PROCEEDINGS

OF SCIENCE

TASI 2022 Lectures on Flavor Physics

Wolfgang Altmannshofer®

“Department of Physics and Santa Cruz Institute for Particle Physics,
University of California, Santa Cruz, CA 95064, USA

E-mail: waltmann@ucsc.edu

These notes correspond to the lectures on flavor physics given at TASI 2022. After a basic intro-
duction to the concept of flavor in the Standard Model and beyond, we discuss the determination
of the flavor parameters in the Standard Model, i.e. the quark and lepton masses as well as the
CKM matrix elements. The Standard Model flavor puzzle and possible ways to address it are
briefly mentioned as well. Finally, we discuss in more detail a particular class of flavor-changing
processes that have played a prominent role in flavor physics in the past several years: B meson
decays. We cover both charged current tree-level decays, which are typically used for the determi-
nation of CKM matrix elements, as well as neutral current loop-level decays, which are sensitive
probes of new physics.

Theoretical Advanced Study Institute (TASI 2022)
6 June - 1 July, 2022
University of Colorado, Boulder

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:waltmann@ucsc.edu
https://pos.sissa.it/

TASI 2022 Lectures on Flavor Physics

Contents

1 Introduction

2 Flavor in the Standard Model and Beyond

2.1
2.2
23
24
25
2.6

Flavor Breaking in the Standard Model and the CKM Matrix
Flavor-Changing Neutral Currents

Comment on Parameter Counting

Flavor Spurions in the Standard Model

Flavor Beyond the Standard Model

Strategies to Avoid Flavor Constraints

3 Determination of the Standard Model Flavor Parameters

3.1
32

Quark and Lepton Masses
CKM Matrix Elements

4 The Standard Model Flavor Puzzle

4.1
4.2

Generating Flavor Hierarchies
A Simple Froggatt-Nielsen Model

5 Decays of B mesons and the “B Anomalies”

5.1
52
53
54
5.5

Classification of B Decays

Charged Current Example: B — D{v

Neutral Current Example: By — u*u~

Semileptonic Rare B Decays and Lepton Flavor Universality Tests
The Rare B Anomalies and Their Interpretation

W O 0 N B B~ A

—_

14
14
16

20
20
22

23
23
25
26
27
31

1. Introduction

The Standard Model matter content consists of three generations of up-type quarks (i, c, 1),

three generations of down-type quarks (d, s, b), three generations of charged leptons (e, y, 7), and

three generations of neutrinos (vy, v2, v3). Flavor physics is a branch of particle physics that aims

at understanding the characteristic properties of the different generations of quarks and leptons and

the transitions among them.

Historically, flavor physics had a very significant impact on the development of the Standard

Model. A few examples include

* The observed rate of the rare kaon decay K; — u*u~ was far below the theoretical expectation

at the time and led to the prediction of the charm quark [1, 2].
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* The discovery of CP violation in the kaon sector led to the prediction of the third generation
of quarks [3].

* The measurement of the B — BY oscillation frequency was used to predict the top quark mass
(see e.g. [4-8] and many others).

In the current era, flavor physics plays an important role in the search for new physics. Many
flavor transitions can be predicted with high accuracy in the Standard Model. Comparing the
predictions with experimental results can give indirect insight into physics beyond the Standard
Model.

On the one hand, if experiments and the Standard Model agree, constraints on new physics
models can be derived. In particular, the size of new sources of flavor violation can be bounded,
which has potentially important implications for new physics model building. Constraints from
flavor observables and from direct searches at colliders are complementary. Flavor probes are only
effective if the new physics has flavor-changing couplings, but their reach to high masses is not
limited by the center of mass energy of colliders.

On the other hand, discrepancies between the experimental data and Standard Model predictions
can be interpreted as indirect signs of new physics. Establishing a new physics origin of potential
discrepancies could have a transformative impact on the field. It would lead to a new mass scale in
particle physics which may provide a new target for future direct searches at colliders.

On the experimental side, the most important players in flavor physics at the moment are the
LHCb experiment at the LHC [9, 10] and the Belle II experiment at KEK [11]. LHCb is a dedicated
b physics experiment with a broad program covering many important flavor processes, including,
among many others, rare decays of B mesons, CP violation in By mixing, CP violation in the charm
sector, and the determination of the CKM angle y. Also the general-purpose detectors at the LHC,
ATLAS and CMS, are making important contributions with regards to b physics, for example, in
the search for prominent rare decays like By — p*u™ [12, 13].

Belle II is the successor of the Belle experiment, one of two B factories, the other being BaBar.
The B factories BaBar and Belle confirmed the Standard Model CKM picture of flavor and CP
violation. Many of their accomplishments are summarized in [14]. As BaBar and Belle, the Belle
II experiment is a detector at an asymmetric electron-positron collider with a center-of-mass energy
at the T'(4S) resonance that primarily decays into a pair of B mesons. Belle II aims to accumulate
nearly 2 orders of magnitude more data than Belle. Its main physics goal is the search for new
physics in flavor transitions of B mesons (as well as other mesons and tau leptons) and the precise
measurement of CKM parameters.

In addition, there are many smaller experiments that focus on specific flavor-changing processes.
Examples include the NA62 experiment at CERN [15, 16] that aims at the observation and precision
measurement of the rare kaon decay K™ — nvv, the KOTO experiment at JPark [17, 18] that is
searching for the corresponding neutral version K;, — 7%y, the MEG II experiment at PSI [19] that
is searching for the lepton flavor violating decay y — ey, or the mu2e experiment at Fermilab [20]
which can improve the sensitivity to u to e conversion in nuclei by several orders of magnitude.

Looking further into the future, one can expect impactful flavor programs at future particle
colliders. Of particular interest are circular electron-positron colliders running on the Z pole, as the
proposed FCC-ee [21, 22] and CEPC [23, 24]. The Z pole runs of FCC-ee and CEPC would result in
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an unprecedented data sample of more than 10'? Z bosons decaying to all types of bottom-flavored
and charm-flavored hadrons and tau leptons, enabling a rich flavor physics program and giving
access to flavor changing processes that cannot be studied either at LHCDb or Belle 11.

Flavor physics will remain an important field of research for the foreseeable future. In the
absence of direct discoveries of new particles at the LHC, the indirect search for new physics using
flavor transitions will arguably become even more important in the coming years. Flavor physics
might give the first hints for physics beyond the Standard Model and thus guide future developments
in particle physics.

These notes are structured in the following way: Section 2 gives a basic introduction to the
concept of flavor in the Standard Model and beyond. We discuss the sources of flavor violation
in the Standard Model and their properties, as well as the strong constraints on new physics that
can be derived from measurements of flavor transitions. Section 3 focuses on the determination of
the flavor parameters in the Standard Model, i.e. the quark and lepton masses as well as the CKM
matrix elements. In section 4, the Standard Model flavor puzzle and possible ways to address it
are discussed briefly. Finally, in section 5, we discuss in more detail a particular class of flavor-
changing processes that have played a prominent role in flavor physics in the past several years: B
meson decays. We cover both charged current tree-level decays, which are typically used for the
determination of CKM matrix elements, as well as neutral current loop-level decays, which are
sensitive probes of new physics.

Overall, these notes follow very closely the lectures given at TASI in June 2022. The section 5.5
on the rare B decay anomalies has been updated to reflect the recent experimental results on the
lepton flavor universality ratios Rx and Rg: by LHCb. Other excellent TASI lectures on flavor
physics and lectures from other summer schools include [25-32]. Additional useful resources
for flavor physics are the Heavy Flavor Averaging Group (HFLAV) [33], which provides regular
updates to the world averages of heavy flavor quantities, and the Flavour Lattice Averaging Group
(FLAG) [34], which reviews lattice results relevant for flavor physics.

These notes do not cover the physics of neutrinos. Recent lecture notes on neutrino physics
can, for example, be found in [35, 36].

2. Flavor in the Standard Model and Beyond

2.1 Flavor Breaking in the Standard Model and the CKM Matrix

We start with a reminder of the Standard Model matter content. The Standard Model quarks and
leptons are organized in five different representations of the gauge group SU(3). X SU(2)r x U(1)y

1 2 1 1
Q] = (3’ 27 6) s U] = (3’ 19 §) ’ D] = (39 1’ _g) s Lj = (17 2’ _5) ’ E] = (L 15 _1) . (1)

Each of these representations comes in three generations or flavors, i.e. the generation/flavor index
runs over j = 1,2, 3.
The kinetic terms of the fermions in the Standard Model Lagrangian are flavor universal

Lovid Y. Y WPy . 2)
Yo
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Here, the sumover ¥ = Q, U, D, L, E corresponds to the sum over the fermion “types”and j = 1,2, 3
sums over the flavors. The kinetic terms are invariant under a large global flavor symmetry

Ghiavor = U(3)> = U(3)o x UB)y x UB)p x U3, x UB)E, 3)

corresponding to individual U(3) flavor rotations for each of the fermion types. It is convenient to
split each U(3) symmetry into a SU(3) symmetry that contains the non-trivial flavor mixing and a
U(1) factor. One can write

Giiavor = SU3)o X SUB)y x SUB)p X SUB)L x SUB)E X U(1)° . )

The U(1)’ factor contains, for example, baryon number and lepton number.
The flavor symmetry is explicitly broken by the Standard Model Yukawa couplings

Lon 2 = 3 |06k G UKA + (Xa)pODit + Y)uLEcH| + hie. 5)

ok
The Yukawa couplings (Y,,)jx, (Ya)«, (Ye),x are, in principle, generic 3 X 3 matrices in flavor space.
In the above expression, H is the Higgs doublet. After electroweak symmetry breaking, we expand

0
the Higgs around its vacuum expectation value (vev) (H) = \sz ) This gives rise to quark and
%

lepton mass terms

() = %(Yu),-k ik = —=Cjes Ol = —= (Vo) - ©6)

V2 V2 V2
The standard approach is to switch to a flavor basis in which the mass terms are real and diagonal,
the mass eigenstate basis. This is accomplished by a well-known procedure in which the Yukawa
couplings / mass terms are diagonalized using bi-unitary transformations. The quark and lepton
masses are then given by the eigenvalues of the Yukawa matrices (Y,,)jx, (Ya)jx, (Ye)jx. The remnant
of the bi-unitary transformations is the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix
V [3, 37], which appears in the charged current interactions of the quarks

Loy D %ija_,yﬂhdkwg + he.. %

In this expression, g is the SU(2), gauge coupling, u; and dy are up and down quark mass eigenstates
of flavor j and k, and Vj are the CKM matrix elements. As is well known, the CKM matrix is a
unitary 3 X 3 matrix which is fixed by 4 free parameters (more in section 3.2).

2.2 Flavor-Changing Neutral Currents

In contrast to the charged current interactions involving the W boson shown above in equa-
tion (7), all neutral current interactions in the Standard Model remain flavor diagonal at the tree
level. This is the case both for the gauge interactions of the gluons, photon, and Z boson, and the
interactions of the Higgs boson. One says there are no flavor-changing neutral currents (FCNCs) in
the Standard Model at the tree level.

In the case of the gauge bosons, this is a consequence of the flavor universality of the gauge
interactions and the unitarity of the quark mixing. The fact that the Higgs couplings in the Standard



TASI 2022 Lectures on Flavor Physics

_ s w
K no
pt - pt
b w

Figure 1: Example 1-loop diagrams that contribute to the decay By — p*u~ in the Standard Model.

Model are flavor-conserving is a consequence of the minimal electroweak symmetry-breaking sector
that contains only a single Higgs doublet.

Historically, the absence of FCNC:s at the tree level was explained by the Glashow, Iliopoulos,
Maiani (GIM) mechanism [1], which introduced the charm quark and thus enabled a unitary mixing
among the quarks.

Flavor-changing neutral currents do arise at the loop level. One distinguishes between AF = 1
processes, where flavor quantum numbers change by one unit, and AF = 2 processes, where flavor
quantum numbers change by two units.

An example of a AF = 1 process is the leptonic decay of the By meson, By — u*pu~. The
Bs is a bound state of a strange quark and an anti-bottom quark, and thus “bottom number” and
“strange number” change by one unit: |AB| = |AS| = 1. Example 1-loop diagrams are shown in
figure 1. The diagram on the left is known as a “penguin diagram”, and the one on the right is a
“box diagram”. Penguin diagrams refer to diagrams with flavor-changing vertex corrections'.

Without performing the actual 1-loop calculation, we can understand the generic structure of
the corresponding decay amplitude. We have

2 m?
ABy — i) x Gl 3 ViVipf (i), withxi = —- . ®)
g i=u,c,t mW

The expression for the amplitude contains the Fermi constant G because the decay is mediated
by the weak interactions, a loop factor g2/16x2, a loop function f that depends on the mass of the
quark in the loop, and the CKM factors V| V;;, corresponding to the quarks involved. The sum is
over all the up-quark flavors that can run in the loop.

Writing out the sum explicitly, we have in the example at hand, but generically also for any
b — s transition,

IS

A(b — ) Vs Vub f(xu) + VigVen f(xe) + VigVin f(x1)
Vtivtb (f(xt) - f(xc)) + V;svub (f(xu> - f(xc))

VisVin (f(x0) = £(0) = V5 Vi f(x) ©)

R

with £(0) = 0. In the second line, we used the CKM unitarity V* Vi, + V2 Ve, + ViV, = 0, and
in the third line, we used the smallness of the charm and up quarks x,, x. < 1.

If you wonder where the name penguin diagram comes from, the story is beautifully told in a symmetry magazine
article [38].
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Figure 2: Example 1-loop diagram that contributes to B — B® oscillations in the Standard Model.

Equation (9) illustrates another aspect of the GIM mechanism [1]: If all up-quark masses were
equal, x; = x. = x,, flavor changing neutral currents would be absent also beyond tree level. The
large mass of the top quark results in a large amount of “GIM breaking” and relatively sizable
1-loop contributions to b — s decays and analogously also to b — d decays.

For s — d transtions, for example K; — u* u~, the amplitude is proportional to

R

A(s — d) V;qusf(xu) + V;dvcsf(xc) + V,*thsf(xt)
V:dvcs (f(-xc) - f(O)) + Vz*dvts (f(xt) - f(O))

= V:dVCSf(xC) + ‘/t*d‘/lvf(xt) . (10)

1R

In this case, it is not necessarily a good approximation to neglect the charm mass because the
corresponding term comes with much larger CKM matrix elements (see discussion in section 3.2).

An example of a AF = 2 process is given by B® — B? oscillations. An example diagram is
shown in figure 2. Bottom number and down number change by two units: |AB| = [AD| = 2. Also
in this example, we can work out the generic structure of the amplitude

2
>3 g * *
ABY o B« Gros > > ViV (VigVin)F(xix;) (11)

i=u,c,t j=u,c,t

Where F(x;, xj) = F(xj, x;) is a loop function that depends on the masses of the up-type quarks
running in the loop. Using CKM unitarity and neglecting the charm and up quark masses (which
is a good approximation in the case of B mixing), one finds

AGB” o BY) e (V;iVio 2 (Fxis x0) + F(0,0) = 2F(x,0)) = (ViyVio PF(x), (12)

which highlights again the role the top mass plays in GIM breaking. It is a useful exercise to work
out the corresponding expression for K* — K% mixing, where one cannot neglect the charm quark
mass.

2.3 Comment on Parameter Counting

In equation (5), we introduced the three Yukawa matrices that encode all information about
flavor in the Standard Model. All fermion masses and the CKM matrix are determined by the
Yukawa matrices. This raises the question of how many physical flavor parameters there are, and
how one can determine that number.
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The general rule for parameter counting says that the number of physical parameters equals
the total number of parameters minus the number of symmetry generators that get broken if the
parameters are non-zero [29]. More concretely, let us look at two examples to better understand
how this counting works.

Example 1: Lepton Sector. In the lepton sector, we are dealing with a complex 3 X 3 lepton
Yukawa matrix. The total number of parameters that are introduced is thus 3 x 3 X 2 = 18. We can
either think of it as 9 real parts and 9 imaginary parts or, more conveniently, as 9 absolute values
and 9 phases.

The lepton Yukawa couplings break part of the Standard Model flavor symmetry. In particular,
as the three charged leptons have all different masses, the only remaining symmetries are U(1)
factors of the individual lepton flavors

UB)L x UB)e — U(1)e x U(1), x U(1), . (13)

Now we count symmetry generators: U(3) has 9 generators, 3 corresponding to mixing angles, 6
to phases; U(1) has a single generator, corresponding to a phase. This means that 2 x9 —3 = 15
symmetry generators are broken. Now we use the counting rule from above and find that one has
18 — 15 = 3 physical parameters. These can be identified with the 3 lepton masses m,, my,, m;.

Example 2: Quark Sector. In the quark sector, we are starting with two complex 3 X 3 matrices,
the up quark and the down quark Yukawas. This corresponds to a total number of 3 X3 X2 X2 = 36
free parameters, 18 absolute values and 18 phases.

The quark Yukawas break the quark flavor symmetry almost entirely. The only remaining
symmetry is baryon number

UB)oxUQB)y xUB)p — U(l)p . (14)

Out of the 3 x 9 = 27 generators of the U(3)3, all but one are broken. This means we are left with
36 — 26 = 10 physical parameters. These correspond to the 3 up-quark masses, the 3 down-quark
masses, and the 4 CKM parameters.

2.4 Flavor Spurions in the Standard Model

As discussed in the previous subsections, the Yukawa couplings break the Standard Model
flavor symmetry Ggavor. It can be useful to keep track of this flavor breaking by promoting the
Yukawa couplings to “spurions”. This means we formally restore the invariance under Gyayor by
assigning the Yukawa couplings appropriate transformation properties. In the following, we will
focus on the SU(3)° part of the Gayor flavor symmetry.

To make the Standard Model Lagrangian invariant under the SU(3)> flavor transformations, we
promote the Yukawa couplings to bi-triplets

YMZ?)QX.;')U, Yd=3QX§D, Ye:3LX§E~ (15)

In this notation, 3¢ refers to a triplet of SU(3)p, 3y to an anti-triplet of SU(3)y, etc. With these
transformation properties, the Yukawa Lagrangian is in fact invariant under the SU(3)>, which is
easily seen recalling the expression from equation (5) using a matrix notation in flavor space

Ly = -QY,UH - QY;DH — LY,EH + h.c.. (16)
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The assigned transformation properties of the Yukawa couplings allow us to determine how
the Yukawa couplings have to appear in flavor-changing amplitudes.

As an example, let us again consider the B decay from above, By — u*u~. At the quark level,
this corresponds to a transition from a bottom quark to a strange quark, b — s. There are various
currents with different chirality structures that can mediate the transition we are interested in

s.y"br, SryMbr., 5SLbr, SrDL . (17)

With the Yukawa couplings transforming as in equation (15), the Standard Model Lagrangian is
invariant under SU(3)’ and therefore also the b — s amplitude has to be formally invariant in
the Standard Model. Based on the flavor transformation properties of the involved quarks, we can
identify the minimal set of Yukawa interactions that have to appear in the amplitude. Let’s go
through the four currents in equation (17) one by one.

* The quarks in 57 y* by, originate both from a left-handed quark doublet Q. The Q transforms
as a triplet of SU(3)p. Therefore, removing the quark fields, the corresponding amplitude
has to transform either as a singlet or as an octet of SU(3), in order to combine into a singlet
with the two Q’s. If the amplitude is a flavor singlet, it does not contain any flavor-violating
transitions, leaving the octet as the only viable option. Constructing an SU(3)¢ octet requires
at least two Yukawa couplings. The simplest options are YuYuT and YdY;. Next, we need to
project out the bottom and strange quark mass eigenstates

go to mass dia 2

"t Y™ ] =0 18

4la eigenstate basis [( d ) ]23 ’ (18)
g0 to mass di .

VYl ——— [V () Verm] 55 = Vi Vioy? - (19)

eigenstate basis

We learn that the term YdY; does not give any flavor change in the down quark sector, as it
is diagonal in the mass basis. However, because of the CKM matrix, Y,Y,| does provide a
source of down quark flavor violation. The CKM matrix elements correspond precisely to the
combination that we found in section 2.2 when we looked at the Feynman diagrams for the
By — u*u~ decay. The proportionality to the top Yukawa coupling squared y,2 is a reflection
of the GIM mechanism and the GIM breaking by the large top mass.

* Moving on to §gy*bg, we now have two right-handed quarks that originate both from a D
and, following a line of argument analogous to the one in the previous item, the corresponding
amplitude needs to be a SU(3)p octet. The most economical way to construct a SU(3)p octet
out of the quark Yukawa couplings is Y; Y, which, however, does not lead to flavor change in
the down sector. The first non-trivial term that does give flavor change is

20 to mass d

+ + iagy T diag\2 diag -~ * 2
Yo¥uliYa cigenstate basis [Yd Veru®u ™) Ve ]23 =VioVisysypyr - (20)

As the bottom and strange Yukawa couplings are much smaller than 1, the contribution from
such a current is highly suppressed in the Standard Model.
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Figure 3: Illustration of the flavor octet spurions YJ ) Y;Yd, YuYuT , and YdY;.

* The amplitudes corresponding to the scalar currents §;bg and Sgrby have to transform as
§Q x 3p and 3p X 30, respectively and therefore have to contain an odd number of Yukawa
couplings. The leading terms that give flavor violation are

+ 80 to mass + diag\2 diag - * 2
Wo¥a o Vo) Vet ™ oy = Vio Vi 7 @n
g0 to mass di di %
YIvY! [V Vo B ) Verm | 53 = Vis Vi ysy? - (22)

eigenstate basis

The amplitude involving the right-handed bottom (strange) quark is necessarily proportional
to the bottom (strange) Yukawa coupling and thus suppressed compared to the 5py*bp
amplitude.

The features we have seen in the b — s example above are generic in the Standard Model. The
leading contributions to flavor-changing processes in the down sector involve left-handed currents.
Flavor-changing currents involving right-handed down quark fields are strongly suppressed by small
down quark Yukawa couplings.

Similarly, one finds that flavor-changing currents in the up sector necessarily involve down
quark Yukawas and are therefore strongly suppressed in the Standard Model.

Combinations of Yukawa couplings like YJ Y., Y;Yd, Y, Y,f , and YdY; define directions in flavor
space. Symbolically, this is illustrated in figure 3. YJ Y, and Y;Yd live in their own SU(3)y
octet space and SU(3)p octet space, respectively. Y,,YuT and YdY; live in a common SU(3)¢ octet
space. The absolute orientations of these Yukawa coupling combinations are not observable. Their
“length” (which can be thought of as an analogy to the eigenvalues of the Yukawa couplings and
thus the fermion masses) are however observable. Furthermore, the relative orientation of Y, YJ and
YdY; in SU(3)¢ space is also observable and corresponds to the CKM matrix.

2.5 Flavor Beyond the Standard Model

Having gained a basic understanding of flavor in the context of the Standard Model, we now
move on to new physics scenarios. A popular approach is to treat the Standard Model as the leading
term in an effective field theory and thus extend the Standard Model by higher dimensional operators.
Alternatively (or simultaneously), one can add new light degrees of freedom and consider their
couplings to the Standard Model particles both at the renormalizable level and non-renormalizable

10
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level. Generically one has

A2

i

1 1
L=Lsu+ A Z C}S)QES) + — Z Cl@Ql@ + ... + new light degrees of freedom .  (23)

The QE”) are operators built from Standard Model fields of mass dimension n > 4, and the Cl@
are the corresponding Wilson coefficients. The higher dimensional operators with larger mass
dimensions are suppressed by higher and higher powers of the inverse of a new physics scale
A. Under the assumption that the full Standard Model gauge group SU(3). X SU((2)r x U(1)y is
realized linearly, the extension of the Standard Model by the tower of higher dimensional operators
is referred to as the Standard Model Effective Field Theory (SMEFT) [39].

The higher dimensional operators that contain quark or lepton fields, as well as the couplings
of the new particles to quarks and leptons constitute, in general, new sources of flavor violation. In
many cases, the new sources of flavor violation are strongly constrained by existing measurements
of flavor transitions. The most important examples that illustrate the strong constraints that can be
derived from flavor transitions are meson anti-meson oscillations.

There are four neutral meson systems in which particle anti-particle oscillations can occur:
KY — K oscillations corresponding to a s <> d transition, B® — B? oscillations corresponding to a
b < d transition, By — B, oscillations corresponding to a b <> s transition, and D? — DY oscillations
corresponding to a ¢ <> u transition.

In each case, the oscillations can be mediated by eight independent dimension-6 four-fermion
operators that are invariant under the unbroken Standard Model gauge symmetry SU(3). X U(1)em.
In the example of kaon oscillations, the operators are (see e.g. [40])

QYL = 5y, PLd)5y" Prd), QYRR = (5y,Prd)(5y" Prd), (24)
Q" = (5y,PLd)(5y" Prd) 25)
QLR = (5PLd)(5Prd), (26)

Qf*t = (sPLd)sPLd). Q" = (5Prd)(sPrd). @7

Q;LL = (50, PLd)(5o* Pp.d) QgRR = (50 Prd)(50"" PRd) . (28)

For the other meson systems, the operators can be defined analogously with appropriate replacements
of the quark fields. There are several equivalent AF = 2 operator bases. Another one that is often
used is (see e.g. [41])

Q1 = (SaYuPrdo)(5gy" PLdg) , Q] = (SavuPrdo)(3py" Prdp), 29
Qs = (5o PLdy)(5gPLdg), Q) = (5 Prdy)(5Prdp) , 30)
Q3 = (5o PLdp)(58P1Ldy) , Q; = (33Prdy)(3pPrdy) 31
Q4 = (5o Prdy)(5Prdp) , (32)
Qs = (5o Prdp)(5Prd,) , (33)

where «, B are quark color indices. Using Fierz transformations on the operators @3, @}, and Qs,
one can show the equivalence of the two operator bases.

Adding the contributions of the above operators to the Standard Model contributions to meson
mixing observables and comparing the results to the corresponding experimental measurements,

11
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Figure 4: Constraints on the new physics scale A from meson mixing. One dimension-6 AF = 2 operator
is switched on at a time. In the left-hand plot, the absolute value of the non-zero Wilson coefficient is set
to 1. In the right-hand plot, the absolute value of the non-zero Wilson coefficient is set to the CKM matrix
combination that governs the flavor transition in the Standard Model. (Plots taken from [42].)

one can derive constraints on the Wilson coefficients and the new physics scale. The result of this
exercise is shown in the plots of figure 4. On the left-hand side, the Wilson coefficients are set to 1
one at a time and the constraint on the new physics scale is shown by the bars for the various meson
systems. The constraint for C7 , ; are identical to the ones for C),53 and therefore not shown. We
see that in some cases, very high new physics scales as large as few 10° TeV are probed!

It is conceivable that the new physics Wilson coeflicients are not of O(1) but instead suppressed
by small new physics flavor mixing angles, similar to the Standard Model CKM mixing angles. On
the right-hand side, the absolute value of the Wilson coefficients is set to the corresponding CKM
matrix elements in the Standard Model, i.e. |C;| = |V[§Vzd|2, |Vt*dV,;,|2, Vi Vip |2 V>, Veb |? for kaon
mixing, B mixing, B, mixing, and D° mixing, respectively. In such a case, the constraints on the
new physics scale are much weaker but can still reach several 10’s of TeV.

The high sensitivity of meson mixing to flavor-changing new physics originates from the
strong suppression of AF = 2 flavor-changing neutral currents in the Standard Model. Generically
speaking, the new physics contribution competes with a weak Standard Model amplitude that is
loop-suppressed and CKM-suppressed. E.g. for kaon mixing

Gi g

p VS. GF@“/;;VHAZ . (34)

Allowing for an O(1) new physics contribution to kaon mixing can give sensitivities to new physics
far above the weak scale 1/ \/G_f o v = 246 GeV.

Interestingly, not all AF' = 2 operators listed above are invariant under the full Standard Model
gauge symmetry SU(3). X SU(2)r X U(1)y. This means that not all of them show up in the SMEFT
at mass dimension 6. Can you identify them? Can you construct dimension-8 operators that map
onto them below the electroweak scale? What does this imply for the bounds shown in figure 47

The four-fermion operators that are constrained by meson mixing might arise from integrating
out heavy new physics particles that have flavor-changing couplings. One simple example would
be a new vector boson X that couples in a flavor-violating way to right-handed strange and down
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5 d 5 d
Figure 5: Example of a new physics contribution to kaon mixing from a new physics vector boson X with
flavor-changing couplings.

quarks. Atlow energies, the effect of this new particle would appear as a contribution to the Wilson

coefficient of the operator QVRR = Q,, as sketched in figure 5.
R (= u (gfd)z _ o
8sa(SYuPrA)X = P (3yuPrd)(5y" Prd) . (35)
X

(It is a good exercise to verify the factor 1/2 in the Wilson coefficient.) Such a spin-1 particle with
flavor-changing couplings can for example arise in models with spontaneously broken generation-
dependent gauge symmetries. Other classic examples of new physics scenarios that are strongly
constrained by meson mixing include Supersymmetric models where loops of squarks and gluinos
contribute to meson mixing (see e.g. [43, 44]), and models with warped extra dimensions in which
tree-level exchanges of Kaluza Klein gluons contribute (see e.g. [45, 46]).

2.6 Strategies to Avoid Flavor Constraints

As we have seen in the previous subsection, flavor-changing processes, meson mixing in
particular, are very sensitive to new sources of flavor violation. If new physics comes with large
flavor mixing, the new physics scale is often constrained to be many orders of magnitude above the
electroweak scale.

While the LHC has so far not found any evidence for new physics particles, arguments based
on the naturalness of the electroweak scale still generically suggest that new physics degrees of
freedom should exist not far above the regime explored by the LHC. If such new physics indeed
exists, why have we not seen it yet indirectly in flavor observables? This question is sometimes
referred to as the new physics flavor puzzle.

In general, one can consider three basic strategies to suppress new physics contributions to
flavor-changing processes:

(1) Make the new physics scale A very large. This corresponds to a decoupling of the new
physics effects but (at least naively) clashes with the naturalness arguments.

(2) Assume that the new physics couplings have a trivial flavor structure. That means the new
couplings do not constitute sources of flavor violation. They are unit matrices in flavor space
and thus flavor conserving in any flavor basis. Note that this does not necessarily mean that
there are no new physics contributions to flavor-changing processes. It simply means that
new physics contributions have to come with the same CKM suppression as the Standard
Model contributions.

13
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Figure 6: Illustration of new flavor changing couplings and their relation to the Standard Model flavor
spurions Y, ¥, Y;Yd, YY), and YdY;.

(3) Assume that the new couplings approximately “point in the same flavor direction” as the
Yukawa couplings. This is known as flavor alignment [47]. As only relative flavor directions
are observable, flavor mixing is small in these models.

One can consider two sub-classes of flavor alignment:

(3a) One assumes that the new flavor-violating couplings are proportional to the Standard Model
Yukawa couplings (or suitable powers of Yukawa couplings) such that one formally retains
invariance under the Standard Model flavor symmetry in the spurion picture. This framework
is known as Minimal Flavor Violation [48]. In Minimal Flavor Violation, all quark flavor
transitions are governed by the CKM matrix as in the Standard Model.

(3b) In a less restrictive framework, one allows new flavor-violating couplings as long as they
are approximately diagonal in the fermion mass eigenstate basis. This is illustrated in the
diagrams of figure 6. In the SU(3)y and SU(3)p spaces, the alignment with the Standard
Model Yukawas can in principle be exact, i.e. the Yukawa couplings and the new physics
couplings can be diagonalized simultaneously. In the SU(3)¢ space that corresponds to the
left-handed quarks, exact alignment can be achieved for either up-quarks or down-quarks,
but not both at the same time. Therefore, such scenarios typically have to face stringent
constraints from either down-type FCNCs or up-type FCNCs (or both).

3. Determination of the Standard Model Flavor Parameters

In subsection 3.1 we will briefly summarize the status of measurements of the charged lepton
and the quark masses. In subsection 3.2 we review the determination of the CKM matrix elements.

3.1 Quark and Lepton Masses

The masses of the charged leptons are known with remarkable precision. In particular, com-
bining information from Hydrogen spectroscopy and the precession and cyclotron motion of the
electron, one finds the mass of the electron with a relative precision of 3 x 10710 [49]

m, = 510.99895000(15) keV . (36)
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The most precise determination of the muon mass comes from the hyperfine splitting of muonium
and has a relative uncertainty of 2 x 1078 [49]

my, = 105.6583755(23) MeV . (37)
The tau mass has a substantially larger uncertainty. The PDG average reads [50]
m; = 1.77686(12) GeV , (38)

and is dominated by results from a 7*7~ threshold scan at BESTII [51]. The quoted lepton masses
are all pole masses.

Moving on to the quarks, we note that quarks are not observed as physical particles but (with the
exception of the top quark) are confined in hadrons. Measurements of quark masses are therefore
indirect, and one needs to carefully specify a scheme when one quotes quark masses. The masses
of the light quarks u, d, s can be determined from lattice simulations of meson and baryon masses
that depend on the quark masses. The results are quoted as MS masses at a renormalization scale
of u =2 GeV [50]

my = i, (2 GeV) = 2.16*092 MeV , (39)
mq = ma(2 GeV) = 4.67°)15 MeV (40)
my = ms(2 GeV) = 93.4*538 MeV . (41)

For the charm and bottom masses, one can make use of the fact that their masses are larger
than the QCD scale and employ effective theories. Both lattice and continuum calculations are
used to determine the quark masses from e.g. the masses of B or D mesons, or charmonium and
bottomonium masses. Also e*e™ — hadron data close to the bb and c¢ thresholds is used. The
PDG quotes the charm and bottom masses in the MS scheme at a renormalization scale equal to the
mass itself

me = me(me) = 1.27(2) GeV , (42)
mp = iy () = 4.18(3) GeV . (43)

The top quark is by far the heaviest of the quarks, and its mass can be determined in a variety
of ways. The most precise results are based on event kinematics in ¢ production at the LHC.
Alternative measurements extract the top quark mass from the ¢f production cross-section. The
advantage of the cross-section method is that it gives the top mass in a well-defined renormalization
scheme. The PDG quotes the following top pole mass from cross-section measurements

my = mP® = 172.5(7) GeV . (44)

Figure 7 shows a summary of the masses of the quarks and charged leptons of the Standard
Model. For comparison, also the masses of neutrinos, the weak gauge bosons, and the Higgs are
shown. It is remarkable that the quark masses span five orders of magnitude. Between the mass
of the lightest charged fermion (the electron) and the heaviest (the top quark), there are almost six
orders of magnitude.
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Figure 7: Masses of the Standard Model particles. The masses of the Higgs, weak gauge bosons, quarks,
and charged leptons are taken from the PDG [50]. The shown neutrino mass ranges are determined from the
known squared mass differences from neutrino oscillations [50] and the constraint on the sum of neutrino
masses from Planck [52]. The lightest neutrino could be massless. (Plot taken from [53].)

3.2 CKM Matrix Elements

As mentioned in section 2, the CKM matrix is determined by three mixing angles and one CP
violating phase that we denote with 81, 813, 6»3, and 9, respectively. The standard parameterization
is given by a product of three rotation matrices

Vua Vus Vub I 0 0 c13 0 size™®\fcn s O
Vekm = | Vea Ves Veb | =0 3 523 0 1 0 =s12 ci2 Of, (45)
Via Vis  Vip 0 -s3 co3f\-s13¢® 0 ci3 0 0 1

where we used the notation ¢;; = cos(6;;) and s;; = sin(6;;). In this standard parameterization,
the elements V,4, Vs, Vep, and V;p, are real. Experimentally, one finds that the three mixing
angles follow a hierarchical pattern: 1 > 615 > 6,3 > 63. The origin of this hierarchy remains
unexplained in the Standard Model. The hierarchy in the mixing angles can be made manifest by
using the so-called Wolfenstein parameterization [54], which trades the parameters 615, 613, 823,
and ¢ for the Wolfenstein parameters 4, A, p, and n, which can be defined in the following way

S|y = 1= |Vus| ’ 523 = A/12 -1 Vcb
|Vud|2 + IVus|2 V”S

., s13€’0 = AP (p +in) . (46)

Treating A as a small expansion parameter, one finds the approximation

-4 A AB(p-in)
2
Vekm = -1 -4 A2 |+0(Y). 47)
A1 - p—in) -AA? 1

Higher orders in the expansion can be easily obtained by inserting the relations from equation (46)
into equation (45) and expanding in the parameter A. It is a good exercise to determine the A* terms.

The unitarity of the CKM matrix implies relations among its elements. In particular, one has
D ViVie =ik Y ViV = e 48)
i J

The six independently vanishing combinations of CKM elements can be represented by so-called
“unitarity triangles”, corresponding to three complex numbers adding up to zero. The most impor-
tant of these triangles (one of those that have all sides of the same order) is the following:

VudV,Zb 14 Vdei}, _
V"dvcb VCdvcb

ViaViy + VeaVy +ViaVi, =0 & 0. 49)
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Figure 8: A sketch of the unitarity triangle. (Plot taken from [50].)

The version of this triangle in which one side is normalized to 1 is usually referred to as “the”
unitarity triangle and it is illustrated in figure 8. The apex of this triangle is given by the parameters
p and 7 that can be defined by

ViaV*
p+iff= —— b (50)
VCdVCb
Up to small corrections, p and 77 coincide with the Wolfenstein parameters p and 7 introduced above
2 22
o= l1-—+...], Aa=nll-—+...|. 51
p=p ( > ) n=n ( 3 ) (5D
The three angles in the unitarity triangle are given by
Vchbe) ( ViaV}, ) ( VudV*,,)
=¢; =arg|— |, a=¢,=arg|- =1, =¢3 = arg |- . (52
B=¢ =arg ( ViV ¢ g VedV", y=¢ g VeV,

Measurements of CKM matrix elements are often projected into the p-77 plane, providing a conve-
nient way to compare different measurements and to check that they give consistent results.

Next, we give a very brief summary of the most important ways to determine the absolute
values of the various CKM matrix elements.
The most precise determination of |V,,4| comes from superallowed nuclear 8 decay [50]

[Via| = 0.973737(31) . (53)

The uncertainty is dominated by nuclear structure effects. Alternatively, also the neutron lifetime
or pion beta decay n* — n%*y can be used to determine |Vial, albeit currently with larger
experimental uncertainties. The pion decay experiment PIONEER aims at a precision measurement

of 1t — 70

e*v, providing a determination of |V,,4| that is expected to rival the precision of the
nuclear beta decays [55].

The CKM matrix element |V,,;| is extracted from semi-leptonic kaon decays K — n{v, where
{ = e, u. Combining measurements of the kaon decay rates and lattice results for the K — & form
factor one finds [50]

[Vis| = 0.2231(6) . (54)
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The ratio |V,,5/V,a| can be determined with comparable precision from the ratio of leptonic kaon
and pion decays, K — uv vs. m — uv. Interestingly, the determinations of |V, 4|, |V,s|, and
|Viis/Vual are in slight tension with the unitarity of the CKM matrix that demands [Vial|* + [Vis|? =
1 — |V, |> = 1, where the |V,;|? term is tiny (see equation (58) below) and can be safely neglected.
This tension is at the level of ~ 30~ and is known as the “Cabibbo angle anomaly” [56, 57].

The best direct determination of the elements |V,.4| and |V | comes from leptonic or semi-
leptonic D meson decays, like D — uv, Dy — uv, D — nfv,and D — K{v. The current averages
from the PDG are [50]

|Veal = 0.221(4), (55)

Vs | = 0.975(6) . (56)

The precision of these values cannot compete with the indirect determination that makes use of the
unitarity of the CKM matrix and the values of |V, 4| and |V,|.

The most precise direct determinations of the CKM elements |V, | and |V,,;| come from semi-
leptonic decays of B mesons that are based on the b — c¢{v or b — ufv transition. On the one hand,
there are the “inclusive” determinations based on the decays B — X.{v and B — X,,{v, where X,
and X,, refer to the sum over all hadronic states with charm or up flavor. On the other hand, there
are the “exclusive” determinations that focus on particular hadronic final states like B — D¢{v or
B — D*¢v for |V,p| and B — nfv for |V, |. For many years, there have been tensions between the
inclusive and exclusive determinations at the level of 20~ — 30~. The world averages quoted by the
PDG take into account these tensions by inflating the uncertainties [50]

[Vep| = 40.8(1.4) x 1073, (57)

V.| = 3.82(20) x 1073 . (58)

Given the tensions between the exclusive and inclusive determinations, care has to be taken when
using the above averages.

The element |V;p| can be directly measured in top quark decays ¢t — Wb and in single top
production at hadron colliders. Combining the existing results from the Tevatron and LHC, one
finds [50]

[Vip| = 1.014(29) . (59)

Similar to |V.4| and |V,;|, a much more precise value for |V;;| can be obtained indirectly using the
unitarity of the CKM matrix.

In contrast to all the other CKM matrix elements, the best direct measurements of |V;¢| and
|Via| do not come from tree-level processes but from loop-level processes, B meson oscillations in
particular. In fact, the dominant top loop contributions to the B® and B oscillation frequencies
(see the diagram in figure 2 and the corresponding discussion in section 2.2) are proportional to
(leVtZ)2 and (V,SV;;))Z, respectively. The oscillation frequencies are measured with remarkable
precision [33]. The limiting factor in extracting the values of |V;s| and |V;4| are hadronic matrix
elements that have to be taken from the lattice [34]. One finds

[Via| = 8.6(2) x 1072 . (60)

[Vis| = 41.5(9) x 1073 . (61)
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Figure 9: The absolute values of the CKM matrix elements from direct measurements. Shown are also the
1o uncertainties.

The uncertainties of the loop level determinations of |V;4| and |V;4| are comparable to those of the
tree level determinations of |V, | and |V, |. The absolute values of all the CKM matrix elements
are summarized in figure 9. They span almost 3 orders of magnitude.

Having discussed the absolute values of the CKM matrix elements, we move on to the CKM
phase. A non-zero phase of the CKM matrix indicates CP violation. Focusing on the part of the
Standard Model Lagrangian that contains the CKM matrix and performing a CP transformation,
one finds

g — g *x 7 —
LSM D @Vijui’y'uPLdjW; + —Vijdj’y’uPLM,'Wﬂ

V2

8 = _
Evijdjy"PLuiWM +

CP transformation g

V2

The above result implies that CP is violated unless all CKM matrix elements are real V;; # V:J‘

V,‘j'ﬁi'yﬂPLdjW; . (62)

Phrased in the Wolfenstein parameterization, this corresponds to 77 # 0 and implies a unitarity
triangle with a non-zero surface. It also implies that the phase of the CKM matrix can be determined
using measurements of CP-violating phenomena.

Famously, the angle S of the unitarity triangle can be measured using the time-dependent CP
asymmetry in the B meson decay B — J/y/Kg

BR(B(1) — J/yKs) — BR(B*(1) > J/yKs)
BR(B%(t) — J/yKs) — BR(BO(t) — J/yKs)

~ sin(28) sin(AMyt) . (63)

The current world average that is dominated by results from BaBar, Belle, and LHCb is [33]
B=(222+0.7)° (64)

The angles @ and y can be determined from time-dependent CP asymmetries in B — pp,

B — nr, B — pr and CP asymmetries in B — DK decays, respectively. The current world
averages are [33]

a=(852%58), y=(66.2"39). (65)

Combining all the information above as well as measurements of additional observables that
are sensitive to CKM matrix elements (in particular ex that is a measure of CP violation in kaon
mixing), global fits of the CKM matrix can be performed. Such fits are highly overconstrained and,
overall, show good consistency.

A=0.225007000020 A =0.8132"0000, 5 =10.1566"0005, 71=03475*00018 . (66)

A =0.22519(83), A=0.828(11), 5=0.161(10), 7i = 0.347(10) . (67)
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Figure 10: The unitarity triangle from the Standard Model global fit. Left: result from the CKMfitter
collaboration [58]. Right: result from the UTHfit collaboration [59, 60].

Above we quote the results of the CKMfitter [58] collaboration in equation (66) and the UTfit [59]
collaboration in equation (67), which are in good agreement with each other The corresponding
plots of the unitarity triangle are given in figure 10. All measurements overlap consistently in the

0o — 1] plane.

4. The Standard Model Flavor Puzzle

As discussed in the previous section, the determination of the Standard Model flavor parameters
gives a consistent picture in which all flavor-changing transitions among quarks are described by
the CKM matrix. However, many questions about flavor remain still unanswered. This includes
the zeroth order question, “Why are there three generations of quarks and leptons?”, as well as
questions about the particular values of the Standard Model flavor parameters:

* What is the origin of the hierarchical spectrum of quarks and charged leptons?
* What is the origin of the hierarchical mixing angles in the CKM matrix?

These questions are usually referred to as the Standard Model flavor puzzle. We should note that
there is nothing inconsistent about flavor in the Standard Model. Moreover, the observed hierarchies
are technically natural, i.e. stable under radiative corrections. Nevertheless, the hierarchical patterns
of masses and CKM mixing elements shown in figures 7 and 9 are suggestive of some underlying
physics and call for an explanation.

4.1 Generating Flavor Hierarchies

In order to address the Standard Model flavor puzzle, one first needs to make assumptions
about electroweak symmetry breaking. There are two options:
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Electroweak symmetry breaking is as in the Standard Model, i.e. the only source of elec-
troweak symmetry breaking is the vacuum expectation value of the Higgs boson. In this case,
the hierarchies in the fermion masses and the quark mixing angles need to be explained by
hierarchies in the Yukawa couplings. The task is then to introduce mechanisms that generate
hierarchies in Yukawa couplings.

One issue that one has to face in this context is that Yukawa couplings are marginal interac-
tions. This means that the physics that determines their structure could be arbitrarily heavy.
Models that try to explain hierarchical Yukawa couplings are thus not necessarily testable
unless part of the models’ new physics spectrum is sufficiently light to give experimentally
observable signatures.

There is an extended electroweak symmetry breaking sector, with multiple sources of elec-
troweak symmetry breaking. In this case, the hierarchies in masses and mixing angles could
be due to hierarchies in the sources of electroweak symmetry breaking. The simplest ex-
ample is a 2 Higgs Doublet Model (2HDM) in which the 2 Higgses have very different
vacuum expectation values. This can happen, for example, in the Minimal Supersymmetric
Standard Model (MSSM) and is referred to as the “large tan 8 regime” of the MSSM, where
tan 8 = vp/v; is the ratio of the two vacuum expectation values. At tree level, the MSSM
is a 2HDM of type 2, which means that one Higgs couples to up-type quarks, while the
second Higgs couples to down-type quarks and charged leptons. For tan 8 ~ 50 one has top,
bottom, and tau Yukwa couplings approximately of the same order y, ~ y, ~ y. ~ O(1).
The remaining hierarchies in the fermion masses and the CKM matrix, however, still require
an explanation in terms of partly hierarchical Yukawa couplings.

This is a fairly generic feature. Large hierarchies (larger than ~ 167> ~ 10?) in scalar vevs are
not radiatively stable. Therefore, in models with extended electroweak symmetry breaking
sectors, one generically still needs to explain some of the flavor hierarchies with hierarchies
in Yukawa couplings as in case (1).

In the following, we briefly discuss various ways to generate hierarchical Yukawa couplings.

A more detailed discussion can be found, for example, in [53]. Many ideas have been put forward

to explain hierarchical Yukawa couplings using new UV dynamics. The list includes:

(a)

(b)

(©

(d)

Models with spontaneously broken flavor symmetries, with the most famous example the
so-called Froggatt-Nielsen models [61] that are based on a U(1) flavor symmetry.

Models with extra dimensions in which small Yukawa couplings are the result of exponentially
small wave function overlap in the extra dimension between the light fermions and the
Higgs [62-64].

Models of partial compositeness, in which the Standard Model fermions mix with heavy
resonances of a strongly interacting sector. The light Standard Model fermions are mainly
elementary, while the heavy ones have a sizable composite component [65].

Models of radiative flavor, where small masses are absent at the tree level but arise at the loop
level [66].

21



TASI 2022 Lectures on Flavor Physics

4.2 A Simple Froggatt-Nielsen Model

Here, we discuss a simple example of a setup with a spontaneously broken U(1) flavor symmetry
that gives an up-quark mass much smaller than the top-quark mass. The starting point is to introduce
an abelian flavor symmetry U(1)py and to assign each Standard Model fermion a charge. Let’s
assume that both the left-handed and the right-handed top quarks are uncharged, while the left-
handed and the right-handed up quarks have a moderately large charge of +3. We will also assume
that the Higgs boson is uncharged under the flavor symmetry:

OH)=0, 0O@r)=0, Q@r)=0, QOur)=+3, Qur)=-3. (68)

With these charge assignments, the Yukawa coupling of the top quark is trivially compatible
with the flavor symmetry, because Q(tg) — Q(t1.) — Q(H) = 0 and we can introduce the coupling

Lo YitrH + hec.. (69)

The top Yukawa coupling is thus generically expected to be O(1). The Yukawa coupling of the up
quark, on the other hand, is forbidden by the flavor symmetry, as Q(ug) — Q(ur) — Q(H) = —6 # 0.

In order for the up-quark to couple to the Higgs, we introduce an additional scalar field @,
usually referred to as a flavon, that has Froggatt-Nielsen charge Q(®) = 1 and is a Standard Model
singlet. We will assume that this scalar acquires a vacuum expectation value ® — (®) and thus
spontaneously breaks the U(1)py flavor symmetry. In such a setup, we can have a higher dimensional
operator that provides an effective up quark Yukawa coupling Y¥,, after the breaking of the U(1)gn
symmetry. In the chosen example, it is a dimension 10 operator containing six powers of the flavon
to compensate the flavor charges of the up quark

_ (0)\° 8 i _ ((@))°
LDY, (X) upurH + h.c. — Y, iarurH + h.c. with ¥, =Y, (T) . (70)

Here, Y, is a “proto” Yukawa coupling, generically expected to be of O(1) and A is a characteristic
scale of the physics that UV-completes the higher dimensional operator. A canonical UV completion
would be given by a set of heavy vectorlike quarks y; with Froggatt-Nielsen charges that allow
them to be chained up to connect the up-quark with the Higgs, as shown in Figure 11. As long as
(D) < A, the effective up quark Yukawa coupling ¥, is exponentially suppressed. With a typical
choice of (®)/A ~ A =~ 0.23, one finds m,, /m; ~ ((®)/A)® ~ 107*, not too far from the observed
ratio.

The basic idea should now be clear: One chooses charges of all Standard Model fermions
such that O(1) proto Yukawa couplings give the observed hierarchy in masses due to appropriate
powers of the flavon vev. Simultaneously one needs also to ensure that the CKM hierarchies are
reproduced.

One choice that gives a reasonably good description of the quark mass hierarchies and the
CKM hierarchies is the “master model” from [67]

Q(QI) =43, Q(QZ) =42, Q(QS) =0, (71)
Q(ul) =-3 s Q(MZ) =-1, Q(M3) =0 > (72)
O(d)=-3, Qld)=-2, QOd)=-2. (73)
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Figure 11: Left: Chain of vectorlike fermions that connect the up quark to the Higgs boson. Right: the
corresponding higher dimensional operator from equation (70).

It is a very good exercise to verify that the charge assignments of the master model reproduce the
correct scaling of the CKM matrix elements with the Wolfenstein parameter A if one sets (®) /A = A.

Note that the new physics scale A is constrained by meson mixing observables to be very high.
With the charge assignment of the master model above, one can write, for example, the following
unsuppressed operator that contributes to kaon mixing

1 - i}
Hegr O E(d')’,uPLS)(dV#PRS) : (74)

From the discussion in section 2.5 we typically expect that A > 10° TeV.

The basic setup of spontaneously broken flavor symmetries described above can be extended in
various ways. The charged leptons can be incorporated in a straightforward way. It is also possible
to introduce more than one U(1) flavor symmetry and work with multiple expansion parameters.
Alternatively, one can also use non-abelian flavor symmetries.

5. Decays of B mesons and the “B Anomalies™

Decays of B mesons play a two-fold role in the context of flavor physics and particle physics
in general. On the one hand, as mentioned in section 3.2, they are used to determine CKM matrix
elements and angles of the unitarity triangle. On the other hand, B decays are also sensitive probes
of new physics.

The dominant decay modes of (ground state) B mesons proceed through the weak decay of the
b quark into a ¢ quark. Performing a back-of-the-envelope estimate of the decay rate one has in

analogy to muon decay
G
[(b— cly) ~ 903 m [Vep|? . (75)

This corresponds to a sizable lifetime of 73 ~ 107!2 s and thus implies a potentially high sensitivity

to new physics.

5.1 Classification of B Decays

A basic distinction of B decays is between charged current decays and neutral current decays.
Charged current decays arise already at the tree level and are the dominant decay modes of B
mesons. Neutral currents are loop induced, and the corresponding rates are much smaller. The
neutral currents are therefore also referred to as “rare decays”.
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Estimating the relative size of the amplitudes of various charged and neutral current decays,
one finds a clear hierarchy

charged current decays rare decays
1
Ab = ¢) ~ Vep = 4% 1072, Alb = ) ~ 7= ViV ~2x 1074, (76)
1
Ab = u) ~ Vyp 4% 1072, Ab = d) ~ @v;‘dvtb ~5x%x107 . (77)

The main application of the tree-level decay is the precision determination of CKM matrix elements
Vep and V,p. Once the CKM elements are known, they can be used to predict the rates for rare
decays in the Standard Model. As rare decays are strongly suppressed in the Standard Model, they
are potentially sensitive to new physics at very high scales of 10 to 100 TeV.

In parallel to this basic distinction of charged current and neutral current decays, one can further
classify B meson decays according to the type of particles in the final state. One distinguishes:

Leptonic Decays: These are decays without any hadron in the final state. In the case of charged
B mesons, leptonic decays are tree-level charged current decays. In the case of neutral B mesons,
they are rare neutral current decays. Examples include

B" - (ty, By—utu, B’ —utu,

Radiative Decays: These decays contain a photon in the final state. Both charged and neutral
B mesons can decay in that way. In both cases, radiative decays are rare neutral current decays.
Examples include

B - k%, B*SK't'y, B;— ¢y,

Semileptonic Decays: Semileptonic decays contain leptons and hadrons in the final state. They
are available to both charged and neutral B mesons and can proceed either through charged currents
or neutral currents. Examples include

charged currents: B — D(*)t’v, By, - Kt{v, B — nlv,

neutral currents: B — K(*)&’, B — K(*)vv, By — ¢tt, B — nll,

Hadronic Decays: These are decays with a purely hadronic final state. Because of the large
mass of B mesons, there exist hundreds of possibilities for such final states. We will not cover
them in these lecture notes, but only remark that the more hadrons are in the final state, the more
complicated the theoretical description of the decay becomes.

The various types of decays mentioned above and the corresponding experimentally accessible
observables show complementary new physics sensitivity. An effective B physics program thus
involves the study of a large number of processes. In the following, we will discuss only a couple
of examples. Comprehensive reviews about rare decays as probes of new physics can be found, for
example, in [68, 69]
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Figure 12: Feynman diagram of the decay B® — D*¢~¥. Left: Standard Model W boson exchange. Right:
Effective Hamiltonian picture.

5.2 Charged Current Example: B — D¢y

The Feynman diagram corresponding to the B — D{v decay is shown in the left-hand side
of figure 12. The characteristic energy scale of the decay is of the order of the B meson mass or
the b quark mass, m, ~ 4 GeV, while the characteristic scale of the weak interactions that mediate
the underlying b — c{v transition is much larger my ~ 80 GeV > my,. It is thus convenient to
integrate out the W boson (and the other weak scale particles, the top, the Z, and the Higgs) and
to work in an effective theory framework. This framework is sometimes referred to as the Low
Energy Effective Theory (LEFT). In this framework, the W exchange is described by an effective
four-fermion contact interaction, shown in the right-hand side of figure 12

4G _
Heg O T;VL.bC(Ey“PLb)(fy#PLv) + he.. (78)

In this expression, C is a Wilson coefficient. The normalization factors (the Fermi constant G and
the CKM matrix element V,;) have been chosen such that integrating out the W boson, one finds
C =1 at the tree level in the Standard Model. Based on this effective Hamiltonian, we can calculate
the decay amplitude of B — D*¢~#. Neglecting higher-order QED corrections, it factorizes into
a leptonic and a hadronic part
+p—5 R0 4GF -S| +1 = R0

(D™ V| Her| B™) = WVCbC@’ V[CyuPLy|0O)XD™|cy* PLb|B”) . (79)
The leptonic part is straightforward to evaluate using perturbation theory. On the other hand, the
hadronic matrix element (D |¢y* Py b|B®) requires non-perturbative methods. The first step is to
parameterize the hadronic matrix element in terms of form factors. Based on the quantum numbers
of the B and D mesons (both are pseudoscalars) and the quark current, we find

(D¥|eytysb|B%y =0, (D¥|ey"b|B%) #0. (80)

Because of Lorentz invariance, the non-zero matrix element can be written as a linear combination
of the B and D meson momenta, p’g and p‘é. One possible way to write the matrix element is
therefore

2 _ 2
(D*1ey"bIB%) = Fu(D)Ps + Plo) + (folg®) — f+<q2>)'"3q#qﬂ L with g% = g~ P (81)
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where the two form factors f, and f; are functions of the momentum transfer squared ¢>. The form
factors can be determined using lattice QCD methods. The latest lattice results are summarized
in [34].

With the matrix element parameterized as in equation (81), one finds the following expression
for the differential decay rate (neglecting terms proportional to lepton masses)

dT(B° - D*¢7v) GE|Vepl? mp\2 .
dw =m0 "B S Tew(W> = 1)2G(w)°, (82)

where w is the “recoil parameter” defined as the product of the B and D meson 4 velocities. It can
2

2 -
g%)/(2mgmp). The factor nrw incorporates electro-weak corrections [70] and is very close to 1.

be expressed in terms of the momentum transfer squared in the following way w = (m}z9 +m

The function G(w) is related to the form factor f,(g?) via

-2
R (1 + m—D) A (83)
mpg mpg

Note that the decay rate in equation (82) receives, in principle, also a contribution from the form
factor fy(g*). However, this contribution is proportional to the lepton mass squared and can be
safely neglected in the case of electrons and muons.

As an application, one uses experimental measurements of the B — D*{~v decay rate and
lattice determinations of the form factors to extract the CKM matrix element |V,;|. This and other
B meson decays feed into the value quoted for |V, | in equation (57).

5.3 Neutral Current Example: B; — u*u~

As an example of a flavor changing neutral current decay, we revisit once more the decay
By — u*u~. Example Feynman diagrams were already shown in figure 1. Also in this example,
it is convenient to work in an EFT setup, integrating out the heavy Standard Model particles. In
the Standard Model, one finds a single non-negligible operator that describes the effect of the weak

interactions

4G , e i} _
Hegr > — \/; VioViy 7o Co5Y PLb)(fayaysp) + he.. (84)

Other operators have either tiny Wilson coefficients (c.f. the discussion in section 2.4) or do not

contribute to the By — u*u~ decay rate. The normalization factor contains the Fermi constant, the
CKM matrix elements relevant for the » — s transition as well as a loop factor. In that way, the
Wilson coefficient Cjg is an order 1 number. More precisely, one finds in the Standard Model at the
1-loop level

1 m? x (4-x 3xlogx
Cio=———Y|—|, with Yp(x)== + , 85
10 sin? Oy O(m%‘,) o) 8 (1_3‘ (1—x)2) 8

where Oy is the weak mixing angle, and Yj is a 1-loop function [71, 72]. Numerically, Cyy ~ —4.
The subscript “10” on the Wilson coefficient suggests that there are many additional operators
related to neutral current b — s decays. Indeed several additional operators are relevant for decays
like B —» K*y or B — K®Wu*u~. A comprehensive review of the effective Hamiltonian for
flavor-changing neutral current decays is given in [25, 72].
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Next, we calculate the By — u* u~ decay amplitude

iy iy L AGE L € - ; -
(1" [ Hert| Bs) = —=Vip Vs — Crolp 1™ | ya'ys ul0) {015y PLb| By) . (86)
V2 167
The leptonic part is again straightforward. The hadronic matrix element is simpler than in the
example of the previous section 5.2, as it involves only a single meson that transitions to the
vacuum. Based on the quantum numbers of the By meson, the vacuum, and the involved current,
we find

(05y“b|Bs) =0, (0|5y*ysb|Bs) # 0. (87)

Using Lorentz invariance, the non-zero matrix element has to be proportional to the By meson
momentum ppg

(O15y“ysb|Bs) = ifp, P, - (88)

The proportionality factor fp_ is known as the By meson decay constant. Despite it being a non-
perturbative object, the By meson decay constant is known with sub-percent precision from lattice
QCD calculations fg, = 230.3(1.3) MeV [34].

We then arrive at the following expression for the B; — u* u~ branching ratio

G2 (1'2 |2 Y()z(xt)

BR(By — 110 )sm = i, —=mp, f mi = — ViV (89)

sin* Oy .
An important aspect is the proportionality of the branching ratio to the muon mass squared mfl This
helicity suppression is reminiscent of leptonic pion decay, 7 — uv, which features an analogous
suppression.

State-of-the-art Standard Model predictions of the By — u*u~ branching ratio take into
account next-to-leading order electroweak corrections and next-to-next-to-leading order QCD cor-
rections [73], QED corrections [74], as well as the small lifetime difference of the By meson mass
eigenstates [75]. The Standard Model prediction BR(B; — u*p ™ )sm = (3.66 + 0.23) x 1072 [74]
has an uncertainty below 10%. The uncertainty is dominated by the uncertainty on the CKM ma-
trix input. Comparing the Standard Model prediction with the experimental measurements of the
branching ratio, one can test if there are any new physics contributions mediating the By — p* ™
decay.

With a branching ratio of O(107), the B, — u*u~ decay is truly a rare decay. From
the experimental side, one searches for a u* = resonance with the mass of the By meson, mp, =~
5.37 GeV. The first observation was achieved in 2014, combining results from LHCb and CMS [76].
The current world average combines results from LHCb, CMS, and ATLAS and reads BR(B; —
M U )exp = (3.45 £ 0.29) X 107 [33] and is in excellent agreement with the Standard Model
prediction. The di-muon invariant mass spectrum of the most recent CMS analysis [13] is shown
in figure 13. The prominent By — u*u~ peak is clearly visible.

5.4 Semileptonic Rare B Decays and Lepton Flavor Universality Tests

Compared to the leptonic decay By — u* u~ discussed in the previous section 5.3, semileptonic
rare decays like B — K¢¢, B — K*¢{,and By — ¢{{ are considerably more complicated to describe
theoretically. In particular, one needs to control additional hadronic effects that are not captured
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Figure 13: The di-muon invariant mass distribution in the vicinity of the B; mass as observed by CMS [13].

by local form factors. These additional hadronic effects are sometimes referred to as “non-local
contributions” or also “charm loop contributions”, and we will not discuss them here in detail.
Schematically, an amplitude for the decay B — K*u*u~ can be written as

2mpmp
e

A(B = K* i )R o (Co + Cro)Falg®) + CFl (%) - 16#21’—’;%@2) RC)
The subscript A denotes the polarization of the K*, C7, Cy, Cyo are the Wilson coefficients of
dimension-6 operators and 7, 7—'} are combinations of local form factors, similar to fy and f; in-
troduced in section 5.2. The non-local contributions are parameterized by H,(¢*). They contain, for
example, the process with an intermediate narrow charmonium resonance B — K*Jy — K*u*u~
as sketched in figure 14 taken from [77]. For q2 sufficiently below the charmonium resonances, one
might expect that the non-local contributions give only a small correction. Nevertheless, also in the
low ¢ region, both the non-local contributions and the local form factors give sizable theoretical
uncertainties. Detailed discussions can be found, for example, in [78, 79].

A clever way to remove dependence on the form factors and the non-local contributions is to
consider so-called lepton flavor universality (LFU) ratios [80], for example,

_ BR(B— Ku*u)
" BR(B — Keter)’

_ BR(B— K"'u"u)
" BR(B — K*ete) '

Rk

K o1
Because the muon and the electron mass are both small compared to the B meson mass, they can
be neglected to a good approximation. As the electroweak interactions are lepton flavor universal,
the Standard Model predicts Rx ~ Rg+ ~ 1 with percent level precision [81].

The observables Rx and Rk are clean “null tests” of the Standard Model. A significant
deviation from 1 would be a clear sign of new physics (or an unknown experimental systematic).
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Figure 14: A sketch of the di-muon invariant mass squared (¢?) distribution of the differential decay rate of
B — K*u*u~. (Plot taken from [77].)

Intriguingly, for a long time, LHCb measurements of LFU ratios gave results significantly
below the Standard Model prediction [82, 83], creating considerable excitement in the particle
physics community. The large flavor model building undertaking that was motivated by the hints
for lepton flavor universality violation is summarized, for example, in [53]. The most recent update
by LHCb from December 2022, however, gives results that are fully compatible with the Standard
Model predictions =~ 1 [84, 85]

-0.082 -0.027

Rg- = 0.927 +0'093(stat) +0.O36(Sys) ,

| 5 { Rx = 0.994 +0'090(stat) +0"029(sys),
ow-¢q
-0.087

—-0.035
Rk = 0.949 +O'O42(stat) +0"022(sys) ,

central-g? ~0.041 -0.022
R+ = 1.027 fg:gg%(stat) fg:g%(sys),

where (stat) and (sys) correspond to statistical and systematic uncertainties, respectively. “low-g>”
and “high-¢>” refers to the ¢> bins [0.1, 1.1] GeV? and [1.1, 6] GeV?, respectively.

These most recent Rx and R+ results from LHCb are also illustrated in figure 15. These results
can be used to constrain new physics that couples non-universally to muons and electrons. After the
high-luminosity run of the LHC, one can expect measurements of Rx and Rg: with percent-level
precision [10]. Also Belle II might reach comparable precision [11].

Lepton flavor universality is also probed in semi-leptonic charged current B decays. Of
particular interest are the observables Rp and Rp- defined as

_ BR(B — Dtv) _ BR(B — D*rv)

Rp=——— 7 vz o P TV
P~ BR(B = Dtv) D" 7 BR(B = D*tv)

92)
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Figure 15: LHCb measurements of the lepton flavor universality ratios Rx and Rk~ in two different bins of
di-lepton invariant mass squared. (Plot taken from [85].)

where ¢ refers to the light leptons. LHCD results on Rp and Rp-+, are based on final states with a
muon, £ = u, while results from the B factories average over muons and electrons, ¢ = e, u. The
decay rates into muons and electrons, B — D*ev and B — D*uv, are experimentally known to be
universal at the percent level [86].

The Standard Model predictions for Rp and Rp- are not close to 1. Due to the large mass
of the tau, m; > my,, m,, the phase space effects are non-negligible and give a decay rate into
taus that is a factor of 3-4 below the decay rate into the light leptons. In contrast to Rg and Rg-,
hadronic uncertainties do not fully cancel but are still found to be under good control. The heavy
flavor averaging group provides the following Standard Model predictions that have percent level
accuracy [33]

RM=0.298+0.004,  R}M=0.254+0.005. (93)

The uncertainty is mainly driven by ratios of form factors that have to be calculated on the lattice
or determined using data-driven methods [87].

On the experimental side, several results hint at an enhanced rate for the final state with taus. In
particular, the 2012 result from BaBar [88] finds values for both Rp and Rp- that are significantly
larger than the Standard Model prediction. Combining the BaBar result with more recent analyses
from Belle and LHCb, one finds the following world average [33]

R7P =0.356 +0.029, R)P =0.284 £0.013, 94)

with an error correlation of —37%. This result corresponds to a combined 3.20 tension with the
Standard Model prediction. More decays with taus are observed than expected. The situation is

30



TASI 2022 Lectures on Flavor Physics

~ 04 e e
o N HELAV Ax?=1.0contours -
@ C i
[ BaBar12 ]

0351 Bellel5 ]

» 30 T i

03 : - 5

C LHCb23 ™ LHCb22
025 o SRS .

- e o e World Average -

0.2—  $HFLAV SM Prediction  JHEP 1722 (2017) 060 EEB)TOSSS 4i O&%?tsufd =]

- R(D) =0.298 + 0.004 PLB 795 (2019) 386 *) = Q. +0. otal -1

B ROD9)=0254£0005 o oo (oo 7o =037 -

B PRJD105( )% P(X?) = 25% T

FEPETES BRI BRI el e P EPEEPEN SRR EPEPEPA B
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

R(D)

Figure 16: Summary of Rp and Rp+- measurements by the heavy flavor averaging group [33].

summarized in figure 16. LHCb and Belle II are expected to improve the measurements considerably
and to measure Rp and Rp+ with percent-level precision [10, 11].

5.5 The Rare B Anomalies and Their Interpretation

While the latest experimental results on the lepton flavor universality ratios Rx and Rk~ are in
good agreement with Standard Model predictions, there are a number of rare B decay properties for
which measurements and Standard Model predictions do not agree very well:

* First, the absolute branching ratios of the decays B — Ku*u~, B —» K*u*u~, and By —
¢u* " are consistently below their Standard Model predictions over a broad range of ¢°.
Given that Rk, Rx+ =~ 1, this means that also the decays with electrons in the final state are
below the values predicted in the Standard Model.

* Second, the measured angular distribution of the decay products in the B — K*u* u~ decay
does not agree well with the Standard Model prediction. This is often referred to as the “Pg
anomaly”. The Pg observable was introduced in [89] and can be understood as a combination
of angular moments of the B — K*u* u~ decay distribution. Most other angular observables
agree reasonably well with Standard Model predictions.

Collectively, these discrepancies are referred to as “rare B decay anomalies”. It is important to
note that both the absolute branching ratios and the B — K*u* u~ angular distribution are subject
to hadronic uncertainties that are difficult to estimate reliably. Statements about the significance
of the discrepancies are based on models of the hadronic contributions and have to be interpreted
cautiously. Lots of effort is being dedicated to understanding the hadronic contributions better and
to devising methods to determine them from data, see for example [79, 90-93].

Assuming that existing models capture the hadronic physics in a reliable way, one can interpret
the discrepancies as signs of new physics. The standard procedure for identifying which type of
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new physics could be responsible starts with a “model independent new physics analysis”. The
minimal assumption that one makes is that the new physics is heavy compared to the B mesons. In
that case, one can formulate the new physics effects model independently using an effective field
theory. The usual approach is to consider new physics contributions to all dimension-6 operators
that contribute to b — s¢¢ decays at the tree level. The corresponding effective Hamiltonian reads
Hogr = —ﬁvﬂ,v;e—2 > C0i +he., (95)
V2 lon? &
We used the same normalization as in the effective Hamiltonian for the By — u*u~ decay in
equation (86). However, in contrast to equation (86) we now include all operators that contribute to
leptonic, semileptonic, and radiative b — s decays. Explicitly, the operators are

01= Z2GowPROF" . 01 = “L(50,0 PL)P™ 06)
09 = (5, PLb)(EY"0), 0§ = (5, PRO)(EY*0) , 97)
010 = (SyuPLb)(Eyys0) 01y = GyuPrb)(Ey*yst), (98)
Os = (SPrb)(Ct), 0% = (SPLb)(LY), (99)

Op = (5Prb)(Lyst) , O} = (SPLD)(Cys() , (100)

Or = (50, PRD)(Ca* (), 0} = (50, PLB) (L () . (101)

The set of operators consists of dipole operators O7, O} and four-fermion contact interactions.
Note that not all of the above operators are compatible with the SU(2); x U(1)y gauge symmetry
of the Standard Model. Some of the operators are thus secretly dimension-8 and expected to be
suppressed. It is a good exercise to identify these operators.
The Wilson coefficients of the operators can be decomposed into a Standard Model part Cl.SM
and a new physics part AC;
Ci=CM+AC; . (102)

The non-negligible Wilson coefficients in the Standard Model are C3M = —0.3, C;M =~ 4, and (as
already mentioned in section 5.3) Clsév[ ~ —4.

The next step is then to express all relevant observables, like the rare B decay branching
ratios, angular observables, and lepton flavor universality ratios as functions of the new physics
Wilson coeflicients AC;. Finally, one fits the coefficients AC; to data and sees if any non-zero
values are preferred. A software package that has been designed to perform precisely these steps is
flavio [94].

Examples of global Wilson coefficient fits that take into account the most recent experimental
results are shown in the plots of figure 17 that were created with flavio.

The plot on the left-hand side shows a fit to muon-specific new physics contributions to Co
and C1g. The Standard Model point corresponds to ACg = AC{‘O = (. The yellow horizontal band
shows the constraint from By, — u*u~ (see section 5.3) and the blue band to the combination of
the lepton flavor universality ratios Rx and Rg+. Only these theoretically clean observables are
considered, while the other b — suu observables that are sensitive to hadronic effects are ignored.
The combination is shown in red. The red region is compatible with the Standard Model and
limits the amount of new physics that is allowed. The black dashed line shows the expectation after
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Figure 17: Left: Rare B decay fit in the plane of muon-specific new physics contributions to Cy and Cj,
including only theoretically clean observables. Right: Rare B decay fit in the plane of lepton universal new
physics contributions to the Wilson coefficients Cy and Cjg. (Plots taken from [95]. See [93, 96—-100] for
other similar recent studies.)

the high-luminosity run of the LHC, assuming that Rg, Rk+, and By — u*u~ will continue to
agree with Standard Model predictions. One can observe a significant improvement in the expected
constraint.

The plot on the right-hand side shows a similar fit, but this time for lepton flavor universal new
physics contributions to the Wilson coefficients Cy and Cjg. The orange ellipse corresponds to the
combination of all available data on the rare semileptonic b — suu decays, including B — Ku*u~,
B — K*u*u~, By — ¢u* u~, and the baryon decay A, — Au*pu~. The ratios Rx and Rg- do not
give any constraints by construction, as the new physics is assumed to be lepton flavor universal.
The global combination in red shows a preference for lepton universal new physics by approximately
30. As mentioned previously, the significance depends strongly on the modeling of the hadronic
contributions to the b — sf¢ decays. While the precise significance is debatable, a negative lepton
universal shift of the Wilson coefficient Cy improves the fit to the data and addresses the rare B
anomalies.

One finds that adding other Wilson coefficients beyond AC;“iV' does not significantly improve
the fit further. Also, other Wilson coeflicients by themselves do not give a good fit to the data.

Having identified a possible new physics origin of the rare B decay anomalies in the form of
a four-fermion contact interaction, the next question is which is the new physics scale associated
with the anomalies? In this context, it is convenient to reparameterize the Wilson coefficients in the
effective Hamiltonian (95) in the following way

4G . e 1
ZVinV, |AGy| = —— .
\/5 ANP

*16n2
This gives a new physics scale of Anp =~ 35 TeV. This scale can be interpreted as the characteristic

(103)

mass scale of new physics particles that contribute to b — s€€ decays at the tree level and that have
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O(1) flavor violating couplings. This new physics scale is at an interesting level. On the one hand,
Anp is far above the electroweak scale, and it is conceivable that whatever new physics might be
behind the rare B decay anomalies, it is outside the direct reach of the LHC. On the other hand, the
scale is sufficiently low that the new physics might be within reach of future colliders. A plethora
of new physics models have been proposed that give the effective operator preferred by the global
fits. This includes models with Z’ gauge bosons and models with leptoquarks. For a recent review
see [53].

If there is indeed new physics behind the rare B decay anomalies, one can expect that Belle 11
will find supporting evidence from measurements of the inclusive decay B — X *¢~, which
is theoretically under better control than the exclusive decays measured by LHCb [101, 102].
Moreover, one generically expects correlated effects in related processes like b — d¢¢ decays [103,
104] (which can be measured precisely by LHCb during the high luminosity phase), b — svv
decays [105, 106] (which will be measured precisely at Belle 1), and b — st decays [107, 108]
(which could be accessed at future circular e*e™ colliders running on the Z pole). On the energy
frontier, both a high-energy muon collider and a 100 TeV hadron collider have excellent prospects
to probe the new physics that could be behind the rare B decay anomalies [95, 109—113].
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