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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 Bs ! µ+µ�, 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 (t) 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 mt � mc � mu and mb � ms � md, 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 Bd ! K⇤µµ (involving a b ! s
flavor transition), as observed by the LHCb collaboration [11–13], as well as on the observables testing
lepton flavor universality, BR(B ! Kµµ)/BR(B ! Kee), as observed at LHCb [14] and on the rare
decays B ! D⌧⌫⌧ and B ! D⇤⌧⌫⌧ 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

LHCb, 1fb�1 ⇠ Belle II data

Belle data
⇠ 50,

HL � LHC

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

Lgauge
SM + LHiggs

SM = i
X

i

X
 

 ̄i /D i � 1

4

X
a

Ga
µ⌫G

a
µ⌫ � 1

4

X
a

W a
µ⌫W

a
µ⌫ +

�1

4
Bµ⌫Bµ⌫ + |Dµ�|2 + (µ2|�|2 � �|�|4), (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) ⇥ SU(2) ⇥ U(1)Y , the Higgs (�) mass, mh, and the Higgs vacuum
expectation value (VEV), v (or, equivalently, the Higgs mass term, µ, 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,  i, as

 i ⌘ Qi
L, Li

L, ui
R, di

R, ei
R, with (3)

Qi
L = (3, 2, 1/6), Li

L = (1, 2, �1/2), ui
R = (3, 1, 2/3), di

R = (3, 1, �1/3), ei
R = (1, 1, �1),
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where i = 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

Gflavor = SU(3)5 ⇥ U(1)5 = SU(3)3q ⇥ SU(3)2` ⇥ U(1)B ⇥ U(1)L ⇥ U(1)Y ⇥ U(1)PQ ⇥ 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 (eR

in the case of Eq. (4)). The flavor sector of the SM Lagrangian breaks the SU(3)5 symmetry through the
Yukawa interactions

Lyuk = �Y ij
d Q̄i

L�Dj
R � Y ij

u Q̄i
L�̃U j

R � Y ij
e L̄i

L�ej
R + h.c., (5)

where � is the Higgs field (� = (1, 2, 1/2)), �̃ is its conjugate representation �̃ = i⌧2�† and Yd,u,e 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 UeLYeU

†
eR = diag(y1

e , y
2
e , y

3
e) =

p
2 diag(me, mµ, m⌧ )/v. In the

quark sector, it is not possible to simultaneously diagonalize the two Yukawa matrices Yu and Yd without
breaking the SU(2) gauge invariance. If, for example, we choose the basis in which the up Yukawa is
diagonal, then

Yu = diag(y1
u, y2

u, y3
u) =

p
2

v
(mu, mc, mt), Yd = V · diag(y1

d, y
2
d, y

3
d) =

p
2

v
V · (md, ms, mb), (6)

where we have defined the Cabibbo-Kobayashi-Maskawa (CKM) matrix as V = UuLU †
dL.

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

�g

2
Q̄i

L�µW a
µ⌧aQi

L
mass�basis�������! � gp

2
( ūL c̄L t̄L )�µW+

µ V

0
@ dL

sL

bL

1
A . (7)

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, Vij = �ij 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, mh), 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, ✓QCD. 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 Ye).

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 ✓12, ✓13, ✓12 and a complex phase
�. In all generality, we can write the standard parametrization as product of three rotations with respect
to three orthogonal axes

V =

0
@ Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1
A =

0
@ 1 0 0

0 c23 s23

0 �s23 c23

1
A

0
@ c13 0 s13e�i�

0 1 0
�s13ei� 0 c13

1
A

0
@ c12 s12 0

�s12 c12 0
0 0 1

1
A =

=

0
@ c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12s23 � c12c23s13ei� �s23c12 � s12c23s13ei� c23c13

1
A , (8)

where we have denoted sij ⌘ sin ✓ij and cij ⌘ cos ✓ij , i, j = 1, 2, 3.
From measurements, we know that s12, s13 and s23 are small numbers, therefore we can approxi-

mately write the CKM matrix in terms of an expansion in |Vus|

V =

0
B@

1 � �2

2 � A�3(% � i⌘)

�� 1 � �2

2 A�2

A�3(1 � % � i⌘) �A�2 1

1
CA + O(�4) , (9)

with � ⇠ 0.23 the Cabibbo angle and the parameters A, ⇢, ⌘ of the order 1, defined as

� ⌘ s12, A�2 ⌘ s23, A�3(⇢ � i⌘) ⌘ s13e
�i�. (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 � 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 :
X

k=1,2,3

|Vik|2 = 1, Phase dependent :
X

k=1,2,3

VkiV
⇤
kj = 0, j 6= i. (11)

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 i and j, can be visualized as
a triangle in the complex plane, where each side represents the complex number VkiV ⇤

kj 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 i = 1 and j = 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

VudV ⇤
ub

VcdV ⇤
cb

+
VtdV ⇤

tb

VcdV ⇤
cb

+ 1 = 0 $ (⇢̄ + i⌘̄) + (1 � ⇢̄ � i⌘̄) + 1 = 0, (12)

where this defines the parameters ⇢̄ and ⌘̄, which are approximately given by

⇢̄ ' ⇢

✓
1 � �2

2

◆
, ⌘̄ ' ⌘

✓
1 � �2

2

◆
. (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

↵ ⌘ arg

✓
� VtdV ⇤

tb

VudV ⇤
ub

◆
, � ⌘ arg

✓
�VcdV ⇤

cb

VtdV ⇤
tb

◆
, � ⌘ arg

✓
�VudV ⇤

ub

VcdV ⇤
cb

◆
, (14)

and also we can define one additional angle �s as

�s ⌘ arg

✓
�VtsV ⇤

tb

VcsV ⇤
cb

◆
. (15)

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 Vtd and
Vts are determined directly by tree-level processes. In particular

– Vud is extracted through the measurement of a set of superallowed nuclear � decay;
– Vus, Vub and Vcs are measured through the rates of inclusive and exclusive charmless semi-leptonic

K, B and D decays to ⇡`⌫̄, respectively;
– Vcb is extracted through the measurement of the B ! D`⌫̄ decay;
– Vcs and Vtb 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 Bs systems are sensitive to the values of Vtd and
Vts, respectively. Additional determinations include loop-mediated rare K and B decays.

Vud is the best determined element of the CKM matrix with an error at the level of 0.02%. Vus, Vcs, and
Vcb are also well determined with the corresponding observables with errors ranging in (0.1 � 2)%. The
observables B ! ⇡`⌫̄ and D ! ⇡`⌫̄ determining Vub and Vcd 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 ! ⇡⇡, the rates of the various B ! ⇡⇡, ⇢⇡, ⇢⇢ 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 !  Ks (that

5
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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 �). From the figure, it is evident that there is little room for non-SM contributions
in flavor changing transitions. The values of ⇢̄ and ⌘̄ are determined very accurately1:

⇢̄ = 0.150+0.012
�0.006, ⌘̄ = 0.354+0.007

�0.008, (16)

together with the parameters A and �:

A = 0.823+0.007
�0.014, � = 0.2254+0.0004

�0.0003. (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 (= ds̄) and K̄ (= d̄s) 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

HK =
G2

F

16⇡2
m2

W

2
4 X

i=u,c,t

F (xi, xi)�
2
i +

X
ij=u,c,t, i 6=j

F (xi, xj)�i�j

3
5 (s̄�µ(1 � �5)d)2, (18)

1These numbers are taken from the CKMFitter collaboration [23]. Similar numbers are obtained by the UTFit collaboration
[24] and by latticeaverages.org [25].

6

S. GORI

70



where we have defined �i = V ⇤
isVid. F (xi, xj) are loop functions, xq ⌘ m2

q/m2
W . In the limit of exact

flavor symmetry (md = ms = mb) the several diagrams cancel, thanks to the unitarity of the CKM
matrix (see Eqs. (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 �u, obtaining

HK =
G2

F

16⇡2
m2

W

⇥
S0(xt)�

2
t + S0(xc)�

2
c + 2S0(xc, xt)�c�t

⇤
(s̄�µ(1 � �5)d)2, (19)

with S0(xi) and S0(xi, xj) given by the combinations

S0(xi) ⌘ F (xi, xi) + F (xu, xu) � 2F (xi, xu) (20)
S0(xi, xj) ⌘ F (xi, xj) + F (xu, xu) � F (xi, xu) � F (xj , xu). (21)

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 m2

c/m2
W 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, K̄), reads

i
d (t)

dt
= Ĥ (t), Ĥ = M̂ � i

�̂

2
=

✓
M � i�/2 M12 � i�12/2

M⇤
12 � i�⇤

12/2 M � i�/2

◆
, (22)

with M and � 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 ± Re(Q), �H,L = � ⌥ 2Im(Q),

Q =

s✓
M12 � i

2
�12

◆ ✓
M⇤

12 � i

2
�⇤

12

◆
, (23)

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

|KH,Li = p|Ki ⌥ q|K̄i, q

p
= � 2M⇤

12 � i�⇤
12

2Re(Q) + 2i Im(Q)
. (24)

The difference in mass of the two Kaon states, �MK , can be computed from the effective Hamil-
tonian in (19) by

mK�MK = 2mKRe(M12) = Re(hK̄|HK |Ki), (25)

with mK 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]

hK̄|(s̄�µ(1 � �5)d)2|Ki =
8

3
BK(µ)F 2

Km2
K , (26)

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

M12 =
G2

F

12⇡2
F 2

KB̂KmKm2
W

⇥
(�⇤

c)
2⌘1S0(xc) + (�⇤

t )
2⌘2S0(xt) + 2�⇤

c�
⇤
t ⌘3S0(xc, xt)

⇤
, (27)
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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 ⌘1,2,3 are QCD correction factors given e.g. in [1] and we have defined the renormalization group
invariant parameter

B̂K = BK(µ) [↵s(µ)]�2/9

1 +

↵s(µ)

4⇡
J3

�
, (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 K̄ decays, as well as in any M � M̄ meson system, to final states
f and f̄ can be expressed in terms of phase-convention-independent combinations of Af , Āf , Af̄ , Āf̄ ,
together with q/p of Eq. (24), in the case of neutral-mesons, where we define

Af = hf |H|Mi, Āf = hf |H|M̄i, Af̄ = hf̄ |H|Mi, Āf̄ = hf̄ |H|M̄i. (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 |q/p| 6= 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 |Āf̄/Af | 6= 1;
(c) CP violation in interference between a decay without mixing, M ! f , and a decay with mixing

M ! M̄ ! f . This is defined by Im(qĀf/pAf ) 6= 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 Bd meson

ad
SL =

�(B̄d(t) ! `+⌫X) � �(B̄d(t) ! `�⌫̄X)

�(B̄d(t) ! `+⌫X) + �(B̄d(t) ! `�⌫̄X)
=

1 � |q/p|4
1 + |q/p|4 . (30)

D0 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 as

SL�ad
SL plane with a significance

at the level of ⇠ 2 � 3� [31], mainly arising from the D0 measurement of the like-sign dimuon charge
asymmetry [29] (see upper panel of Fig. 4).

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:

af± =
�(B+ ! f+) � �(B� ! f�)

�(B+ ! f+) + �(B� ! f�)
=

1 � |Āf�/Af+ |2
1 + |Āf�/Af+ |2 . (31)
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Fig. 4: Upper panel: Summary of the measurements of CLEO, BABAR, Belle, D0 and LHCb in the as
SL � ad

SL

plane. Lower panel: (�cc̄s
s , ��s) plane (��s is the difference in width in the Bs�B̄s system), the individual 68%

confidence-level contours of ATLAS, CMS, CDF, D0 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: B+ ! K+K�K+, B+ ! K+K�⇡+ [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)

afCP =
�(M̄(t) ! fCP) � �(M(t) ! fCP)

�(M̄(t) ! fCP) + �(M(t) ! fCP)
' Im(�CP) sin(�MM t), (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 Bd !  KS (from [37]).

where we have defined �CP =
qĀf

pAf
and�MM 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 Bd ! J/ KS

at Babar [34], Belle [35] and by now by the LHCb, as well [36], leading to the measurement of the
� angle of the CKM matrix aJ/ Ks

' sin(2�) sin(�Mdt). 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 � is [32]

sin(2�) = 0.69 ± 0.02. (33)

The corresponding CP asymmetry in Bs decay is Bs !  �. The SM prediction is suppressed
compared to the � angle by �2, leading to �SM

s = 0.01882+0.00036
�0.00042 [23]. The latest LHCb result using 3

fb�1 data is in good agreement with this prediction and reads �LHCb
s = 0.005 ± 0.0195. A summary of

all measurements of the mixing angle in the Bs � B̄s system is reported in the lower panel of Fig. 4 and
the world average is [32]

�s = ��
cc̄s
s

2
= �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 ⇤ (� 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

Le↵ = LSM +
d�5X
n

cd
n

⇤d�4
O(d)

n (SM), (35)

where LSM is the sum of (2) and (5) and O(d)
n (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 cd

n = O(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:

OVLL
1 = (s̄�µPLd)2,

OLR
1 = (s̄�µPLd)(s̄�µPRd),

OLR
2 = (s̄PLd)(s̄PRd), (36)

OSLL
1 = (s̄PLd)2,

OSLL
2 = (s̄�µ⌫PLd)(s̄�µ⌫PLd),

plus the corresponding ones with the exchange PL ! PR (PL,R = (1 ⌥ �5)/2). The only operator that
arises in the SM is OVLL

1 (see Sec. 2.3). As an example, a NP toy model containing a TeV scale new Z 0

gauge boson with coupling g0Z 0
µ(s̄�µ(1��5)d) would produce a contribution to the operator OVLL

1 and,
therefore, to the difference in mass of Kaon and anti-Kaon system that is equal to3

�MK = �MSM
K +

8

3
mKF 2

KB̂K
(g0)2

m2
Z0

, (37)

where �MSM
K is the value predicted by the SM, as reported in Eqs. (25)-(28). For TeV-scale Z 0s 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, Bd, Bs, D) is shown in Table
1. Particularly, we show in the first two entries the bounds on the NP scale, ⇤, having fixed the absolute
value of the corresponding Wilson coefficient, c6

n of Eq (35), to one (the first column is for c6
n = 1,

the second one for c6
n = i); 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 Bs (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 ⇤ 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 cd

n ⌧ 1.
3Exercise: compute this contribution.
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Operator Bounds on ⇤ in TeV (c6
n = 1) Bounds on c6

n (⇤ = 1 TeV)
Re Im Re Im

(s̄L�µdL)2 9.8 ⇥ 102 1.6 ⇥ 104 9.0 ⇥ 10�7 3.4 ⇥ 10�9

(s̄R dL)(s̄LdR) 1.8 ⇥ 104 3.2 ⇥ 105 6.9 ⇥ 10�9 2.6 ⇥ 10�11

(c̄L�µuL)2 1.2 ⇥ 103 2.9 ⇥ 103 5.6 ⇥ 10�7 1.0 ⇥ 10�7

(c̄R uL)(c̄LuR) 6.2 ⇥ 103 1.5 ⇥ 104 5.7 ⇥ 10�8 1.1 ⇥ 10�8

(b̄L�µdL)2 6.6 ⇥ 102 9.3 ⇥ 102 2.3 ⇥ 10�6 1.1 ⇥ 10�6

(b̄R dL)(b̄LdR) 2.5 ⇥ 103 3.6 ⇥ 103 3.9 ⇥ 10�7 1.9 ⇥ 10�7

(b̄L�µsL)2 1.4 ⇥ 102 2.5 ⇥ 102 5.0 ⇥ 10�5 1.7 ⇥ 10�5

(b̄R sL)(b̄LsR) 4.8 ⇥ 102 8.3 ⇥ 102 8.8 ⇥ 10�6 2.9 ⇥ 10�6

Table 1: Bounds on representative dimension-six operators that mediate meson mixing, assuming an effective
coupling c6

n/⇤2. The bounds quoted for ⇤ are obtained setting |c6
n| = 1; those for cNP are obtained setting ⇤ = 1

TeV. We define qL,R ⌘ PL,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
MFV 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 Gflavor by promoting
the Yukawa couplings Yd, Yu, Ye of (5) to dimensionless auxiliary fields (spurions) transforming under
SU(3)3q = SU(3)Q ⇥ SU(3)U ⇥ SU(3)D and under SU(3)2` = SU(3)L ⇥ SU(3)e as

YQ ⇠ (3, 1, 3̄)SU(3)3q
, Yu ⇠ (3, 3̄, 1)SU(3)3q

, Ye ⇠ (3, 3̄)SU(3)2`
. (38)

Exercise: Check that, with these transformations, the Yukawa Lagrangian of (4) is invariant under
SU(3)3q ⇥ SU(3)2` .

Employing an effective field theory language, a theory satisfies the MFV ansatz, if all higher-
dimensional operators, constructed from SM and Yu,d,e fields, are invariant under the flavor group, Gflavor.
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

Q̄LYuY †
u QL, D̄RY †

d YuY †
u QL, D̄RY †

d YuY †
u YdDR. (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 Gflavor. The leading term for the first operator reads

(cVLL
1 )MFVOVLL

1 = Zy4
t (V

⇤
tsVtd)

2(s̄�µPLd)2, (40)

where yt is the SM top Yukawa (= mt/v) and Z is a (flavor independent) coefficient, generically of
O(1). Thanks to the suppression by the small CKM elements Vts and Vtd, the bound on the NP scale

12

S. GORI

76



⇤ of this operator is relatively weak ⇤ & 5 TeV, to be compared to the bound of 1.6 ⇥ 104 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 (OSLL

1 , OSLL
2 ) or the product of down and strange

Yukawas (OLR
1 , OLR

2 ), resulting also in weak bounds on the NP scale ⇤. 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 (cVLL

1 )MFV.
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 Bd and Bs 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 Bs and Bd 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 Bs ! Kµ+µ� and Bs ! K⇤µ+µ�).

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 (xt) (see
e.g. [46] for its definition), with xt ⌘ m2

t /m2
W and reads

He↵ = �GFp
2

↵

⇡ sin2 ✓
V ⇤

tbVtsY (xt)(b̄�µPLs)(µ̄�µ�5µ) + h.c., (41)

with s replaced by d in the case of Bd ! µ+µ�. Evaluating the two matrix elements of the quark current
and of the muon current leads to the branching ratio

BR(Bs ! µ+µ�) =
G2

F

⇡

⇣ ↵

4⇡ sin2 ✓

⌘2
|V ⇤

tbVts|2Y 2(xt)m
2
µmBs

s
1 �

4m2
µ

m2
Bs

FBs⌧Bs , (42)

and analogously for the Bd decay. In this equation, mBs is the mass of the Bs meson, ⌧Bs its life time
(1.6 ps), and FBs the corresponding decay constant. The main theoretical uncertainties in this branching
ratio result from the uncertainties in the decay constant (⇠ 4% for Bd and ⇠ 3% for Bs, using the latest
lattice computations [47]), and in the CKM elements Vtd and Vts (both at the level of several % [23]).
Inserting numbers and including the O(↵) and O(↵2

s) corrections, the latest SM predictions read [48]

BR(Bs ! µ+µ�)SM = (3.65± 0.23)⇥ 10�9, BR(Bd ! µ+µ�)SM = (1.06± 0.09)⇥ 10�10. (43)

As shown by Eq. (42), the tiny branching ratios of these decays in the SM are due to several factors: (i)
loop suppression, (ii) CKM suppression, and (iii) helicity suppression (by the small muon mass, mµ).
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 Bs,d ! µ+µ� 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 Bs decay was reported in 2011 by the CDF collaboration [49]: BR(Bs ! µ+µ�)CDF =
1.3+0.9

�0.7 ⇥10�8. This was followed by several measurements by ATLAS, CMS and LHCb and by the first
evidence for a non-zero Bd decay, as observed by the combination of CMS and LHCb Run I analyses
[50]: BR(Bd ! µ+µ�)CMS+LHCb = 3.9+1.6

�1.4 ⇥ 10�10. In the lower panel of Fig. 6, we show the latest
status of the measurement of the Bs and Bd decay mode. Particularly, by now, we have a 6.2� evidence
for Bs ! µ+µ� with

BR(Bs ! µ+µ�)CMS+LHCb = 2.8+0.7
�0.6 ⇥ 10�9, BR(Bs ! µ+µ�)ATLAS = 0.9+1.1

�0.8 ⇥ 10�9, (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 Bs,d decays: O0

10, obtained
from the SM operator in (41) with PL ! PR and

OS = (b̄PLs)(µ̄µ),

OP = (b̄PLs)(µ̄�5µ), (45)

and the corresponding prime operators obtained by PL ! PR. Using these additional operators, one can
compute the branching ratio [52]

BR(Bs ! µ+µ�)

BR(Bs ! µ+µ�)SM
'

�
|Ss|2 + |Ps|2

�

⇥
✓

1 + ys
Re(P 2

s ) � Re(S2
s )

|Ss|2 + |Ps|2
◆✓

1

1 + ys

◆
, (46)

where ys = (8.8 ± 1.4)% (yd ⇠ 0 for the Bd system) have to be taken into account when comparing
experimental and theoretical results, and

Ss ⌘ mBs

2mµ

(CS
s � C 0S

s )

CSM
10 s,d

s
1 �

4m2
µ

m2
Bs

, (47)

Ps ⌘ mBs

2mµ

(CP
s � C 0P

s )

CSM
10 s,d

+
(C10

s � C 0
10 s)

CSM
10 s

, (48)

with the several Wilson coefficients defined using the normalization

He↵ = �4
GFp

2
VtbV

⇤
ts

e2

16⇡2

X
i

(CiOi + C 0
iO0

i) + h.c.. (49)

Similar expressions hold for the Bd 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 Bs ! µ+µ�, 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 Bs rare decay with a bound
at the level of Re(CS

s � C 0S
s ) < 0.071 and Im(CS

s � C 0S
s ) < 0.065. Scalar NP contributions always

increase the branching ratio and, for this reason, the 1� region does not appear in the left panel of Fig. 7
(the present measurement is smaller than the SM prediction at the 1� level, see Eqs. (43) and (44)). The
pseudoscalar Wilson coefficients are instead more weakly constrained (see right panel of Fig. 7), and are
consistent with 0 at the 1� level. Scalar and pseudoscalar Wilson coefficients for the Bd 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 ! µ+µ�) and BR(Bd !
µ+µ�) 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 Bs,d ! µ+µ� 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 Bs ! µ+µ� and
Bd ! µ+µ� branching fractions (from [50]); Lower panel: Present status of the measurements of Bs,d ! µ+µ�

at the 1, 2, 3� 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(Bd ! µ+µ�)

BR(Bs ! µ+µ�)
=

⌧Bd

⌧Bs

mBd

mBs

F 2
Bd

F 2
Bs

|Vtd|2
|Vts|2

⇠ 0.03, (50)

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 ± 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

15

FLAVOR AND CP VIOLATION WITHIN AND BEYOND THE STANDARD MODEL

79



-0.10 -0.05 0.00 0.05 0.10
-0.10

-0.05

0.00

0.05

0.10

��(�� - ���)

��
(�
�
-
��
�)

�� (��→μμ)
�� (��→μμ)��

����������

0.0 0.1 0.2 0.3 0.4
-0.4

-0.2

0.0

0.2

0.4

��(�� - ���)
��

(�
�
-
��
�)

�� (��→μμ)
�� (��→μμ)��

����������

Fig. 7: One (dark blue) and two (light blue) � bounds on the Wilson coefficients of the Left: scalar operator and
Right: pseudoscalar operator, as obtained using the latest measurement of Bs ! µ+µ�, assuming no new physics
in C10 � C 0

10 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�1 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 KL ! µ+µ� lead to the prediction of the existence of the charm quark by Glashow, Iliopoulos
and Maiani, before the direct discovery of the J/ 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 by4

V (H1, H2) = µ2
1|H1|2 + µ2

2|H2|2 + (bH1H2 + h.c) +
�1

2
|H1|4 +

�2

2
|H2|4 + �3|H1|2|H2|2

4See [58] for a review about 2HDMs.
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+ �4|H1H2|2 +


�5

2
(H1H2)

2 + �6|H1|2H1H2 + �7|H2|2H1H2 + h.c

�
, (51)

where H1H2 = HT
1 (i�2)H2. New sources of CP violation can arise from the terms (H1H2)2, |H1|2H1H2

and |H2|2H1H2, since, in all generality, �5,6,7 are complex coefficients. The most general Yukawa inter-
action Lagrangian can be written as

�Lgen
Y = Q̄LXd1DRH1 + Q̄LXu1URHc

1 + Q̄LXd2DRHc
2 + Q̄LXu2URH2 + h.c. , (52)

to which we can add the corresponding terms for the charged leptons (with X`1, X`2 Yukawas). After
EWSB, quarks acquire mass from both H1 (hH1i = v cos �) and H2 (hH2i = v sin �). For generic Xi

we cannot diagonalize simultaneously the two mass matrices:

Mi =
vp
2
(cos �Xi1 + sin �Xi2), (i = u, 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(↵ � �) = 0, by

Zi = cos �Xi2 � sin �Xi1, (i = u, d) (54)

where we have defined the angle � as tan � = v2/v1
5. 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 Z2 symmetry,
leading to a Type I, II, X or Y 2HDM [61] or by assuming the proportionality relations Xi1 / Xi2, 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 Xu1, Xu2, Xd1, Xd2

will be a combination of the two Yu, Yd SM spurions. More specifically, without loss of generality we
can define Yu, Yd to be the flavor structures appearing in Xu2 and Xd1, respectively. Then we can express
the two remaining Yukawa interactions as

Xd1 = Yd ,

Xd2 = ✏0Yd + ✏1Y
†
d YdYd + ✏2Y

†
u YuYd + . . . ,

Xu1 = ✏0
0Yu + ✏0

1Y
†
u YuYu + ✏0

2Y
†
d YdYu + . . . ,

Xu2 = Yu , (55)

with ✏(0)i generic order one (flavor independent) complex coefficients, and where we have suppressed
the higher order terms in Y †

d Yd and Y †
u Yu

6. If the expansions are truncated to the first order, one can
recover the alignment condition, Xi1 / Xi2. However, differently from the alignment model, quantum
corrections cannot modify this functional form of the MFV expansion in (55), but they can only change
the values of the ✏(0)i at different energy scales. Additionally, for particular choices of the parameters
✏(0)i 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)3q flavor symmetry.

5Strictly speaking tan � is not a physical parameter in a generic 2HDM [60], since the two Higgs doublets, H1, H2, can be
transformed into each other. In the following, we will describe the MFV 2HDM, in which tan � is a well defined quantity.

6See [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 FCNCs at the tree-level, arising from the terms Y †
u YuYd

and Y †
d YdYu 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 MFV, 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

�MNP
K ⇠ 2 Re(MK

12) =
16

3
MKF 2

KPLR
2 (K)

|a0|2
M2

H

msmdm4
t

v6
Re[(VtsV

⇤
td)

2] tan2 � , (56)

�MNP
Bs

⇠ 2 |M s
12| =

16

3
MBsF

2
Bs

PLR
2 (Bs)

|(a0 + a1)(a⇤
0 + a⇤

2)|
M2

H

mbmsm4
t

v6
|VtbV

⇤
ts|2 tan2 �,

where a0, a1 and a2 are functions of the expansion parameters ✏i (see [43] for their expression), PLR
2

are hadronic matrix elements and are given e.g. in [66]. MH the mass of the heavy Higgs boson that
is close to the mass of the pseudoscalar, A, in the alignment or decoupling limit cos(↵ � �) = 0. An
analogous expression holds for the Bd 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 Bs system, �MNP

Bs
� �MNP

Bd
� �MK , 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 ✏i parameters, one finds the condition tan �(v/MH) < few, leading to
EW scale heavy Higgs bosons, in the case of not too large values of tan � [53].

Similarly, Higgs exchange tree-level diagrams contribute to the rare Bs,d ! µ+µ� decays. If we
assume the decoupling (or alignment limit), cos(↵ � �) = 0, and mH = mA, then the pseudoscalar and
scalar contributions are the same and the branching ratios of the Bs,d rare decays read [53]

BR(Bs,d ! µ+µ�)

BR(Bs,d ! µ+µ�)SM
' |1 + Rs,d|2 + |Rs,d|2, (57)

with

Rs,d = (a⇤
0 + a⇤

1)
2⇡2m2

t

Y (xt)m2
W

m2
Bs,d

tan2 �

(1 + ms,d/mb)M2
H

, (58)

where we have neglected the (small) contribution of the lightest Higgs, h, that is not tan2 � 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 ms,d/mb. These corrections
are, however, well below the parametric uncertainties on the SM predictions for the two branching ratios.
Using Eqs. (57) and (58), one can place constraints from the measurements of Bs ! µ+µ� in the famous
mA�tan � plane. As shown in e.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 ! ⌧+⌧�

[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

Lsoft =
1

2
M1�B�B +

1

2
M2�W �W +

1

2
M3�g�g � m2

Hd
|Hd|2 � m2

Hu
|Hu|2

� m̃2
QQ̃⇤

LQ̃L � m̃2
Dd̃⇤

Rd̃R � m̃2
U ũ⇤

RũR � m̃2
L
˜̀⇤
L
˜̀
L � m̃2

E ẽ⇤
RẽR (59)

+ BµHuHd + Â`
˜̀Hdẽ

⇤
R + ÂD q̃Hdd̃

⇤
R � ÂU q̃Huũ⇤

R,

with M1, M2, M3 Majorana masses for the gauginos and mHd , mHu soft masses for the two Higgs boson
doublets. In all generality, the squark and slepton soft masses (m̃Q, m̃D, m̃U ,
m̃L, m̃E) as well as the trilinear couplings (Â`, ÂD, ÂU ) are 3⇥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 103 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

m̃2
Q = m̃2

⇣
a11l + b1YuY †

u + b2YdY
†
d + b3YdY

†
d YuY †

u + . . .
⌘

,

m̃2
U = m̃2

⇣
a21l + b5Y

†
u Yu + . . .

⌘
,

m̃2
D = m̃2

⇣
a31l + b6Y

†
d Yd + . . .

⌘
, (60)

ÂU = Ã
⇣
a31l + b6YdY

†
d + . . .

⌘
Yu ,

ÂD = Ã
⇣
a51l + b8YuY †

u + . . .
⌘

Yd ,

with the parameters m̃ and Ã that set the the overall scale of the soft-breaking terms and the dimen-
sionless coefficients ai and bi 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 � = �/m̃2, with � 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 m̃ 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) 3 ⇥ 10�15 4.6 ⇥ 10�3 h ! lept. [81], h ! bb̄ [82, 83], h ! �� [84]
BR(t ! uh) 2 ⇥ 10�17 4.2 ⇥ 10�3 h ! bb̄ [82, 83], h ! �� [84]
BR(t ! cg) 5 ⇥ 10�12 2 ⇥ 10�4 Single top production [85]
BR(t ! ug) 4 ⇥ 10�14 4 ⇥ 10�5 Single top production [85]
BR(t ! uZ) 8 ⇥ 10�17 1.7 ⇥ 10�4 Z ! `` [86, 87], tZ production [88]
BR(t ! cZ) 10�14 2 ⇥ 10�4 Z ! `` [86, 87], tZ production [88]
BR(t ! u�) 4 ⇥ 10�16 1.3 ⇥ 10�4 Single top production [89]
BR(t ! c�) 5 ⇥ 10�14 1.7 ⇥ 10�3 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 ⇥ 10�25 s. 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 10�13 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 ⇥ 10�6 and BR(t ! hq) . 2 ⇥ 10�4 [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 ! gc)2HDM ⇠ 10�5 and BR(t ! hq)2HDM ⇠ 2 ⇥ 10�3, BR(t ! hq)RS ⇠ 10�4, 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, Gflavor, 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 ⌧ ! µ� [97].

A few searches for Higgs flavor violating decays h ! ⌧µ, h ! ⌧e 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 Bs ! µ+µ� and Bd ! µ+µ� 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 ! Jµµ) with J = K, K⇤, Xs, K⇡, ... . 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 ! D⌧⌫ and B ! D⇤⌧⌫, 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(⇤)⌫⌫ and K ! ⇡⌫⌫ at Belle II 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.

21

FLAVOR AND CP VIOLATION WITHIN AND BEYOND THE STANDARD MODEL

85



Acknowledgements
I would like to thank Wolfgang Altmannshofer and my student, Douglas Tuckler, for comments on the
manuscript. I acknowledge support from the University of Cincinnati. I wish to thank the organizers of
the 2015 European School of High-Energy Physics in Bansko for the invitation. I am also grateful to the
students and the discussion leaders for interesting discussions.

References
[1] A. J. Buras, “Weak Hamiltonian, CP violation and rare decays,” hep-ph/9806471.
[2] G. Branco, L Lavoura and J. Silva, “CP Violation", Clarendon Press, Oxford, UK (1999)
[3] A. V. Manohar and M. B. Wise, “Heavy quark physics,” Camb. Monogr. Part. Phys. Nucl. Phys.

Cosmol. 10, 1 (2000).
[4] Y. Nir, “CP violation in meson decays,” hep-ph/0510413.
[5] B. Grinstein, “TASI-2013 Lectures on Flavor Physics,” arXiv:1501.05283 [hep-ph].
[6] Z. Ligeti, “TASI Lectures on Flavor Physics,” arXiv:1502.01372 [hep-ph].
[7] A. de Gouvea and P. Vogel, “Lepton Flavor and Number Conservation, and Physics Beyond the

Standard Model,” Prog. Part. Nucl. Phys. 71, 75 (2013) [arXiv:1303.4097 [hep-ph]].
[8] G. Aad et al. [ATLAS Collaboration], “Observation of a new particle in the search for the Stan-

dard Model Higgs boson with the ATLAS detector at the LHC,” Phys. Lett. B 716, 1 (2012)
[arXiv:1207.7214 [hep-ex]].

[9] S. Chatrchyan et al. [CMS Collaboration], “Observation of a new boson at a mass of 125 GeV with
the CMS experiment at the LHC,” Phys. Lett. B 716, 30 (2012) [arXiv:1207.7235 [hep-ex]].

[10] G. Aad et al. [ATLAS and CMS Collaborations], “Measurements of the Higgs boson production
and decay rates and constraints on its couplings from a combined ATLAS and CMS analysis of the
LHC pp collision data at

p
s = 7 and 8 TeV,” JHEP 1608, 045 (2016) [arXiv:1606.02266 [hep-ex]].

[11] R. Aaij et al. [LHCb Collaboration], “Measurement of Form-Factor-Independent Observables in
the Decay B0 ! K⇤0µ+µ�,” Phys. Rev. Lett. 111, 191801 (2013) [arXiv:1308.1707 [hep-ex]].

[12] R. Aaij et al. [LHCb Collaboration], “Angular analysis of the B0 ! K⇤0µ+µ� decay using 3 fb�1

of integrated luminosity,” JHEP 1602, 104 (2016) [arXiv:1512.04442 [hep-ex]].
[13] A. Abdesselam et al. [Belle Collaboration], “Angular analysis of B0 ! K⇤(892)0`+`�,”

arXiv:1604.04042 [hep-ex].
[14] R. Aaij et al. [LHCb Collaboration], “Test of lepton universality using B+ ! K+`+`� decays,”

Phys. Rev. Lett. 113, 151601 (2014) [arXiv:1406.6482 [hep-ex]].
[15] J. P. Lees et al. [BaBar Collaboration], “Measurement of an Excess of B̄ ! D(⇤)⌧�⌫̄⌧ Decays and

Implications for Charged Higgs Bosons,” Phys. Rev. D 88, no. 7, 072012 (2013) [arXiv:1303.0571
[hep-ex]].

[16] M. Huschle et al. [Belle Collaboration], “Measurement of the branching ratio of B̄ ! D(⇤)⌧�⌫̄⌧

relative to B̄ ! D(⇤)`�⌫̄` decays with hadronic tagging at Belle,” Phys. Rev. D 92, no. 7, 072014
(2015) [arXiv:1507.03233 [hep-ex]].

[17] A. Abdesselam et al. [Belle Collaboration], “Measurement of the branching ratio of B̄0 !
D⇤+⌧�⌫̄⌧ relative to B̄0 ! D⇤+`�⌫̄` decays with a semileptonic tagging method,”
arXiv:1603.06711 [hep-ex].

[18] J. P. Lees et al. [BaBar Collaboration], “Evidence for an excess of B̄ ! D(⇤)⌧�⌫̄⌧ decays,” Phys.
Rev. Lett. 109, 101802 (2012) [arXiv:1205.5442 [hep-ex]].

[19] R. Aaij et al. [LHCb Collaboration], “Measurement of the ratio of branching fractions B(B̄0 !
D⇤+⌧�⌫̄⌧ )/B(B̄0 ! D⇤+µ�⌫̄µ),” Phys. Rev. Lett. 115, no. 11, 111803 (2015) Addendum: [Phys.
Rev. Lett. 115, no. 15, 159901 (2015)] [arXiv:1506.08614 [hep-ex]].

22

S. GORI

86



[20] R. D. Peccei and H. R. Quinn, “Constraints Imposed by CP Conservation in the Presence of Instan-
tons,” Phys. Rev. D 16, 1791 (1977).

[21] L. L. Chau and W. Y. Keung, “Comments on the Parametrization of the Kobayashi-Maskawa Ma-
trix,” Phys. Rev. Lett. 53, 1802 (1984).

[22] L. Wolfenstein, “Parametrization of the Kobayashi-Maskawa Matrix,” Phys. Rev. Lett. 51, 1945
(1983).

[23] J. Charles et al. [CKMfitter Group Collaboration], “CP violation and the CKM matrix: Assessing
the impact of the asymmetric B factories,” Eur. Phys. J. C 41, no. 1, 1 (2005) [hep-ph/0406184].
Updated results and plots available at: http://ckmfitter.in2p3.fr.

[24] M. Bona et al. [UTfit Collaboration], “The Unitarity Triangle Fit in the Standard Model and
Hadronic Parameters from Lattice QCD: A Reappraisal after the Measurements of �ms and
BR(B ! ⌧⌫⌧ ),” JHEP 0610 (2006) 081 [hep-ph/0606167]. Updated results and plots available
at: http://www.utfit.org/UTfit/

[25] J. Laiho, E. Lunghi and R. S. Van de Water, “Lattice QCD inputs to the CKM unitarity triangle
analysis,” Phys. Rev. D 81, 034503 (2010) [arXiv:0910.2928 [hep-ph]].

[26] S. L. Glashow, J. Iliopoulos and L. Maiani, “Weak Interactions with Lepton-Hadron Symmetry,”
Phys. Rev. D 2, 1285 (1970).

[27] G. Buchalla, A. J. Buras and M. E. Lautenbacher, “Weak decays beyond leading logarithms,” Rev.
Mod. Phys. 68, 1125 (1996) [hep-ph/9512380].

[28] V. M. Abazov et al. [D0 Collaboration], “Evidence for an anomalous like-sign dimuon charge
asymmetry,” Phys. Rev. Lett. 105, 081801 (2010) [arXiv:1007.0395 [hep-ex]].

[29] V. M. Abazov et al. [D0 Collaboration], “Study of CP-violating charge asymmetries of sin-
gle muons and like-sign dimuons in pp collisions,” Phys. Rev. D 89, no. 1, 012002 (2014)
[arXiv:1310.0447 [hep-ex]].

[30] V. M. Abazov et al. [D0 Collaboration], “Search for CP violation in B0
s ! µ+D�

s X decays in pp̄
collisions at

p
s = 1.96 TeV,” Phys. Rev. D 82, 012003 (2010) Erratum: [Phys. Rev. D 83, 119901

(2011)] [arXiv:0904.3907 [hep-ex]].
[31] M. Artuso, G. Borissov and A. Lenz, “CP Violation in the B0

s System,” arXiv:1511.09466 [hep-ph].
[32] Y. Amhis et al. [Heavy Flavor Averaging Group (HFAG) Collaboration], “Averages of b-hadron, c-

hadron, and ⌧ -lepton properties as of summer 2014,” arXiv:1412.7515 [hep-ex]. and online updates
at http://www.slac.stanford.edu/xorg/hfag/

[33] R. Aaij et al. [LHCb Collaboration], “Measurements of CP violation in the three-body phase space
of charmless B± decays,” Phys. Rev. D 90, no. 11, 112004 (2014) [arXiv:1408.5373 [hep-ex]].

[34] B. Aubert et al. [BaBar Collaboration], “Measurement of Time-Dependent CP Asymmetry in B0 !
cc̄K⇤0 Decays,” Phys. Rev. D 79, 072009 (2009) [arXiv:0902.1708 [hep-ex]].

[35] I. Adachi et al., “Precise measurement of the CP violation parameter sin(2�1) in B0 ! (cc̄)K0

decays,” Phys. Rev. Lett. 108, 171802 (2012) [arXiv:1201.4643 [hep-ex]].
[36] R. Aaij et al. [LHCb Collaboration], “Measurement of CP violation in B0 ! J/ K0

S decays,”
Phys. Rev. Lett. 115, no. 3, 031601 (2015) [arXiv:1503.07089 [hep-ex]].

[37] R. Fleischer, “CP violation in the B system and relations to K ! ⇡⌫⌫̄ decays,” Phys. Rept. 370,
537 (2002) [hep-ph/0207108].

[38] G. Isidori, Y. Nir and G. Perez, “Flavor Physics Constraints for Physics Beyond the Standard
Model,” Ann. Rev. Nucl. Part. Sci. 60, 355 (2010) [arXiv:1002.0900 [hep-ph]].

[39] G. Isidori, “Flavor physics and CP violation,” arXiv:1302.0661 [hep-ph].
[40] R. S. Chivukula and H. Georgi, “Composite Technicolor Standard Model,” Phys. Lett. B 188, 99

(1987).
[41] L. J. Hall and L. Randall, “Weak scale effective supersymmetry,” Phys. Rev. Lett. 65, 2939 (1990).

23

FLAVOR AND CP VIOLATION WITHIN AND BEYOND THE STANDARD MODEL

87



[42] A. J. Buras, P. Gambino, M. Gorbahn, S. Jager and L. Silvestrini, “Universal unitarity triangle and
physics beyond the standard model,” Phys. Lett. B 500, 161 (2001) [hep-ph/0007085].

[43] G. D’Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, “Minimal flavor violation: An Effective
field theory approach,” Nucl. Phys. B 645, 155 (2002) [hep-ph/0207036].

[44] W. Altmannshofer, “The Bs ! µ+µ� and Bd ! µ+µ� Decays: Standard Model and Beyond,”
PoS Beauty 2013, 024 (2013) [arXiv:1306.0022 [hep-ph]].

[45] T. Blake, G. Lanfranchi and D. M. Straub, “Rare B Decays as Tests of the Standard Model,”
arXiv:1606.00916 [hep-ph].

[46] W. Altmannshofer, A. J. Buras, S. Gori, P. Paradisi and D. M. Straub, “Anatomy and Phenomenol-
ogy of FCNC and CPV Effects in SUSY Theories,” Nucl. Phys. B 830, 17 (2010) [arXiv:0909.1333
[hep-ph]].

[47] S. Aoki et al., “Review of lattice results concerning low-energy particle physics,” arXiv:1607.00299
[hep-lat].

[48] C. Bobeth, M. Gorbahn, T. Hermann, M. Misiak, E. Stamou and M. Steinhauser, “Bs,d ! l+l� in
the Standard Model with Reduced Theoretical Uncertainty,” Phys. Rev. Lett. 112, 101801 (2014)
[arXiv:1311.0903 [hep-ph]].

[49] T. Aaltonen et al. [CDF Collaboration], “Search for B0
s ! µ+µ� and B0 ! µ+µ� decays with

the full CDF Run II data set,” Phys. Rev. D 87, no. 7, 072003 (2013) [arXiv:1301.7048 [hep-ex]].
[50] V. Khachatryan et al. [CMS and LHCb Collaborations], “Observation of the rare B0

s ! µ+µ� de-
cay from the combined analysis of CMS and LHCb data,” Nature 522, 68 (2015) [arXiv:1411.4413
[hep-ex]].

[51] M. Aaboud et al. [ATLAS Collaboration], “Study of the rare decays of B0
s and B0 into muon pairs

from data collected during the LHC Run 1 with the ATLAS detector,” Eur. Phys. J. C 76, no. 9, 513
(2016) [arXiv:1604.04263 [hep-ex]].

[52] W. Altmannshofer and D. M. Straub, “Cornering New Physics in b ! s Transitions,” JHEP 1208,
121 (2012) [arXiv:1206.0273 [hep-ph]].

[53] A. J. Buras, M. V. Carlucci, S. Gori and G. Isidori, “Higgs-mediated FCNCs: Natural Flavour
Conservation vs. Minimal Flavour Violation,” JHEP 1010, 009 (2010) [arXiv:1005.5310 [hep-ph]].

[54] A. J. Buras, “Relations between � M(s, d) and B(s, d) ! µµ̄ in models with minimal flavor
violation,” Phys. Lett. B 566, 115 (2003) [hep-ph/0303060].

[55] R. Aaij et al. [LHCb Collaboration], “Implications of LHCb measurements and future prospects,”
Eur. Phys. J. C 73, no. 4, 2373 (2013) [arXiv:1208.3355 [hep-ex]].

[56] S. L. Glashow and S. Weinberg, “Natural Conservation Laws for Neutral Currents,” Phys. Rev. D
15, 1958 (1977).

[57] E. A. Paschos, “Diagonal Neutral Currents,” Phys. Rev. D 15, 1966 (1977).
[58] G. C. Branco, P. M. Ferreira, L. Lavoura, M. N. Rebelo, M. Sher and J. P. Silva, “Theory and

phenomenology of two-Higgs-doublet models,” Phys. Rept. 516, 1 (2012) [arXiv:1106.0034 [hep-
ph]].

[59] J. F. Gunion and H. E. Haber, “The CP conserving two Higgs doublet model: The Approach to the
decoupling limit,” Phys. Rev. D 67, 075019 (2003) [hep-ph/0207010].

[60] S. Davidson and H. E. Haber, “Basis-independent methods for the two-Higgs-doublet model,” Phys.
Rev. D 72, 035004 (2005) Erratum: [Phys. Rev. D 72, 099902 (2005)] [hep-ph/0504050].

[61] P. M. Ferreira, L. Lavoura and J. P. Silva, “Renormalization-group constraints on Yukawa alignment
in multi-Higgs-doublet models,” Phys. Lett. B 688, 341 (2010) [arXiv:1001.2561 [hep-ph]].

[62] A. Pich and P. Tuzon, “Yukawa Alignment in the Two-Higgs-Doublet Model,” Phys. Rev. D 80,
091702 (2009) [arXiv:0908.1554 [hep-ph]].

[63] S. Gori, H. E. Haber and E. Santos, “High scale flavor alignment in the two-Higgs doublet model

24

S. GORI

88



and its phenomenology", in preparation.
[64] W. Altmannshofer, S. Gori and G. D. Kribs, “A Minimal Flavor Violating 2HDM at the LHC,”

Phys. Rev. D 86, 115009 (2012) [arXiv:1210.2465 [hep-ph]].
[65] A. L. Kagan, G. Perez, T. Volansky and J. Zupan, “General Minimal Flavor Violation,” Phys. Rev.

D 80, 076002 (2009) [arXiv:0903.1794 [hep-ph]].
[66] A. J. Buras, S. Jager and J. Urban, “Master formulae for �F = 2 NLO QCD factors in the standard

model and beyond,” Nucl. Phys. B 605, 600 (2001) [hep-ph/0102316].
[67] W. Altmannshofer, M. Carena, N. R. Shah and F. Yu, “Indirect Probes of the MSSM after the Higgs

Discovery,” JHEP 1301, 160 (2013) [arXiv:1211.1976 [hep-ph]].
[68] M. Aaboud et al. [ATLAS Collaboration], “Search for Minimal Supersymmetric Standard Model

Higgs bosons H/A and for a Z 0 boson in the ⌧⌧ final state produced in pp collisions at
p

s = 13
TeV with the ATLAS Detector,” arXiv:1608.00890 [hep-ex].

[69] CMS Collaboration, “Search for a neutral MSSM Higgs boson decaying into ⌧⌧ at 13 TeV,” CMS-
PAS-HIG-16-006.

[70] W. Altmannshofer, R. Harnik and J. Zupan, “Low Energy Probes of PeV Scale Sfermions,” JHEP
1311, 202 (2013) [arXiv:1308.3653 [hep-ph]].

[71] G. F. Giudice and R. Rattazzi, “Theories with gauge mediated supersymmetry breaking,” Phys.
Rept. 322, 419 (1999) [hep-ph/9801271].

[72] N. Arkani-Hamed and S. Dimopoulos, “Supersymmetric unification without low energy supersym-
metry and signatures for fine-tuning at the LHC,” JHEP 0506, 073 (2005) [hep-th/0405159].

[73] G. F. Giudice and A. Romanino, “Split supersymmetry,” Nucl. Phys. B 699, 65 (2004) Erratum:
[Nucl. Phys. B 706, 487 (2005)] [hep-ph/0406088].

[74] N. Arkani-Hamed, S. Dimopoulos, G. F. Giudice and A. Romanino, “Aspects of split supersymme-
try,” Nucl. Phys. B 709, 3 (2005) [hep-ph/0409232].

[75] L. J. Hall and Y. Nomura, “Spread Supersymmetry,” JHEP 1201, 082 (2012) [arXiv:1111.4519
[hep-ph]].

[76] A. Arvanitaki, N. Craig, S. Dimopoulos and G. Villadoro, “Mini-Split,” JHEP 1302, 126 (2013)
[arXiv:1210.0555 [hep-ph]].

[77] N. Arkani-Hamed, A. Gupta, D. E. Kaplan, N. Weiner and T. Zorawski, “Simply Unnatural Super-
symmetry,” arXiv:1212.6971 [hep-ph].

[78] Y. Nir and N. Seiberg, “Should squarks be degenerate?,” Phys. Lett. B 309, 337 (1993) [hep-
ph/9304307].

[79] L. J. Hall, V. A. Kostelecky and S. Raby, “New Flavor Violations in Supergravity Models,” Nucl.
Phys. B 267, 415 (1986).

[80] W. Altmannshofer, A. J. Buras and D. Guadagnoli, “The MFV limit of the MSSM for low tan(�):
Meson mixings revisited,” JHEP 0711, 065 (2007) [hep-ph/0703200].

[81] CMS Collaboration, “Search for top quark decays via Higgs-boson-mediated flavor changing neu-
tral currents in pp collisions at

p
s = 8 TeV,” CMS-PAS-TOP-13-017.

[82] G. Aad et al. [ATLAS Collaboration], “Search for flavour-changing neutral current top quark decays
t ! Hq in pp collisions at

p
s = 8 TeV with the ATLAS detector,” JHEP 1512, 061 (2015)

[arXiv:1509.06047 [hep-ex]].
[83] CMS Collaboration, “Search for the Flavor-Changing Neutral Current Decay t ! qH Where the

Higgs Decays to bb Pairs at
p

s = 8 TeV,” CMS-PAS-TOP-14-020.
[84] CMS Collaboration, “Search for top quark decays t ! qH with H ! �� in pp collisions atp

s = 8 TeV,” CMS-PAS-TOP-14-019.
[85] G. Aad et al. [ATLAS Collaboration], “Search for single top-quark production via flavour-changing

neutral currents at 8 TeV with the ATLAS detector,” Eur. Phys. J. C 76, no. 2, 55 (2016)

25

FLAVOR AND CP VIOLATION WITHIN AND BEYOND THE STANDARD MODEL

89



[arXiv:1509.00294 [hep-ex]].
[86] G. Aad et al. [ATLAS Collaboration], “Search for flavour-changing neutral current top-quark de-

cays to qZ in pp collision data collected with the ATLAS detector at
p

s = 8 TeV,” Eur. Phys. J. C
76, no. 1, 12 (2016) [arXiv:1508.05796 [hep-ex]].

[87] S. Chatrchyan et al. [CMS Collaboration], “Search for Flavor-Changing Neutral Currents in Top-
Quark Decays t ! Zq in pp Collisions at

p
s = 8??TeV,” Phys. Rev. Lett. 112, no. 17, 171802

(2014) [arXiv:1312.4194 [hep-ex]].
[88] CMS Collaboration, “Search for associated production of a Z boson with a single top quark and for

tZ flavour-changing interactions in pp collisions at
p

(s) = 8 TeV,” CMS-PAS-TOP-12-039.
[89] V. Khachatryan et al. [CMS Collaboration], “Search for anomalous single top quark produc-

tion in association with a photon in pp collisions at
p

s = 8 TeV,” JHEP 1604, 035 (2016)
[arXiv:1511.03951 [hep-ex]].

[90] J. A. Aguilar-Saavedra, “Top flavor-changing neutral interactions: Theoretical expectations and
experimental detection,” Acta Phys. Polon. B 35, 2695 (2004) [hep-ph/0409342].

[91] K. Agashe et al. [Top Quark Working Group Collaboration], “Working Group Report: Top Quark,”
arXiv:1311.2028 [hep-ph].

[92] L. Randall and R. Sundrum, “A Large mass hierarchy from a small extra dimension,” Phys. Rev.
Lett. 83, 3370 (1999) [hep-ph/9905221].

[93] D. Atwood, L. Reina and A. Soni, “Phenomenology of two Higgs doublet models with flavor
changing neutral currents,” Phys. Rev. D 55, 3156 (1997) [hep-ph/9609279].

[94] K. Agashe, G. Perez and A. Soni, “Collider Signals of Top Quark Flavor Violation from a Warped
Extra Dimension,” Phys. Rev. D 75, 015002 (2007) [hep-ph/0606293].

[95] G. Blankenburg, J. Ellis and G. Isidori, “Flavour-Changing Decays of a 125 GeV Higgs-like Parti-
cle,” Phys. Lett. B 712, 386 (2012) [arXiv:1202.5704 [hep-ph]].

[96] R. Harnik, J. Kopp and J. Zupan, “Flavor Violating Higgs Decays,” JHEP 1303, 026 (2013)
[arXiv:1209.1397 [hep-ph]].

[97] W. Altmannshofer, S. Gori, A. L. Kagan, L. Silvestrini and J. Zupan, “Uncovering Mass Generation
Through Higgs Flavor Violation,” Phys. Rev. D 93, no. 3, 031301 (2016) [arXiv:1507.07927 [hep-
ph]].

[98] V. Khachatryan et al. [CMS Collaboration], “Search for Lepton-Flavour-Violating Decays of the
Higgs Boson,” Phys. Lett. B 749, 337 (2015) [arXiv:1502.07400 [hep-ex]].

[99] V. Khachatryan et al. [CMS Collaboration], “Search for lepton flavour violating decays of the Higgs
boson to e tau and e mu in proton-proton collisions at

p
(s) = 8 TeV,” [arXiv:1607.03561 [hep-

ex]].
[100] CMS Collaboration, “Search for Lepton Flavour Violating Decays of the Higgs Boson in the µ�⌧

final state at 13 TeV,” CMS-PAS-HIG-16-005.
[101] CMS Collaboration, “Search for lepton-flavour-violating decays of the Higgs boson to etau and

emu at
p

(s) = 8 TeV,” CMS-PAS-HIG-14-040.
[102] G. Aad et al. [ATLAS Collaboration], “Search for lepton-flavour-violating H ! µ⌧ decays of the

Higgs boson with the ATLAS detector,” JHEP 1511, 211 (2015) [arXiv:1508.03372 [hep-ex]].

26

S. GORI

90


