadth the ‘spurious’ CP-transformation
phases of Eq[(BI3). Those spurious phases are due to aragrimhoice of phase convention, and do
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not originate from any dynamics or induce any CP violatioor §implicity, we set them to zero from
here on.

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

Af _ |a1|€i(51+¢>1)+|a2|€i(52+¢>2),

A; = |a1|€? 0172 4 |gg|e?P2—92). (B.22)

Similarly, for neutral meson decays, it is useful to write
My = [Myg|e® , Tig = [Tyafer . (B.23)

Each of the phases appearing in Egs. (B.22,B.23) is comrentependent, but combinations such as
61— 02, ¢1 — b2, dar — ¢r andeas + ¢1 — ¢, (Whereg, is a weak phase contributing tby) are physical.

In the approximations that only a single weak phase cortethto decayd ; = |le|€i(6f+¢f), and
that|I"1o/M;2| = 0, we obtain|\¢| = 1 and the CP asymmetries in decays to a final CP eigengtate
[Eqg. (B.20)] with eigenvaluey; = +1 are given by

Apep (t) =Im(Ay) sin(Amt) with Zm(Ag) = nysin(oar + 2¢y). (B.24)

Note that the phase so measured is purely a weak phase, aadimmic parameters are involved in the
extraction of its value fron@m(Ay).

C Supersymmetric flavor violation
C.1 Mass insertions

Supersymmetric models provide, in general, new sourcesabfflviolation. We here present the for-
malism of mass insertions. We do that for the charged slgptautt the formalism is straightforwardly
adapted for squarks.

The supersymmetric lepton flavor violation is most commamglyzed in the basis in which the
charged lepton mass matrix and the gaugino vertices aremtiagln this basis, the slepton masses are
not necessarily flavor-diagonal, and have the form

r ~ ~ M2.. Az Or
o (MDMNT . — (T < L Auva ) by o1
ni z)w ~Nj = (01; Uri) A M}%kl T (C.1)

whereM, N = L, R label chirality, andi, j, k,l = 1,2,3 are generational indices)/? and M3 are
the supersymmetry breaking slepton masses-squared. ATjpgrameters enter in the trilinear scalar
couplingsAij@ZM?’;ﬁ, where ¢, is the down-type Higgs boson, ang = (¢4). We neglect small
flavor-conserving terms involvingan 8 = vy, /vg.
In this basis, charged LFV takes place through one or momaiemass insertion. Each mass
insertion brings with it a factor of
SN = (MY i, (C.2)

where? is the representative slepton mass scale. Physical pesctissrefore constrain

(8 N)ege ~ max [§MN, SMPSEN (i > 5)] . (C.3)
For example,
(019 ) et ~ max [A12v4/10%, M7 Agova/h*, AjgvaM s /i, ... (1 2)] . (C.4)
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Note that contributions with two or more insertions may leslsuppressed than those with only one.

It is useful to express thg}“f mass insertions in terms of parameters in the mass basisallVe c
write, for example,

1 £ A ~
SEL = — Z KEKEAm],. (C.5)

Here, we ignord. — R mixing, so thatk'Z, is the mixing angle in the coupllng of a neutralino’io — (1.
(with ¢; = e, u, T denoting charged Iepton mass elgenstateségnd 01,09, 05 denoting charged slepton
mass eigenstates), andn? To = m% —m?2. Using the unitarity of the mixing matrix“, we can write

okl = Z KK (Amd, +m?) = (M2)F (C.6)

ot jo ij >

thus reproducing the definition (C.2).

In many cases, a two generation effective framework is is€fuwunderstand that, consider a case
where (no summation overy, k)

|KLK < |KEE,

KL KR Am? < |KLKPAm2

ngZLi |’ (C7)

zZ|

whereAmZ%Z = m% —m2 . Then, the contribution of the intermediate can be neglected and,
J* Ly Lz

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

2

Am
SL = 7“;"“ KEKE. (C.8)
m

C.2 Neutral meson mixing

We consider the squark-gluino box diagram contributiomDtb— D’ mixing amplitude that is propor-
tional to Ky; K77" K3, K17, where K is the mixing matrix of the gluino couplings to left-handeg u
guarks and their up squark partners. (In the language of #ss imsertion approximation, we calculate
here the contribution that is [(6%;)12]%.) We work in the mass basis for both quarks and squarks.

The contribution is given by

47‘(’2 = -
MB=— i 2mp f5Bpnacn Z K3 K1 Ky K9 (115 + 42 1a;). (C.9)
7]
where
f B / d4p p2
dij = > =2 =2
(2m)* (p? — m2)?(p? — W) (p* — m3)
_ i g
(4m)? | (mf —m2)(m} —m3)
~ 4 ~ 9 ~ 4 ~ 2
+ eI+ ——— A ——=In—2|, (C.10)
(1} —m3) (i — mj)? 5 (M3 —mi)(mF —m})? 3
I . / d*p 1
» _ ]
N (2m)* (P2 = m2)*(p? — m7)(p* — m3)



2 g
~ 9 ~9 ~ 2 ~ 2
+ ey =5 + = —— — __In—2|. (C.11)
(mF —a)(n? g g (= ) (g — g g

We now follow the discussion in refs. [21,/80]. To see the egougnces of the super-GIM mech-
anism, let us expand the expression for the box integralnafr@ome valuehg for the squark masses-
squared:

Ly(ml,mi m3) = Iy(ml,m + 6mi, ml + om3)
= I(m},m;, m2) + (6m3 + 6m3)Is (2, m2, mg, M)
| - - - 9 9 -9 -9 -~
+ 3 [(5m22)2 + (5m?)2 + 2(5m22)(5mj2)] IG(mg,mg,mg,mg,mg) +--(C.12)
where
d*p 1
~2 ~2 ~ 2\ —
In(ig, My, ..., my) = / o) 2 —Thg)Q(pQ DT (C.13)

and similarly forZ,;;. Note thatl, o (m2)"~2 and I, « (m2)"~2. Thus, usings = m2/m2, it is
customary to define

1 ~ 1

In=—————Ffu(z), I,=—————=/n(2). C.14
Gy 2 I = gy (€44
The unitarity of the mixing matrix implies that
S (ESK KK =Y (Ky KKK = 0. (C.15)
i J

Consequently, the terms that are proportiofialfs, f5 and f5 vanish in their contribution td/;». When
om? < mg for all i, the leading contributions td/;> come fromfs and fs. We learn that for quasi-
degenerate squarks, the leading contribution is quadimtibe small mass-squared difference. The
functions f¢() and fs(z) are given by

6(1+3x)Inz + 23 — 922 — 9z + 17
folr) = SLF3D) ,

6(1 —x)°
~ Xz A nx—:ﬂg— 562 X
fe(xr) = 6zl + o)1 3(1—95)59 ozl (C.16)

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

To further simplify things, let us consider a two generatiase. Then
Miy oo 2(K$ Ki7)*(6m1)? + 2(K3, K15)(0m3)? + (K3 Kit K3 Ki5) (0 + dim)?
= (K3 Kiy)*(m3 —mi)*. (C.17)
We thus rewrite Eq[(C]9) for the case of quasi-degeneraterks;:

a2mp fABpnqep ., = AMZ)? e
M = D— . Q [11fs(x) + 4xf6(x)]7( _ il) (K% K2, (C.18)
108mq my

For example, for: = 1, 11 fs(x) + 4z f6(x) = +0.17. Forz = 2.33, 11 f5(x) + 4z fs(z) = +0.003.
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