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Abstract

In these lectures I discuss 1) flavor physics within the Standard Model, 2)
effective field theories and Minimal Flavor Violation, 3) flavor physics in the-
ories beyond the Standard Model and “high energy" flavor transitions of the
top quark and of the Higgs boson. As a bi-product, I present the most updated
constraints from the measurements of By — u™* ", as well as the most recent
development in the LHC searches for top flavor changing couplings.
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1 Introduction

My plan for these lectures is to introduce you to the basics of flavor physics and CP violation. These
three lectures that I gave at the 2015 European School of High-Energy Physics are not comprehensive,
but should serve to give an overview of the interesting open questions in flavor physics and of the huge
experimental program measuring flavor and CP violating transitions. Hopefully they will spark your
curiosity to learn more about flavor physics. There are many books and reviews about flavor physics for
those of you interested [1-6].

Flavor physics is the study of different generations, or “flavors”, of quarks and leptons, their
spectrum and their transitions. There are six different types of quarks: up (u), down (d), strange (s),
charm (c), bottom (b) and top (¢) and three different type of charged leptons: electron, muon and tau. In
these lectures, I will concentrate on the discussion of quarks and the mesons that contain them. A recent
review about lepton flavor violation can be found in [7].

The Large Hadron Collider (LHC) discovery of the Higgs boson in 2012 [8,9] and the subsequent
early measurements of its couplings to the Standard Model (SM) gauge bosons and third generation
quarks and leptons have been a remarkably successful confirmation of the SM and of its mechanism of
electroweak symmetry breaking (EWSB). The LHC has been able to demonstrate that the Higgs does
not couple universally with (some) quarks and leptons already with Run I data [10]. In fact, we know
that in the SM m; > m. > m, and my > ms > my, and that the same hierarchies hold for the Higgs
Yukawa couplings with quarks and leptons. Our lack of understanding of why nature has exactly three
generations of quarks and leptons and why their properties (masses and mixing angles) are described
by such hierarchical values is the so called “Standard Model flavor puzzle". In the limit of unbroken
electroweak (EW) symmetry none of the basic constituent of matter would have a non-zero mass. The
SM flavor puzzle is, therefore, intimately related to the other big open question in particle physics, i.e.
which is the exact mechanism behind EWSB.

Once the SM quark and lepton masses, as well as quark mixing angles (3 plus a phase) have
been fixed, the SM is a highly predictive theory for flavor transitions. Particularly, any flavor transition
has to involve the exchange of at least a W boson and therefore flavor changing neutral transitions can
only arise (at least) at the loop-level. In the last few years, tremendous progress has been reached in
testing the mechanism of quark flavor mixing by several experiments (LHCb and B-factories (Belle and
Babar) as well as the high energy experiments ATLAS and CMS), finding good agreement with the
SM expectations. At the same time, there are a few flavor measurements that could be interpreted as
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tantalizing hints for deviations if compared to the SM predictions. Particularly, lately there have been a
a lot of attention on the anomalies in angular observables in the decay B; — K*uu (involving a b — s
flavor transition), as observed by the LHCDb collaboration [11-13], as well as on the observables testing
lepton flavor universality, BR(B — Kpuu)/BR(B — Kee), as observed at LHCb [14] and on the rare
decays B — D7v; and B — D*7v, by Belle, Babar, and LHCb [15-19].

The coming years will be exciting since several low (and high) energy flavor experiments will
collect a lot more data. In particular [6],

LHCb upgrade  Belle II data HL — LHC
LHCD, 1fb~! Belle data ’  LHC, ICHEP 2016

200 (1)

in the time scale of ~ 20 years for the LHCb upgrade and for the High-Luminosity LHC and of ~ 10
years for Belle II.

Present and future flavor measurements will be able to probe, and eventually indirectly discover,
New Physics (NP). Observing new sources of flavor mixing is, in fact, a natural expectation for any
extension of the SM with new degrees of freedom not far from the TeV scale. While direct searches of
new particles at high energies provide information on the mass spectrum of the possible new degrees of
freedom, the indirect information from low energy flavor observables translates into unique constraints
on their couplings.

The lectures are organized as follows: In Sec. 2, I will introduce the main ingredients of flavor
physics and CP violation in the SM. I will both review the theory aspects and the experimental determi-
nation of the several SM flavor parameters. My second lecture, in Sec. 3, will discuss the role of flavor
physics in testing effective field theories beyond the SM (BSM), where new degrees of freedom are heavy
if compared to the EW scale, and they can be integrated out, to generate higher dimensional operators to
be added to the SM Lagrangian. Sec. 4 is dedicated to the discussion of the flavor properties of specific
BSM theories, i.e. models with multi-Higgs doublets and Supersymmetric models. I will also discuss
the interplay between low energy flavor measurements and high energy flavor measurements involving
top and Higgs flavor transitions, as it can be measured at ATLAS and CMS. Finally, I will conclude in
Sec. 5.

2 Flavor physics in the Standard Model
2.1 The flavor sector of the Standard Model

The Standard Model (SM) Lagrangian can be divided in three main parts: the gauge, the Higgs, and the
flavor sector. The first two parts are highly symmetric

cp £ = S - G - W
i a e

1

1 B Buv + [Dugl* + (12|61 = Mel"), 2

and fully determined by a small set of free parameters: the three gauge couplings, g3, g2, g1 correspond-
ing to the SM gauge groups SU(3) x SU(2) x U(1)y, the Higgs (¢) mass, my,, and the Higgs vacuum
expectation value (VEV), v (or, equivalently, the Higgs mass term, u, and the quartic coupling, ). In
this expression G, W, and B are the SM SU (3), SU(2), and U(1)y gauge fields, respectively, and we
have defined the quark and lepton field content, ¢, as

V' = QLY uly, dy, el with 3)
Q% =(3,2,1/6), L} = (1,2, -1/2), v’y = (3,1,2/3), d% = (3,1,-1/3), e = (1,1, —1),
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where ¢ = 1,2, 3 is the flavor (or generation) index and the three numbers refer to the representation
under the SM gauge group.

The Lagrangian in (2) possesses a large flavor symmetry that can be decomposed as
Ghavor = SU(3)° x U(1)° = SU(3)3 x SU3); x U(1)p x U(1)L x U(L)y x U(1)pq x U(1)E, (4)

where three U (1) symmetries can be identified with baryon and lepton numbers, and hypercharge, the
latter of which is broken spontaneously by the Higgs field. The two remaining U (1) groups can be
identified with the Peccei-Quinn symmetry [20] and with a global rotation of a single SU (2) singlet (eg
in the case of Eq. (4)). The flavor sector of the SM Lagrangian breaks the SU (3)® symmetry through the
Yukawa interactions

Ly = ~Y QD — Y QiaUh — Y5 Loy + hc. ®

where ¢ is the Higgs field (¢ = (1,2,1/2)), ¢ is its conjugate representation ¢ = irp¢" and Y ue are
the three Yukawa couplings.

The diagonalization of each Yukawa coupling requires a bi-unitary transformation. Particularly,
in the absence of right-handed (RH) neutrinos as in Eq. (3), the lepton sector Yukawa can be fully
diagonalized by the transformation U, Y, Ul = diag(y!,y2,y2) = V2 diag(me,m,, m,)/v. In the
quark sector, it is not possible to simultaneously diagonalize the two Yukawa matrices Y, and Y, without
breaking the SU(2) gauge invariance. If, for example, we choose the basis in which the up Yukawa is
diagonal, then

V2 V2

YU = dlag(y}uy?uyzii) = T(mu7m67mt)v Yd =V dlag(@/}p?/iayg) = TV ’ (mdams7mb)7 (6)

where we have defined the Cabibbo-Kobayashi-Maskawa (CKM) matrix as V = U, LU;,/r -

However, in the SM the SU(2) gauge symmetry is broken spontaneously by the Higgs field and
therefore, we can equivalently rotate both left-handed (LH) up and down quarks independently, diag-
onalizing simultaneously up and down quark masses. By performing these transformations, the CKM
dependence moves into the couplings of up and down quarks with the W boson. In particular, the
charged-current part of the quark covariant derivative in (2) can be rewritten in the mass eigenstate basis
as

. dr,
G QU WirtQy B (e Ly WV (s ] )
br

This equation shows that the appearance of W boson flavor changing couplings. This is the only flavor
changing interaction in the SM. Exercise: prove that the neutral interactions of the photon, the Z boson,
the gluons and the Higgs boson are flavor diagonal in the quark mass eigenbasis. We can therefore
conclude that, in the SM,

(a) the only interactions mediating flavor changing transitions are the charged interactions;
(b) there are no tree-level flavor changing neutral interactions.

In spite of point (a), it must be stressed that V', the CKM matrix, originates from the Yukawa
sector: in absence of Yukawa couplings, V;; = d;; and therefore we have no flavor changing transitions.
We can now count the number of free parameters of the SM Lagrangian. As opposed to the five
free parameters of the gauge and Higgs sector (g1, g2, g3, v, my,), the flavor part of the Lagrangian has a
much larger number of free parameters. Particularly, the CKM matrix is defined by 4 free parameters:
three real angles and one complex CP-violating phase. Exercise: Using the unitarity relations discussed
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in the next subsection, demonstrate that the CKM matrix is fully described by 4 free parameters. This
phase is the only source of CP violation in the SM, beyond the QCD phase, qcp. The full set of
parameters controlling the breaking of the quark flavor symmetry is composed by six quark masses and
four parameters of CKM matrix (to be added to the three charged lepton masses, as obtained from the
Yukawa coupling Y,).

Many parameterizations of the CKM matrix have been proposed in the literature. In these lectures,
we will focus on the standard parametrization [21] and on the Wolfenstein parametrization [22]. The
CKM matrix is unitary and can be described by three rotation angles 615, 613, 612 and a complex phase
0. In all generality, we can write the standard parametrization as product of three rotations with respect
to three orthogonal axes

Vud Vus Vi I 0 0 ci3 0 spze® ciz2 si2 0
Vo = Vea Ves Vo | = 0 co3  s23 0o 1 0 —s12 c12 0
Via Vis Vw 0 —s23 co3 —s13¢ 0 3 0 0 1
C12€13 . $12€13 ‘ s13e”
= —512C23 — 01282381355 C12C23 — 812823813€Z§ s23c13 |,
512823 — C12C23513€"  —s93c12 — S12C23513€"°  Cc23C13
where we have denoted s;; = sin6;; and ¢;; = cos 0,5, 1,5 = 1,2, 3.
From measurements, we know that sq2, s13 and sp3 are small numbers, therefore we can approxi-
mately write the CKM matrix in terms of an expansion in | V|
A2 3 ;
-4 A . AN’ (0 — i) ,
V= ~\ -3 AN2 + O\, ©)
AN (1 — g —in) —AN? 1
with A ~ 0.23 the Cabibbo angle and the parameters A, p, n of the order 1, defined as
A= 512, A)\2 = 523, A)\3(p - in) = Slge_id. (10)

This is the Wolfenstein parametrization, that shows clearly the sizable hierarchies in between the several
elements of the CKM matrix, that, at the zeroth order in X is given by the identity matrix.

2.2 Tests of the CKM matrix

The unitarity of the CKM matrix implies the following relations between its elements:

Phase independent : Z |Vie|> =1, Phase dependent : Z ViiVi; =0, j #i. (1D
k=1,2,3 k=1,2,3

These relations are a distinctive feature of the SM, where the CKM matrix is the only source of
quark flavor transitions. Each of the phase dependent relations, for fixed ¢ and j, can be visualized as
a triangle in the complex plane, where each side represents the complex number Vkin’} for the three
different £k = u, c, t. The fact that the three vectors add up to form a closed triangle is the manifestation
of the unitarity relation. Among the six phase dependent relations, the most stringent test is provided by
the ¢ = 1 and 5 = 3 case, since, in this case, the corresponding unitarity triangle has all sides of the same
order in \. Particularly, the unitarity relation can be written as

VudVip n ViaVip
VeaVy — VedVy

+1=0 <« (p+in)+(Q—p—in)+1=0, (12)

where this defines the parameters p and 77, which are approximately given by
AQ )\2
0~ 1—— N~ 1—— . 13
p=p < 2 ) N ( 5 ) (13)
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Fig. 1: Left: The unitarity triangle. Right: List of the most sensitive observables used to determine the several
elements of the CKM matrix.

This unitarity triangle is represented on the left panel of Fig. 1. We have defined the angles of this triangle

VidVi, > < Ved Ji,) ( VudVJb>
a = arg| — -, B=arg|— =, =arg | — . | > (14)
«( VadVy U T
and also we can define one additional angle 5 as
VisVip
Bs = ar (——t ) (15)
AN

There are many measurements performed at different experiments (Babar, Belle, LHCb) that over-
constrain the values of the elements of the CKM matrix. In the right panel of Fig. 1, we report a summary
of the most stringent experimental constraints on the several CKM elements. Every element but V;; and
Vs are determined directly by tree-level processes. In particular

— Via is extracted through the measurement of a set of superallowed nuclear 3 decay;

— Vs, Vup and V¢ are measured through the rates of inclusive and exclusive charmless semi-leptonic
K, B and D decays to mlv, respectively;

— V¢ is extracted through the measurement of the B — D/ decay;

— Vs and V3, can be extracted from the measurements of D — K/ and top decay to Wb, respec-
tively. However, the corresponding constraint is not competitive with the constraint coming from
the global fit of all the other observables.

— The one loop mass splittings in the neutral B and B, systems are sensitive to the values of V;4 and
Vs, respectively. Additional determinations include loop-mediated rare K and B decays.

Vi is the best determined element of the CKM matrix with an error at the level of 0.02%. Vs, Vs, and
Ve are also well determined with the corresponding observables with errors ranging in (0.1 — 2)%. The
observables B — m/v and D — 7/l determining V,,;, and V_, are, instead, the least accurately measured
with an error at around ~ 10%.

The consistency of different constraints on the CKM unitarity triangle is a powerful test of the
SM in describing flavor changing phenomena. Fig. 2 shows the huge improvement in the determination
of the unitarity triangle in the past 20 years: the left panel shows the present status and the right panel
represents the situation back in 1995. In this fit, additional constraints beyond the ones discussed above
are imposed. In particular, constraints on the CKM unitarity triangle come from the CP violation in
K — 7, the rates of the various B — 7, pm, pp decays (that depend on the phase «), the rates of
various B — DK decays (that depends on the phase ), the CP asymmetry in the decay B — ¥ K5 (that
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Fig. 2: Summary of the constraints on the CKM unitarity triangle as obtained by the CKMFitter collaboration [23]
Left: in 2015, Right: in 1995.

depends on the phase (3). From the figure, it is evident that there is little room for non-SM contributions
in flavor changing transitions. The values of 5 and 7 are determined very accurately':

p = 0.15010:008, 7 = 0.35470 0%, (16)
together with the parameters A and A:
A =0.823T00%, X = 0.2254709%02. (17)

One can allow for arbitrary new physics (NP) in one or more flavor changing processes entering the CKM
fit. This is particularly interesting in processes that appear in the SM at the loop-level. Then, one can
quantitatively constrain the size of new physics contributions to processes such as neutral meson mixing.
This is what we will discuss in the next section.

2.3 Meson mixing and the GIM mechanism

In the SM, in order for a flavor transition to take place, the exchange of at least a virtual W is necessary.
A Flavor-Changing-Neutral-Current (FCNC) process is a process in which the electric charge does not
change between initial and final states. As a consequence, in the SM such processes have a reduced
rate relative to a normal weak interaction process. FCNCs are, however, not only suppressed by the
loop, but also by the so called Glashow-Iliopoulos-Maiani (GIM) mechanism [26]. We will explain this
mechanism through the discussion of meson mixing.

Let us take the K (= d5) and K (= ds) meson system. These two flavor eigenstates are not
mass eigenstates and, therefore, they mix. The leading order contributions to the mixing arise from box
diagrams mediated by the exchange of the W boson and the up quarks. The corresponding effective
Hamiltonian responsible of this mixing is given by

G2

i=u,c,t ij=u,c,t, i#j

!'These numbers are taken from the CKMFitter collaboration [23]. Similar numbers are obtained by the UTFit collaboration
[24] and by latticeaverages.org [25].
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where we have defined \; = V;:Vi4. F(z;,x;) are loop functions, z, = mg / m%/v. In the limit of exact
flavor symmetry (mqy = ms = my) the several diagrams cancel, thanks to the unitarity of the CKM
matrix (see Egs. (11)). This is the so called GIM mechanism, that can be applied not only to the Kaon
mixing system but to all SM flavor transitions. Historically, in 1970, at the time the GIM mechanism
was proposed, only three quarks (up, down, and strange) were thought to exist. The GIM mechanism
however, required the existence of a fourth quark, the charm, to explain the large suppression of FCNC
processes.

The breaking of the flavor symmetry induces a mass difference between the quarks, so the sum of
the diagrams responsible for meson mixing will be non-zero. We can use the unitarity relations (11) to
eliminate the terms in the effective Hamiltonian that depend on A, obtaining

_ Gk
1672

with So(z;) and Sp(z;, x;) given by the combinations

Hr

miy [So(z) A7 4+ So(we) A2 + 280(2e, me)AAe] (37u(1 — 75)d)?, (19)

So(zi) = F(xi,x) + F(xy, xy) — 2F (x4, xy) (20)
So(zi,z5) = F(xi,x5) + Fay, ©y) — F(xi, 24) — F(z5,24). 20

The explicit expressions can be found in e.g. [1]. All terms of this effective Hamiltonian are suppressed
by, not only the loop factor, but also the small CKM elements, particularly suppressing the top loop
contribution, and the small mass ratio m?2/ m%[, in the case of the charm loop contribution, as predicted
by the GIM mechanism.

This effective Hamiltonian leads to the oscillation of the two Kaons. The time evolution of the
Kaon anti-Kaon system, ¢ = (K, K), reads

dip(t) r ( M —iT/2 M12—¢r12/2>

g T, H=M-ig = Mp, —iT%,/2 M —il'/2

dt 2 22)

with M and I' the average mass and width of the two Kaons, respectively. The two eigenstates of the
system (heavy and light, or, equivalently, long and short) have a mass and width given by

MH,L = M:I:RG(Q), PH7L:F:FQIII1(Q),

Q = \/ <M12 - ;Fu) <Mi*2 - ;r;2>, (23)

and are a linear combination of the two K and K states

_ % q_ 2M, — il
|Kn,1) =plK) F q|K), »~ T9Re(Q) + 2 m(Q)’ (24)

The difference in mass of the two Kaon states, AM, can be computed from the effective Hamil-
tonian in (19) by -
mgAMp = 2mgRe(Mi2) = Re((K|Hk|K)), (25)
with mx the average Kaon mass. Lattice QCD is essential to compute the matrix element of the four
quark operator calculated between two quark bound states. We have [1]

_ 8
(K591 = 75)d)*|K) = 3 B () Fimi., (26)

with F the Kaon decay constant and B (1) the Kaon bag parameter, evaluated at the scale . Putting
these pieces together and including QCD corrections, one can find

GQ > * * * %
My = 71:2 FiBremgmiy [(AD)*mSo(xe) + (A))?n2S0(x) + 22X\ m350 (we, 71)] @7
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Fig. 3: Left: CP violation in mixing; Middle: CP violation in decay; Right: CP violation in interference, for
meson decays to a final state f.

where 71 2 3 are QCD correction factors given e.g. in [1] and we have defined the renormalization group
invariant parameter

Bi = B (p) [as(p)] 7*/? [1 + %Js] , (28)

with J3 ~ 1.9 in the NDR-scheme [27]. In Sec. 3.1, we will discuss the bounds on New Physics theories
arising from the measurement of the several observables of the meson mixing systems.

2.4 CP violation in meson decays
All CP-violating observables in K and K decays, as well as in any M — M meson system, to final states

f and f can be expressed in terms of phase-convention-independent combinations of A 1 A HA 7 A 7
together with ¢/p of Eq. (24), in the case of neutral-mesons, where we define

Ay = (fIHIM), Ap = (fIHIM), A; = (fIH|M), Af = (f|H|M). (29)
As shown in Fig. 3, we distinguish three types of CP-violating effects in meson decays [4]:

(a) CP violation in mixing, defined by |¢/p| # 1 and arising when the two neutral mass eigenstate
admixtures cannot be chosen to be CP-eigenstates;

(b) CP violation in the decay of mesons, defined by | A lAfl # 1

(c) CP violation in interference between a decay without mixing, M — f, and a decay with mixing
M — M — f. This is defined by Im(qA;/pAy) # 0.

One example of CP violation in mixing (a) is the asymmetry in charged-current semi-leptonic
neutral meson decays for which the “wrong sign" decays (i.e. decays to a lepton of charge opposite to
the sign of the charge of the original b quark) are allowed only if there is a mixing between the meson
and the anti-meson. For example, for a B; meson

o _ T(Balt) > £vX) ~T(Balt) > £0X) _ 1 la/pl*

SUT T (By(t) — ¢+vX) + T(By(t) — -0X) 1+ |q/pl*
DO performed several measurements of these asymmetries in B decays [28—-30]. Combining all measure-
ments, there is a long-standing anomaly with the SM prediction in the ag;, — agL plane with a significance

at the level of ~ 2 — 3¢ [31], mainly arising from the DO measurement of the like-sign dimuon charge
asymmetry [29] (see upper panel of Fig. 4).

(30)

In charged meson decays, where mixing effects are absent, the CP violation in decay (b) is the
only possible source of CP asymmetries. For example, in the B meson system:
D(BY = [N —T(B™ = f) _1—|A;- /A
afr+ = = — .
P 0BT = fHO+T(B- = f7) 1+ |4 JAp ]

(€29)
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Fig. 4: Upper panel: Summary of the measurements of CLEO, BABAR, Belle, DO and LHCb in the ag;, — agL
plane. Lower panel: (¢¢°*, AT') plane (AT, is the difference in width in the B, — By system), the individual 68%
confidence-level contours of ATLAS, CMS, CDF, DO and LHCb, their combined contour (solid line and shaded
area), as well as the SM predictions (thin black rectangle) are shown (from [32]).

These asymmetries are different from zero only if at least two terms of the amplitude have different weak
phases and different strong phases 2. Non-zero CP asymmetries have been observed in a few B meson
decay modes by the LHCb collaboration: BT — KK~ K, BT — Kt K7 [33].

CP violation in interference (c) is measured through the decays of neutral mesons and anti-mesons
to a final state that is a CP eigenstate (fcp)
D(M(t) = fep) — T(M(t) — fop)

Afop = FI(0) = fop) TTO(0) = fop) ~ Im(Acp) sin(AMpt), (32)

2Strong phases do not violate CP. Their origin is the contribution from intermediate on-shell states in the decay process, that
is an absorptive part of an amplitude.
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Fig. 5: The Left: tree diagram and the Right: penguin diagram contributing to By — ¥ Kg (from [37]).

A . . . .
where we have defined A\cp = ZT; and A M)y is the difference in mass of the meson anti-meson system.

This type of CP violation has been observed in several B meson decays, as for example in By — J/1¢ Kg
at Babar [34], Belle [35] and by now by the LHCb, as well [36], leading to the measurement of the
8 angle of the CKM matrix a;/yx, =~ sin(23)sin(AMgt). The Feynman diagrams contributing to
this asymmetry are given in Fig. 5, where we show the tree (left panel) and the penguin (right panel)
contributions. The current world average on the angle (3 is [32]

sin(23) = 0.69 + 0.02. (33)

The corresponding CP asymmetry in B decay is Bs — 1 ¢. The SM prediction is suppressed
compared to the 3 angle by A\?, leading to f5M = 0.018821L8:888§£ [23]. The latest LHCb result using 3
fb~! data is in good agreement with this prediction and reads BEHCE — 0,005 + 0.0195. A summary of

all measurements of the mixing angle in the By — B, system is reported in the lower panel of Fig. 4 and
the world average is [32]

/Bs:

_% = —0.00165 + 0.00165. (34)

3 Effective field theories and flavor transitions

It is clear that the Standard Model is not a complete theory of Nature. Foremost arguments in favor of
the existence of New Physics are

— It does not include gravity, and therefore it cannot be valid at energy scales above the Planck scale;
— It cannot explain the small value of the Higgs boson mass;
— It cannot account for neutrino masses and for the existence of Dark Matter (DM).

In particular, the DM and Higgs mass motivations suggest that the SM should be replaced by a new
theory already at scales at around the TeV scale. Given that the SM is only an effective low energy
theory, non-renormalizable terms must be added to the SM Lagrangian. In the next subsection, we will
discuss the flavor constraints on the NP scale associated to the higher dimensional operators contributing
to flavor transitions.

3.1 The New Physics flavor puzzle

If we assume that the new degrees of freedom which complete the theory of Nature are heavier than the
SM particles, we can integrate them out and describe physics beyond the SM by means of an effective
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field theory (EFT) approach. The SM Lagrangian becomes the renormalizable part of this generalized
Lagrangian which includes an infinite sum of operators with dimension d > 5, constructed in terms of
SM fields and suppressed by inverse powers of the NP scale A (>> v). This approach is a generalization
of the Fermi theory of weak interactions, where the dimension six four-fermion operators describing
weak decays are the results of having integrated out the W boson. The generic effective Lagrangian
reads

d>5 4
Cn d
Lo = Lan + zﬂ: Wog )(SM), (35)

where Lgp is the sum of (2) and (5) and O,(Ld)(SM) are operators of dimension d > 5 containing SM
fields only and compatible with the SM gauge symmetry. Generically, we would expect the Wilson
coefficients ¢ = (1), however several of these operators contribute to flavor-changing processes and
should be very suppressed to be in agreement with low energy flavor experiments. This is often denoted
as the NP flavor puzzle.

As an example, we consider the dimension 6 operators contributing to Kaon mixing:

oYM = (sy.Prd)’,

O = (5v,Prd) (57" Prd),

03" = (sPpd)(sPrd), (36)
O = (sPpd)?,

OS™ = (5y,, Prd)(5y™ Prd),

plus the corresponding ones with the exchange P;, — Pr (Pr.r = (1 F 75)/2). The only operator that
arises in the SM is O™ (see Sec. 2.3). As an example, a NP toy model containing a TeV scale new Z’
gauge boson with coupling ¢’ Z}, (57" (1 — 5)d) would produce a contribution to the operator OY™ and,
therefore, to the difference in mass of Kaon and anti-Kaon system that is equal to’
(9)°

2
Z/

8 R
AMy = AMM + ngFf(BK (37)

where AMI%M is the value predicted by the SM, as reported in Egs. (25)-(28). For TeV-scale Z's coupled
to a bottom and a strange quark with a EW strength coupling, the second piece of this equation is ~ 4
orders of magnitude larger than the SM contribution, and therefore, such gauge bosons are completely
ruled out by Kaon mixing measurements. This shows the tension between a generic NP at around the
TeV scale with EW-strength flavor violating couplings and low energy flavor measurements, the so called
NP flavor puzzle.

A summary of the bounds for the four neutral meson systems (K, By, Bs, D) is shown in Table
1. Particularly, we show in the first two entries the bounds on the NP scale, A, having fixed the absolute
value of the corresponding Wilson coefficient, ¢S of Eq (35), to one (the first column is for ¢§ = 1,
the second one for ¢8 = 7); the last two columns represent, instead, the bound on real part and on the
imaginary part of the the Wilson coefficient, fixing the NP scale to 1 TeV. A few comments are in order.
The bounds are weakest (strongest) for B, (K) mesons, as mixing is the least (most) suppressed in the
SM in that case. The bounds on the operators with a different chirality (left-right (LR) or right-left (RL))
are stronger, especially in the Kaon case, because of the larger hadronic matrix elements. Throughout
the table, bounds on the NP scale A exceed the TeV scale by several orders of magnitude. Therefore,
we can conclude that, if NP exists at around the TeV scale, it has to possess a highly non-generic flavor
structure, to explain ¢ < 1.

3Exercise: compute this contribution.
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Operator Bounds on A in TeV (cg = 1) | Bounds on cg (A=1TeV)
Re Im Re Im
(5pyMdr)? 9.8 x 102 1.6 x 10* 9.0x 107" 3.4x107°
(5rdr)(5rdR) | 1.8 x 10* 3.2 x 10° 6.9x 1077 2.6 x 10711
(epyrur)? 1.2 x 103 2.9 x 10° 56 x 1077 1.0 x 1077
(€rug)(crug) | 6.2 x 103 1.5 x 10* 57x107% 1.1x1078
(bpyPdr)? 6.6 x 102 9.3 x 102 23x107% 1.1x10°°
(brdy)(brdg) | 2.5 x 103 3.6 x 103 39x1077  1.9x 1077
(bry*sr)? 1.4 x 102 2.5 x 102 50x 1075 1.7 x107°
(brsr)(brsgr) | 4.8 x 102 8.3 x 102 8.8x1076 29x10°°

S. GORI

Table 1: Bounds on representative dimension-six operators that mediate meson mixing, assuming an effective
coupling c® /A%, The bounds quoted for A are obtained setting |cS| = 1; those for cxp are obtained setting A = 1
TeV. We define g1, r = Pr, r ¢q. From [38] and [39].

3.2 The Minimal Flavor Violation ansatz

TeV scale New Physics could be invariant under some flavor symmetry, and, therefore, more easily in
agreement with low energy flavor measurements. One example, of a class of such models are theories
with Minimal Flavor Violation (MFV) [40-43]. Under this assumption, flavor violating interactions are
linked to the known structure of the SM Yukawa couplings also beyond the SM. More specifically, the
MFYV ansatz can be implemented within the generic effective Lagrangian in Eq. (35), as well as to UV
complete models, and it consists of two ingredients [43]: (i) a flavor symmetry and (ii) a set of symmetry-
breaking terms. The symmetry is the SM global symmetry in absence of Yukawa couplings, as shown
in Eq. (4). Since this global symmetry, and particularly the SU (3) subgroups controlling quark flavor-
changing transitions, is broken within the SM, it cannot be promoted to an exact symmetry of the NP
model. Particularly, in the SM we can formally recover the flavor invariance under Gg,yor by promoting
the Yukawa couplings Yy, Yy, Ye of (5) to dimensionless auxiliary fields (spurions) transforming under
SU(3)3 = SU(3)q x SU3)y x SU(3)p and under SU(3); = SU(3), x SU(3). as

YQ ~ (37 L, 3)SU(S)gv Yy ~ (3737 1)SU(3)27 Ye ~ (37 g)SU(?))?‘ (38)

Exercise: Check that, with these transformations, the Yukawa Lagrangian of (4) is invariant under
SU(3)3 x SU(3);.

Employing an effective field theory language, a theory satisfies the MFV ansatz, if all higher-
dimensional operators, constructed from SM and Y, 4 . fields, are invariant under the flavor group, Ggavor-
The invariance under CP of the NP operators may or may not be imposed in addition to this criterion. In
the down quark sector, the several operators will be combinations of the invariants

QLY.YIQr, DYV, YIQr, DrY]Y,YIV,Dg. (39)

As an example, let us take the operators in (36) and impose the MFV hypothesis. The corresponding
Wilson coefficients cannot be generic order one numbers, since the operators are not invariant under the
flavor symmetry Gaayvor. The leading term for the first operator reads

(™) nev O™ = Zyt (VisVia)* (37, Prd)?, (40)

where y; is the SM top Yukawa (= my/v) and Z is a (flavor independent) coefficient, generically of
O(1). Thanks to the suppression by the small CKM elements V;s and V;4, the bound on the NP scale
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A of this operator is relatively weak A > 5 TeV, to be compared to the bound of 1.6 x 10* TeV, as
shown in Tab. 1. The other operators have, instead, a much smaller Wilson coefficient as they are
suppressed by either the strange Yukawa square (O%LL, (’)gLL) or the product of down and strange
Yukawas (OFR, OLR), resulting also in weak bounds on the NP scale A. Exercise: write the leading
term of the Wilson coefficient of each operator in (36), according to the MFV ansatz and demonstrate

that they are much smaller than (¢} ™) \py.

This structure can be generalized to any higher dimensional operator mediating a flavor transition.
Thus, generically in MFV models, flavor changing operators automatically have their SM-like suppres-
sions, proportional to the same CKM elements and quark masses as in the SM and this can naturally
address the NP flavor puzzle, as the NP scale of MFV models can be O(1 TeV) without violating flavor
physics bounds.

To conclude, the MFV ansatz is remarkably successful in satisfying the constraints from low
energy flavor observables. However, it does not address the question Why do quark and lepton masses,
as well as quark mixing, have such a hierarchical pattern (SM flavor puzzle), since it simply states that
the NP flavor violation has to have the same structure of the SM flavor violation.

3.3 Effective field theories for rare B decays

Rare B, and B decays based on the b — s flavor changing neutral-current transition are very sensitive
to BSM, as they are very suppressed in the SM [44]. In the last few years, measurements at the LHC,
complementing earlier B-factory results, have hugely increased the available experimental information
on these decays. In these lectures, we will focus on the golden channels: the B; and B, decays to two
muons as they are among the rarest B decays. (see [45] for a recent review, that discusses additional B
rare decays, as for example B; — Ku™p~ and Bg — K*utp™).

In the SM, these decays are dominated by the Z penguin and box diagrams involving top quark
exchanges. The resulting effective Hamiltonian depends, therefore, on the loop function Y (x;) (see
e.g. [46] for its definition), with z; = mf / m%v and reads

Gr « -
Het = ———=——5=V; Vs Y (x4) (b, Prs) (1 + h.c., 41
off RO (w¢) (byu Prs)(yuys i) (41)
with s replaced by d in the case of By — p™ . Evaluating the two matrix elements of the quark current
and of the muon current leads to the branching ratio

_ G2 «a 2 . 4m?
BR(B, — utpu~) = L (74 _ 20) ViVisPY 2 (w)m2mp, |1 — —5~ Fpp,,  (42)
T 7T S1n mBS

and analogously for the B, decay. In this equation, mp, is the mass of the B, meson, 7, its life time
(1.6 ps), and F', the corresponding decay constant. The main theoretical uncertainties in this branching
ratio result from the uncertainties in the decay constant (~ 4% for By and ~ 3% for Bj, using the latest
lattice computations [47]), and in the CKM elements V;4 and Vi, (both at the level of several % [23]).
Inserting numbers and including the O(«a) and O(a?) corrections, the latest SM predictions read [48]

BR(Bs — ptp )sm = (3.6540.23) x 1077, BR(Byg — " )sm = (1.06 £ 0.09) x 10719, (43)

As shown by Eq. (42), the tiny branching ratios of these decays in the SM are due to several factors: (i)
loop suppression, (i) CKM suppression, and (iii) helicity suppression (by the small muon mass, m,,).
As we will discuss later in this section, extensions of the SM do not necessarily contain any of these
suppression mechanisms, and, more in particular, the helicity suppression (iii).

Experimentally, searches for By 4 — ptpu~ have been performed by 11 experiments, spanning
more than three decades (see upper panel of Fig. 6 for a summary of all bounds and measurements). In
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the figure, markers without error bars denote upper limits on the branching fractions at 90% confidence
level, while measurements are denoted with error bars delimiting 68% confidence intervals. The first hint
for a non-zero B; decay was reported in 2011 by the CDF collaboration [49]: BR(Bs — put i~ )cpr =
1.31“8:? x 1078, This was followed by several measurements by ATLAS, CMS and LHCb and by the first
evidence for a non-zero By decay, as observed by the combination of CMS and LHCb Run I analyses
[50]: BR(By — pt ™ )omsLacy = 3.93:2 x 1071, In the lower panel of Fig. 6, we show the latest
status of the measurement of the B and B, decay mode. Particularly, by now, we have a 6.20 evidence
for By — pp~ with

BR(B; — pu"p )omsenacy, = 2.870¢ x 107°, BR(Bs — pu " )atras = 0.970% x 1079, (44)

showing a good agreement with the SM prediction (see [51] for the ATLAS analysis).

In BSM theories, several additional operators can contribute to the B, 4 decays: O}, obtained
from the SM operator in (41) with P;, — Pg and

Os = (bPps)(ip),

Op = (bPLs)(ivsp), (45)

and the corresponding prime operators obtained by P;, — Pr. Using these additional operators, one can
compute the branching ratio [52]

BR(Bs — putp™)

~ S 24 P 2
BR(Bs — ptu~)sum (| | |7 )

Re(P?) — Re(S?) 1
() () o

where y; = (8.8 £ 1.4)% (yq ~ 0 for the B, system) have to be taken into account when comparing
experimental and theoretical results, and

m CS _ C/S Am?2
Ss = 2 Bs ( S <7 S ) o 5 123 , (47)

mu - Ciysa mp,

_ mp, (CF-CF) (G0 - Clpl)
P, = 5 ST + i , (48)
my,  CPy s,d Cio's
with the several Wilson coefficients defined using the normalization
Gr * e’ ! iyl

Heogp = 451@48@ ;(Cioi + ClO)) + hec.. (49)

Similar expressions hold for the By system. It is evident that the helicity suppression of the branching
ratio can be eliminated thanks to the scalar and pseudoscalar operators and, therefore, large enhancements
can be obtained. Comparing with the latest measurement of B; — 1, one can find the bounds on the
Wilson coefficients of the scalar and pseudoscalar operators, as shown in Fig. 7. The Wilson coefficients
of the scalar operators are strongly constrained by the measurement of the B rare decay with a bound
at the level of Re(C¥ — C”%) < 0.071 and Im(C¥ — C”%) < 0.065. Scalar NP contributions always
increase the branching ratio and, for this reason, the 1o region does not appear in the left panel of Fig. 7
(the present measurement is smaller than the SM prediction at the 1o level, see Eqgs. (43) and (44)). The
pseudoscalar Wilson coefficients are instead more weakly constrained (see right panel of Fig. 7), and are
consistent with O at the 1o level. Scalar and pseudoscalar Wilson coefficients for the B; meson decay
are only weakly constrained, at the level of O(0.5).

As it is well known, the measurement of the ratio beween BR(Bs — up~) and BR(By —
wut ) gives a very clean probe of new sources of flavor violation beyond the CKM matrix. Indeed, in
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Fig. 6: Upper panel: Searches for B; 4 — pp~ from 1985 to 2015. Markers without error bars denote up-
per limits on the branching fractions at 90% confidence level, while measurements are denoted with errors bars
delimiting 68% confidence intervals. The horizontal lines represent the SM predictions for the B; — p* ™ and
Bg — wtp~ branching fractions (from [50]); Lower panel: Present status of the measurements of By g — ptp™
at the 1,2, 30 contours. Shown are the corresponding contours for the combined result of the CMS and LHCb
experiments, the ATLAS measurement, and the SM prediction (from [51]).

all MFV models (see Sec. 4.1 of these lectures and e.g. [53] for some examples of MFV models), the
ratio is determined by [54]

BR(Bg — ptu™) _ TBy MBy FJ%d Vial? ~ 0.03 (50)
BR(Bs — ptp~) 75, mp, Fj_|Vis? o

and has a relatively small theoretical uncertainty at the level of ~ 5%. Presently, the measurement of
this ratio by CMS and LHCb is given by 0.14 4= 0.05. In the coming years, the LHCb, ATLAS and CMS
collaborations will be able to produce a more accurate test of this relation and, therefore, of the MFV
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Fig. 7: One (dark blue) and two (light blue) o bounds on the Wilson coefficients of the Left: scalar operator and
Right: pseudoscalar operator, as obtained using the latest measurement of B — p 11~ , assuming no new physics
in Cy9 — C1, and switching on one set of operators at a time. Note the change in the axis range in the two panels.

ansatz. More specifically, the LHCb upgrade (50 fb—! data) will measure the SM prediction of this ratio
with an uncertainty of ~ 35% [55].

4 Flavor at high energy: NP models and predictions

In this section we discuss the synergy between direct searches for NP particles at the LHC and indirect
searches for NP through the measurement of flavor transitions at B-factories and at the LHCb. We will
focus on specific NP frameworks: Two Higgs doublet models (2HDMs) in Sec. 4.1 and Supersymmetric
(SUSY) models in Sec. 4.2, with new particles with masses at around the EW scale, that generically can
not be integrated out to match the effective theories presented in the previous section. Historically, a few
particles have been discovered first indirectly. In 1970, the measurement of the tiny branching ratio for
the decay K — p+u~ lead to the prediction of the existence of the charm quark by Glashow, Iliopoulos
and Maiani, before the direct discovery of the J/W¥ charm meson in 1974 by SLAC and BNL. Another
remarkable example was the observation of CP violation in Kaon anti-Kaon oscillations that lead to the
prediction of the existence of a third generation quarks by Kobayashi and Maskawa in 1973. The direct
discovery of the bottom quark came four years later at Tevatron.

4.1 A Two Higgs doublet model with MFV

Two Higgs doublet models arise in several extensions of the SM, as for example Supersymmetric models.
In the presence of more than one Higgs field the appearance of tree-level FCNC is not automatically
forbidden by the GIM mechanism: additional conditions [56, 57] have to be imposed on the model in
order to guarantee a sufficient suppression of FCNC processes. The most general 2HDM has, in fact,
several new sources of flavor and of CP violation. Particularly, the Higgs potential is given by*

A A
V(Hy, Hy) = uﬂHly?wnggF+(bH1H2+h.c)+71|H1|4+72|H2|4+A3|Hly2|1{2|2

4See [58] for a review about 2HDMs.
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A
+ M|H H)? + ?5(}111]{2)2 + Ne|H1|2H Ho + M\7|Ho|*H1 Hy + hec| | 51

where Hy Hy = H{ (io9) Hy. New sources of CP violation can arise from the terms (Hy Hs)?, |H; |* Hy Ho
and | Hy ]2H 1H>, since, in all generality, A5 ¢ 7 are complex coefficients. The most general Yukawa inter-
action Lagrangian can be written as

—L5" = QX DrH1 + Qr X UrHY + QrXae DrH35 + QL Xu2UrHs + hec. (52)

to which we can add the corresponding terms for the charged leptons (with Xy, Xyo Yukawas). After
EWSB, quarks acquire mass from both H; ((H1) = vcosf3) and Hs ((H2) = vsin ). For generic X;
we cannot diagonalize simultaneously the two mass matrices:

v . .

M; = ﬁ(cos BXi +sin fX;9), (i =wu,d) (53)
and the couplings to the additional physical neutral Higgs fields, H, A, which are given in the decoupling
(or alignment [59]) limit, cos(a — ) = 0, by

Zi = COS ,6ng — sin BX’ilv (l = u, d) (54)

where we have defined the angle 3 as tan 3 = v /v1°. Consequently we are left with dangerous FCNC
couplings at the tree-level and with possible additional new sources of CP violation if (some of) the
Yukawas are complex. FCNCs at the tree-level can be eliminated by imposing a discrete Zs symmetry,
leading to a Type I, I, X or Y 2HDM [61] or by assuming the proportionality relations X;; o< X2, as in
the aligned 2HDM [62]. This alignment condition is, however, not preserved by renormalization group
equations, and, therefore, imposing the alignment condition at some high energy scale, as the GUT scale,
will not result in an alignment model at the EW scale [63].

The MFV ansatz presented in Sec. 3.2 can be imposed to the 2HDM and this leads to interesting
phenomenology both at low [53] and high energy [64]. The four Yukawa couplings X1, Xu2, Xq1, X2
will be a combination of the two Y,,, Y; SM spurions. More specifically, without loss of generality we
can define Y,,, Y, to be the flavor structures appearing in X2 and X 41, respectively. Then we can express
the two remaining Yukawa interactions as

Xa1 = Yqg,

Xgg = eYa+eaY Yo¥o+ eV VYot ..,

X1 = Yyt YV Y, + Y VY, + ...,

X = Y., (55)

0
1

the higher order terms in YdT Y, and YJ Y, °. If the expansions are truncated to the first order, one can
recover the alignment condition, X;; o< X;2. However, differently from the alignment model, quantum

corrections cannot modify this functional form of the MFV expansion in (55), but they can only change
)
i

egl) in (55), one can recover the Type I, II, X and Y 2HDM. Exercise: convince your-self that, with the
assumption in (55) and the transformation properties of the Yukawas in Eq. (38), the several Yukawa

terms are invariant under the SU(3); flavor symmetry.

with €;’ generic order one (flavor independent) complex coefficients, and where we have suppressed

the values of the €.’ at different energy scales. Additionally, for particular choices of the parameters

3Strictly speaking tan /3 is not a physical parameter in a generic 2HDM [60], since the two Higgs doublets, Hy, Ho, can be
transformed into each other. In the following, we will describe the MFV 2HDM, in which tan /3 is a well defined quantity.

%See [65] for the discussion of the general MFV (GMFV), where both the top and bottom Yukawas are assumed to be of
order one and their effects are re-summed to all orders.
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The MFV 2HDM predicts Higgs-mediated FCNC:s at the tree-level, arising from the terms YJ Y.Yq
and YdT Y,Y, in (55). However, the flavor changing Higgs couplings are highly non-generic and, as
we now discuss, generically leads to FCNCs in agreement with low energy data. Thanks to MFYV, the
contribution to meson mixing has the same dependence on the quark masses and CKM elements, as in
the SM and, e.g. in the case of the difference in mass, reads

16 ao|® memgmy .
AME® ~ 2Re(Mf3) = - Mk Fi Py ™(K) 'MOL S Re[ (Vi V)] tan’ 8 (56)
H
16 ao + a1)(af + ab)| mymsmy .
AMgsP ~ 2 |Mp| = 3MBSF§SP2LR(BS)|( 0 }\)4(2 0+ )l vaS L1V V5|2 tan? 3,
i)

where ag, a1 and a9 are functions of the expansion parameters ¢; (see [43] for their expression), PZLR
are hadronic matrix elements and are given e.g. in [66]. My the mass of the heavy Higgs boson that
is close to the mass of the pseudoscalar, A, in the alignment or decoupling limit cos(a — ) = 0. An
analogous expression holds for the B system. Additional NP contributions can arise from the exchange
of the light Higgs boson, h, but these are generically sub-dominant, as they are not enhanced by tan (.
These expressions show that larger NP effects arise in the B, system, AMESP > AME; > AMp, and
that the NP contributions have the same dependence on the quark masses and CKM elements, as in the
SM. This particular structure leads to not too strong constraints on the heavy Higgs boson masses. Even
in the case of O(1) phases in the €; parameters, one finds the condition tan S(v/Mp) < few, leading to
EW scale heavy Higgs bosons, in the case of not too large values of tan 3 [53].

Similarly, Higgs exchange tree-level diagrams contribute to the rare Bs 4 — p* p~ decays. If we
assume the decoupling (or alignment limit), cos(av — ) = 0, and my = m 4, then the pseudoscalar and
scalar contributions are the same and the branching ratios of the B, 4 rare decays read [53]

BR(Bsa — ptp”)

~ |14 Ry q|> + |Rs | 57
BR(Bsaq — ptu)sm 1+ Real” +1Raal" ©7

with

5 o 2 2
Rsq = (ag + aj) 2m W il
s,d = (ag + a1

58
’ Y (ze)mdy, (14 mgq/mp) M3’ (>8)

where we have neglected the (small) contribution of the lightest Higgs, h, that is not tan® 3 enhanced.
It is straightforward to demonstrate that the branching ratios predicted by this MFV 2HDM obey to
the relation in (50), modulo corrections proportional to the ratios of masses m 4/my. These corrections
are, however, well below the parametric uncertainties on the SM predictions for the two branching ratios.
Using Egs. (57) and (58), one can place constraints from the measurements of Bs — p 1~ in the famous
ma—tan (3 plane. As shown ine.g. [67], these constraints are complementary to the constraints that arise
from the LHC direct searches of heavy new scalar/pseudoscalars (e.g. searches for pp — H, A — 777~
[68,69]).

4.2 Flavor breaking in the SUSY models

In spite of the (so far) LHC null-results in searching for TeV-scale SUSY, Supersymmetry remains one
of the best motivated theories beyond the SM. The particle content of the Minimal Supersymmetric
Standard Model (MSSM) consists of the SM gauge and fermion fields plus a scalar partner for each
quark and lepton (squarks and sleptons) and a spin-1/2 partner for each gauge field (gauginos). The
Higgs sector has two Higgs doublets with the corresponding spin-1/2 partners (Higgsinos). Similarly to
the SM (see Sec. 2.1), the MSSM Supersymmetry preserving Lagrangian is completely determined by
symmetry principles and it has a relatively small set of free parameters. However, to make the MSSM
phenomenologically viable, one also has to introduce soft SUSY breaking terms. The most general soft
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SUSY breaking Lagrangian that is gauge invariant and respects R-parity reads

1 1 1
Leott = §Ml)\B)\B + §M2)\W)\W + §M3>‘g)‘g —miy, |Hal* — my, |Hy|?
— myQIQL — Mhdpdr — My — ML}l — MpEReR (59)
+ BuH,Hg+ AfHyéy + ApqHady, — AyGH, i,

with My, Mo, M3 Majorana masses for the gauginos and mpg,, my, soft masses for the two Higgs boson
doublets. In all generality, the squark and slepton soft masses (g, mp, my,

mr,mg) as well as the trilinear couplings (Ag, A D, AU) are 3 X 3 matrices in flavor space and introduce
an additional very large number of free parameters (33 new angles and 47 new phases, of which 2 can
be rotated away by field redefinitions). These soft terms lead to gluino, Higgsino and gaugino flavor
changing couplings. It has been shown that low energy flavor measurements lead to bounds on the
squark masses up to 10® TeV in the case of a completely generic flavor structure (see e.g [70]). In other
words, in the case of TeV-scale SUSY, the rich flavor structure of the MSSM generically leads to large
contributions to FCNC processes in conflict with available experimental data: the so-called SUSY flavor
problem. Several models that address this problem have been proposed in the literature: models with
mechanisms of SUSY breaking with flavor universality, such as in gauge mediation models [71], models
with heavy squarks and sleptons, such as in (mini) split-SUSY [72-77], or models with alignment of
quark with squark mass matrices [78].

MFV represents an interesting alternative. The MFV hypothesis can easily be implemented in
the MSSM framework. The squark mass terms and the trilinear quark-squark-Higgs couplings can be
expressed as follows

mé = m? <a1]1 + b Y,V + bQYngdT + b3YdYJYuYJ +.. ) ,
7%-:ﬁf@ﬂ+%ﬁn+”),

7ﬁ):¢#@ﬂ+%ﬁm+“), (60)
Ay = A@ﬂ+%mﬁ+”)x“

Ap = A@ﬂ+%nﬁ+“)m,

with the parameters m and A that set the the overall scale of the soft-breaking terms and the dimen-
sionless coefficients a; and b; generic O(1) free complex parameters of the model. The several soft
masses and trilinear terms are described by a matrix proportional to the identity plus (small) corrections,
suppressed by small Yukawa couplings and CKM elements.

The NP effects in low energy flavor observables can, therefore, be computed using the so-called
mass insertion approximation [79]. More specifically, every observable can be expressed by an expansion
in 0 = A/m?, with A the off-diagonal terms in the sfermion mass matrices (proportional to the small
Yukawas in the case of MFV). Using this method, one can demonstrate that, with the flavor structure in
(60) and the corresponding one in the down sector, squark masses m at around the TeV scale are still
consistent with flavor constraints [80]. We can then conclude that, if MFV holds, the present bounds on
FCNCs do not exclude squarks in the LHC reach. LHC squark direct searches and low energy flavor
observables are, therefore, two complementary probes of MFV SUSY models.

4.3 Top and Higgs flavor violating signatures

So far in these lectures, we have discussed low energy flavor observables that have been/will be measured
by B-factories and by the LHCb. High energy flavor measurements by the ATLAS and CMS collabo-
rations provide a complementary tool to test the underlying flavor structure of Nature. Particularly, in
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Decay mode || SM prediction | LHC bound Comments and References

BR(t — ch) 3x1071% | 4.6 %1073 | h — lept. [81], h — bb[82,83], h — v [84]
BR(t — uh) 2x 10717 | 42x 1073 h — bb [82,83], h — v [84]

BR(t — cg) 5x 10712 2 x 1074 Single top production [85]

BR(t — ug) 4 x 1074 4x107° Single top production [85]

BR(t — uZ) 8x 10717 | 1.7 x107* Z — 00 [86,87], tZ production [88]
BR(t — cZ) 10~ 2 x 1074 Z — 00 [86,87], tZ production [88]
BR(t — wy) 4 x 10716 1.3x107* Single top production [89]

BR(t — ¢v) 5x 10~ 1.7 x 1073 Single top production [89]

Table 2: SM prediction for the several flavor changing top decay branching fractions (from [90]). Also shown the
present LHC bounds, as well as a few details about the searches and the corresponding reference.

the last few years, a tremendous progress has been achieved in the measurement of Higgs and top flavor
violating couplings. This is the topic of the last section of these lectures.

The top quark is the only quark whose Yukawa coupling to the Higgs boson is order of unity and
the only one with a mass larger than the mass of the weak gauge bosons. Thanks to its heavy mass, the
top mainly decays to a W boson and a bottom quark, with an extremely small life time of approximately
5 x 107%° 5. This is shorter than the hadronization time, making it impossible for the top quark to
form bound states. For these reasons the top quark plays a special role in the Standard Model and in
many BSM extensions thereof. An accurate knowledge of its properties can bring key information on
fundamental interactions at the electroweak scale and beyond. So far, the flavor conserving properties of
the top are known with a very good accuracy. Less is know about the flavor changing top couplings.

The flavor changing decays of the top quark are suppressed by the GIM mechanism, similarly to
what happens to the other quarks. The decay of a top quark to a Z boson or a photon and an up or charm
quark occurs only through higher-order diagrams. These processes should be compared to the tree-level
decay to a W boson and a bottom quark, resulting in tiny top flavor changing branching ratios in the
framework of the SM. In the second column of Tab. 2, we present the SM predictions for the flavor
changing branching ratios of the top. All branching ratios are below the 10713 level! A discovery of a
flavor violating top decay in the foreseeable future would, therefore, unequivocally, imply the existence
of New Physics.

Several searches for top flavor changing couplings have been performed at the LHC, and, so far,
there is no evidence for non zero couplings. In the third column of Tab. 2 we show the state of the art of
the most stringent constraints on the several branching ratios. All searches have been performed using
the full 8 TeV luminosity. Some searches look directly for top flavor changing decays; some other for
single top production, eventually in association with a Z or a photon. Projections of these constraints
for the HL-LHC show that we could reach the sensitivity to flavor changing branching ratios at the level
of BR(t — gc) < 4 x 107% and BR(t — hq) < 2 x 107* [91]. These values are still quite larger
than the corresponding SM predictions, but will be crucial for testing the prediction of Randall-Sundrum
models [92] and of 2HDMs with a generic flavor structure, that can predict branching ratios as large as
BR(t — ge)anpm ~ 107° and BR(t — hq)anupm ~ 2 x 1073, BR(t — hq)rs ~ 1074, in agreement
with the present low energy flavor constraints [93,94].

As we have discussed in Sec. 2.1, the Higgs is intrinsically connected to the flavor puzzle, as
without Yukawa interactions the SM flavor symmetry, Ggayor, Would be un-broken. For this reason, it
is of paramount importance to test the couplings of the Higgs with quarks and leptons at the LHC. By
now, we know that the masses of the third generation quarks and leptons are largely due to the 125 GeV
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Higgs, as indicated by the measured values of Higgs couplings to the third generation fermions. Little
is known about the origin of the masses of the first and second generation fermions and about flavor
changing Higgs couplings.

In the SM, in spite of the very small Higgs width, flavor violating Higgs decays have a negligible
branching ratio. Generically, flavor violating Yukawa couplings are well constrained by the low energy
FCNC measurements [95,96]. A notable exception are the flavor violating couplings involving a tau
lepton. Models with extra sources of EWSB, can predict a sizable (% level) Higgs flavor violating decays
to a tau and a lepton, while being in agreement with low energy flavor observables, as 7 — uy [97].

A few searches for Higgs flavor violating decays h — 7u, h — Te have been performed by the
LHC [98-102], so far not showing a convincing evidence for non-zero branching ratios (see, however,
the initial small anomaly shown by the CMS collaboration in [98]). It will be very interesting to monitor
these searches in the coming years of the LHC, as they could give a complementary probe of models
with sizable flavor changing Higgs couplings to leptons.

5 Summary

An essential feature of flavor physics is its capability to probe very high scales, beyond the kinematical
reach of high energy colliders. At the same time, flavor physics can teach us about properties of TeV-scale
new physics (i.e. how new particles couple to the SM degrees of freedom), offering complementarity with
searches of NP at colliders.

In these lectures, I discussed the flavor structure of the SM, particularly focusing on the symmetry
principles of the SM Lagrangian and on how the flavor symmetry is broken. Flavor changing neutral
processes in the SM are highly suppressed, both because they arise at least at the loop-level and because
of the GIM mechanism that introduces the dependence of these processes on the small CKM off-diagonal
elements and on the small quark masses.

Due to the SM suppression of FCNC processes, flavor transitions offer a unique opportunity to
test the New Physics flavor structure. Generically NP models predict too large contributions to flavor
transitions (the “New Physics flavor problem") leading us to conclude that, if TeV-scale New Physics
exists, it must have a highly non generic flavor structure, as for example it can obey to the Minimal
Flavor Violation principle.

Several experiments are running and will be running in the coming years (LHCb, Belle II, NA62,
KOTO and many lepton flavor experiments) and many more observables will be measured precisely.
Some of the golden channels for the coming years are

— More precise measurement of the clean rare decays By — ptpu~ and By — pu*p~ at LHCb,
ATLAS and CMS. The ratio of branching ratios will give us more insights on the validity of the
MFV ansatz.

— Additional tests of the lepton universality relations in B decays at LHCb and Belle II: BR(B —
Jee)/BR(B — Juu) with J = K, K*, X, Km,... . These are particularly clean tests of the
SM, as the theory predictions are known to a very good precision and are not affected by hadronic
uncertainties.

— Better measurements of B — D7v and B — D*7v, to confirm or disprove the present anomaly
in these decays, as observed at Belle, Babar and LHCb [15,16, 18, 19].

— Brand new measurements of B — K®)yv and K — mvv at Belle I and KOTO, respectively.
— Additional searches of top and Higgs flavor violating couplings at the LHC.

These channels (and several others) will be able either to set interesting constraints on NP, or to shed
light into the existence of new degrees of freedom beyond the SM.
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