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ABSTRACT

In this white paper for the Snowmass process, we summarize the role flavor
model building plays in the quest for new physics. We review approaches to
address the non-generic flavor structure of the Standard Model and discuss how
new physics models can be made compatible with the stringent constraints from
flavor changing processes that indirectly probe very high scales. We also give an
overview of the persistent anomalies in B decays and the anomalous magnetic
moment of the muon and some of their most popular new physics explanations.
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1 Executive Summary

Flavor model building is a prime example of experiment driven theoretical effort, which then
in turn guides new experimental searches. Possibly the most prominent historic example is
the prediction of the charm quark based on the unexpectedly low rate of rare kaon decays
and the subsequent discovery of the charm quark at colliders. While still preliminary, the
current experimental results on b → sµµ, b → cτν and (g − 2)µ might well be hints for
possible new physics contributions, which would then mark the beginning of a new era in
particle physics. The experimental results jumpstarted a large model building undertaking
that we highlight in some detail in a better part of this white paper. The main practical
result is that, were these experimental hints for new physics to be confirmed, they would
imply a new physical scale within reach of either the LHC or the next generation of colliders.
The models that explain the B physics anomalies include a number of new states such as a
Z ′, colorons, or leptoquarks, all of which can be efficiently searched for.

Flavor model building is also a critical aspect of new physics model building that is moti-
vated by longstanding questions in particle physics: the solution to the hierarchy problem,
the origin of the Standard Model (SM) flavor structure, dark matter and the solution to the
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strong CP problem. In many instances, new physics model building becomes non-trivial
precisely because flavor probes are highly sensitive to new physics, and the existing fla-
vor constraints are very stringent. This is irrespective of whether or not the current flavor
anomalies are a sign of new physics. The new physics flavor problem is especially significant
for UV completions of the SM that stabilize the electroweak scale and predict new states
in the TeV regime with appreciable couplings to the SM particles. The solutions to the
hierarchy problem of this type, such as composite Higgs models, models with extra dimen-
sions, and models with low energy supersymmetry, all require a non-generic flavor structure
that avoids flavor constraints. The origin of such non-generic new physics flavor structure
is an open question, as is the origin of the hierarchies in the spectrum of the SM quarks
and leptons, the so-called SM flavor puzzle. An important aspect of flavor model building
is to construct mechanisms that address such open issues, implement them in new physics
models, and derive phenomenological consequences, a selection of which are reviewed in this
white paper.

2 Flavor in the SM and Beyond

While the SM is exceptionally successful in describing particle physics phenomena, there is
little doubt that new physics beyond the SM (BSM) exists. For one, dark matter has been
discovered through its gravitational interactions, however, neither its mass nor the form of
its interactions with the SM, if any, were yet uncovered. Furthermore, arguments based on
naturalness of the electro weak scale suggest that new physics degrees of freedom may exist
at or below the TeV scale. These expectations are now in tension with null results from new
physics searches at the LHC, which imply a significant mass gap between the electroweak
scale and the scale of new physics that stabilizes the electroweak scale.

Integrating out the heavy new physics states, the BSM effects can be described by non-
renormalizable interactions of dimension d > 4 that are suppressed by powers of the new
physics scale Λ,

LEFT = LSM
gauge + LSM

Higgs +
∑
i

1

Λd−4
CiOd>4

i , (1)

where the SM Lagrangian is just the first term in the expansion, i.e., the renormalizable
part of an Effective Field Theory (EFT) expansion. Many searches for new physics can thus
be performed without specifying the UV theory. Furthermore, the d = 4 SM Lagrangian
can be supplemented by new physics states that are light, but very weakly coupled. Most
naturally these light new physics states are the (pseudo)-Nambu-Goldstone bosons that
arise from spontaneously breaking of global symmetries. The most celebrated example is
the QCD axion, whose existence would solve the strong CP puzzle.

Flavor physics, i.e., the physics of processes in which quark or charged lepton flavors change,
plays a two-fold role (see also reviews [1–9]):

(i) First, the gauge sector of the SM exhibits a large accidental global flavor symmetry
which is broken only by the Yukawa couplings of the Higgs to the SM quarks and lep-
tons. The peculiar pattern of hierarchies in the Yukawa couplings is not explained in
the SM, and calls for a dynamical new physics explanation. Since the SM Yukawa in-
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Figure 1: Masses of the SM particles. The values for the masses of the Higgs, W , Z,
quarks, and charged lepton masses are taken from [10]. The ranges for the neutrino masses
are based on the known squared mass differences from neutrino oscillations [10] and the
constraint on the sum of neutrino masses from Planck [11]. The lightest neutrino could be
massless.

teractions are renormalizable, the scale at which new physics imprints the hierarchical
structure can be arbitrarily high in principle.

(ii) Second, many of the higher dimension interactions in the EFT Lagrangian (1) can,
and are generically expected to, break the flavor symmetry of the SM gauge sector.
Therefore, these interactions lead to quantifiable effects in low energy flavor changing
processes. As long as the SM predictions and the experimental results for flavor
changing processes are in agreement, this translates to strong indirect constraints on
the new physics scale Λ. Discrepancies in the flavor observables, on the other hand,
could be the first indirect hints for new physics and establish a new scale in particle
physics.

Item (i) motivates new physics flavor model building based on a variety of mechanisms that
can generate large hierarchies between fermion masses from generic O(1) input parameters.
From practical point of view, the flavor models are particularly interesting, if they are
anchored at experimentally accessible scales and make predictions that may be tested in
not too distant future. Item (ii) relies on the interplay between the experimental precision
program for measuring the CKM matrix elements as well as the searches for rare or forbidden
flavor changing processes, and the corresponding theory effort to predict within the SM the
relevant observables with comparable precision.

3 Explaining the SM flavor hierarchies

Figure 1 shows the masses of the SM particles [10]. The masses of the charged fermions
span almost six orders of magnitude, from 0.5 MeV for the electron, to 173 GeV for the
top quark. Quite strikingly, the top quark is the only SM fermion that has a mass of the
order of the electroweak scale, v = 246 GeV, while one would expect this to be the case for
all the SM fermions, if the Yukawa couplings were generic, Yf ∼ O(1). The hierarchy of
the charged fermion masses can be accommodated in the SM through hierarchical Yukawa
couplings, Ye � · · · � Yt, but this pattern is not explained.

Neutrino masses are many orders of magnitude smaller than the masses of the charged
fermions. While the absolute values of the neutrino masses are not known yet, at least two
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neutrinos need to be massive to accommodate neutrino oscillation data. The sum of the neu-
trino masses is also constrained by cosmological observations to be below few×10−10 GeV [11],
and thus at least six orders of magnitude lighter than the lightest charged lepton, the elec-
tron. This large gap is naturally explained, if the SM is viewed as an effective theory. In the
minimal renormalizable SM, which does not contain right-handed neutrinos, the neutrinos
are massless, while the neutrino masses then arise from the non-renormalizable Weinberg
operator of dimension 5 [12–18].

The Yukawa couplings of the up-type and down-type quarks are not aligned in flavor space
and the misalignment is parameterized by the CKM matrix. Similarly, the misalignment
between the charged lepton Yukwas and the neutrino masses is parameterized by the PMNS
matrix. The determination of the CKM and the PMNS matrix elements is a major collab-
orative effort between theory and experiment [19–23]. The absolute values of the CKM and
PMNS matrix elements that are the result of this effort are approximately [10]

|VCKM| ∼

0.974 0.227 0.004
0.226 0.973 0.041
0.009 0.040 0.999

 , |VPMNS| ∼

0.82 0.55 0.15
0.32 0.60 0.74
0.48 0.58 0.66

 . (2)

While the CKM matrix clearly shows a hierarchical structure, the entries of the PMNS
matrix are all within one order of magnitude.

The existence of the hierarchies between the various quark and charged lepton masses, the
hierarchical structure of the CKM matrix, and the absence of visible hierarchies in the
PMNS matrix is often referred to as the SM flavor puzzle. Several ideas have been put
forward to explain the SM flavor puzzle using new dynamical degrees of freedom:

Horizontal flavor symmetries. The hierarchical structure of the SM Yukawa matrices
could be a result of a spontaneously broken (horizontal) symmetry under which fermions in
different generations carry different charges, [fi]. The simplest example are the Froggatt-
Nielsen models of flavor [24], where the SM gauge group is extended by a horizontal U(1)FN,
and the matter field content by a set of vector-like fermions of mass ∼M . The SM fermions
are charged under U(1)FN in such a way that the SM Yukawa couplings, Yf,ijfL,ifR,jH,
are forbidden since xij ≡ [H] + [fR,j ]− [fL,i] 6= 0 for all i, j. The SM fermions thus couple
to the Higgs through a chain of vectorlike fermions, giving hierarchical fermion masses
Yf,ij ∼ (〈ϕ〉/M)|xij | if the U(1)FN breaking vacuum expectation value 〈ϕ〉 of the SM singlet
scalar with [ϕ] = −1 is much smaller than the typical vectorlike fermion mass. Typically,
the value 〈ϕ〉/M ∼ 0.2 is used [25–33]. The dynamical structure that explains the SM flavor
puzzle brings in observable consequences. The tree level exchanges of a radial mode of ϕ
gives new physics contributions to meson mixing that are below present precision only if
the mass of |ϕ| is above ∼ 107 TeV (in the so called clockwork limit [34,35] where ϕ is not
a dynamical field, the vectorlike fermions can be substantially lighter, with masses of a few
TeV still allowed [35, 36]). The modulus, arg(ϕ), on the other hand is a pseudo-Nambu-
Goldstone boson (pNGB), if U(1)FN is a global symmetry. It thus can be light and be
searched for directly. Since U(1)FN is anomalous under QCD the modulus arg(ϕ) can act
as an axion and solve the strong CP problem (the so called axiflavon solution to the strong
CP problem [37,38], see also [39–41]). In the region of parameter space where the axiflavon
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can also explain the dark matter in the minimal model, it is within reach of the present and
future rare kaon experiments [37, 42]. Alternatively, if U(1)FN is gauged, the Z ′ can also
be light, if the gauge coupling is small enough, and thus also be searched for directly [43].
The horizontal symmetry models can also be based on non-Abelian groups, most notably
the U(2) group [44–47], which is only minimally broken by the SM Yukawas [48–50]. Going
beyond horizontal symmetries, the unification of flavor and gauge symmetries has also been
explored [51].

Warped extra dimensions. An interesting possibility that may point to a possible
common origin of the smallness of the electroweak scale and the SM flavor structure is based
on the idea of warped extra dimensions [52, 53]. In the Randall-Sundrum (RS) models of
flavor, the geometry of space-time is five dimensional anti-de Sitter (AdS5), exhibiting a
warped metric ds2 = exp(−2krc|φ|)ηµνdxµdxν − r2

cdφ
2, with k the 5D curvature scale, rc

the radius of compactification, and φ ∈ [−π, π] the coordinate along the fifth dimension. A
slice of AdS5 is truncated with two flat 4D boundaries, the Planck or UV and the TeV (IR)
branes. The Higgs is localized on the TeV brane. The warp factor exp(−2krc|φ|) leads to
different length scales along different 4D slices, which explains the apparent smallness of
the Higgs vev from the 4D perspective, 〈H〉4D = exp(−2krcπ)〈H〉5, even though the 5D vev
may be comparable to the Planck scale 〈H〉5 ∼MPl ∼ 1019 GeV. For krc ' 12 one obtains
〈H〉4D ∼ TeV. The fermion fields propagate in the bulk. The hierarchy between the SM
charged fermion masses comes from exponentially suppressed overlaps of the fermion zero
modes and the Higgs, where O(1) changes in the parameters of the 5D Lagrangian translate
to exponential changes in these overlaps with the zero modes either localized near the UV
or TeV brane [54–56]. While this set-up has a built in RS-GIM mechanism that suppresses
too large FCNCs [57, 58], the stringent constraints from precision flavor observables such
as the indirect CP violating parameter εK in K −K mixing, the Bd(s) − Bd(s) and D −D
mixing observables, as well as the rare decays such as Br(µ→ eγ), Br(b→ sγ),..., already
translate to bounds of O(20 TeV) on the masses of the first KK modes [58–71], two orders of
magnitude above the weak scale and out of reach of the LHC. The RS constructions can thus
be viewed merely as models of flavor, ignoring the little hierarchy problem. Alternatively,
flavor symmetries or assumed nontrivial flavor structures for some of the couplings can be
used to suppress further the FCNCs and thus lower the KK scale closer to the TeV scale
[72–79]. Warped extra dimension models connecting the origin of flavor with the explanation
of B anomalies were developed in [80–82], see also discussion in Section 5.4.

Partial compositeness. Partial compositeness [83–86] is a way of addressing the SM
flavor puzzle in composite Higgs models, where the SM Higgs is a pNGB of a spontaneously
broken global symmetry in the strongly coupled sector (see [87] for a review and [88–98] for
concrete realizations). The SM fermions (and gauge bosons) are elementary particles that
mix with their composite counterparts, the resonances in the strongly coupled sector, which
carry the same SM quantum numbers. This is akin to photon-rho mixing at low energies.
The lighter SM fermions are mostly elementary, while the heavier fermions, in particular
the right-handed top are mostly composite. This hierarchical structure is assumed to be
due to differing anomalous dimensions of the corresponding composite operators, which
then translates to power suppressed fermion masses after renormalization group evolution
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from the UV to the weak scale even if one starts with an anarchic flavor structure in the
UV. The hierarchy of mixings in partial compositeness then also leads to protection against
excessive FCNCs, with the processes involving light SM fermions the least affected by the
presence of the new composite sector. Even so, the kaon mixing constraints still require
the scale of compositeness to be 10-20 TeV [99], significantly above the electroweak scale.
In order for composite Higgs models to be the solutions to the hierarchy problem further
flavor structure is therefore required [100,101].

Radiative fermion masses. Another class of models that address the SM flavor hier-
archies is based on the idea of radiative fermion masses [102]. In such models, the heavy
fermions receive their mass by coupling to the Higgs at tree level. The light fermions, on
the other hand, couple to the Higgs through loops of heavy new particles and therefore
have strongly suppressed masses. This idea can be realized in many contexts, e.g., in su-
persymmetric models [103–108], as well as in non-supersymmetric models [109–112]. The
ingredients that are common to all these models are new states and new sources of flavor vi-
olation, but there is a vast number of quantum numbers and interactions of the new states
that can give viable scenarios. Models of radiative fermion masses predict that fermion
masses of adjacent generations differ by a loop factor ∼ 1/16π2 ∼ 10−2, in qualitative
agreement with the observed spectrum of quarks and leptons.

4 Flavor as the Probe of New Physics

4.1 Probing Heavy New Physics

Flavor violating processes, in particular those based on flavor changing neutral currents
(FCNC) have exquisite sensitivity to new sources of flavor and CP violation beyond the SM.
The high new physics sensitivity has its origin in the minimal amount of flavor breaking
that is present in the SM. In the SM, the only sources of flavor violation are the hierarchical
Yukawa couplings of the Higgs, leading to quark FCNCs that are strongly suppressed by a
loop factor and by small CKM matrix elements. As long as theoretical uncertainties in the
SM predictions are under control, quark flavor violating processes can indirectly explore
very high mass scales, in some cases far beyond the direct reach of collider experiments. In
the lepton sector, SM predictions for FCNCs are suppressed by the tiny neutrino masses
and below any imaginable experimental sensitivities. Electroweak contributions to electric
dipole moments are also predicted to be strongly suppressed in the SM, several orders of
magnitude below the current bounds. Charged lepton flavor violation and electric dipole
moments are thus null tests of the SM. Any observation of such processes would be an
unambiguous sign of new physics.

The high mass reach of several flavor changing processes is illustrated in the left plot of
figure 2. The plot assumes the presence of flavor violating dimension 6 interactions with
O(1) Wilson coefficients. In that case, observables such as CP violation in kaon mixing,
µ→ eγ transitions, and the electric dipole moment of the electron currently probe already
exceptionally high scales ∼ O(105 TeV)−O(106 TeV). Generically, flavor transitions from
the second to the first generation are most strongly constrained.
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Figure 2: Comparison of the new physics reach for various flavor observables. Left: The
generic new physics scale that can be probed with meson oscillations, lepton flavor violation,
electric dipole moments, rare Higgs decays, rare top decays, direct searches, and electroweak
precision observables. The light bars correspond to the current sensitivities, the dark bars
to the expected future sensitivities. The hatched bars denote the sensitivities for scenarios
with minimal flavor violation (from [113]). Right: Generic new physics scale that can
be probed with meson mixing observables. The coefficients C1...5 correspond to different
∆F = 2 four quark operators (from [114]).

In many cases more than one dimension 6 operator can contribute to a given flavor violating
process. This is shown in the right plot of figure 2 for the example of meson mixing. The
Wilson coefficients C1 to C5 correspond to flavor changing four quark operators that all
have different chirality structure. Focusing for example on CP violation in kaon mixing
(the light green bars), the scales that are probed for O(1) Wilson coefficients range from
∼ 2× 104 TeV to ∼ 5× 105 TeV, depending on the operator. Concrete new physics model
may be described by a single operator or by several operators simultaneously.

Arguments based on the naturalness of the electroweak scale suggest that there is new
physics not far above the TeV scale. However, if there is such new physics, one would expect
it to show up across many of the flavor changing processes mentioned above. The absence
of deviations from the SM expectations in flavor observables that are most sensitive to new
physics, assuming generic flavor violation, is known as the new physics flavor puzzle.

There are qualitatively different approaches to the new physics flavor puzzle:

Decoupling. Deviations from the SM predictions are absent, if the new physics that intro-
duces new sources of flavor violation is pushed to scales above the generic flavor constraints.
The most prominent example of such a setup is mini-split supersymmetry (SUSY) [115,116].
The spectrum of mini-split SUSY is such that the sfermions are a loop factor heavier than
the gauginos. Flavor constraints, in particular kaon mixing, imply that the sfermion masses
have to be approximately around the PeV scale while the gauginos, states that do not in-
troduce any sources of flavor violation, can remain light, not far above a TeV [117, 118].
(FCNC processes are loop suppressed in the minimal supersymmetric SM and therefore the
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scale that is constrained by meson mixing is not as high as in figure 2 but a loop factor
smaller). Gauginos not far above a TeV are motivated by thermal WIMP dark matter, while
the much heavier sfermions can effortlessly accommodate a Higgs mass of 125 GeV.

Mini-split SUSY and other models that avoid the new physics flavor puzzle by making
(part of) the new physics spectrum heavy usually don’t fully address the naturalness of
the electroweak scale but only vastly reduce the amount of finetuning compared to the
SM. The gap between the electroweak scale and the scale of flavored new physics might be
explained by some form of anthropic selection, in line with the idea of “frustrated natural-
ness” [119].

Minimal Flavor Violation. If there is new physics not far above the TeV scale, com-
patibility with the existing flavor constraints requires some form of flavor protection. The
most extreme case corresponds to the absence of new sources of flavor violation. In any new
physics extension of the SM, whether or not it is related to the solution of the SM flavor
puzzle, there is a minimal amount of flavor violation that is inevitably present, namely due
to the SM flavor Yukawas, Yf . Even if the new physics is assumed to be completely flavor
blind at the UV scale, radiative corrections proportional to Yf will introduce flavor breaking
in the IR. If this is the only source of flavor breaking, the new physics sector is said to satisfy
the Minimal Flavor Violation (MFV) hypothesis [120–125]. Phenomenologically, the MFV
is most often not needed in order to bypass flavor constraints, rather it is enough that new
physics exhibits and approximate U(2)3 structure that is broken by small spurions [48–50].
Other minimally broken symmetries have also been considered [126].

Hierarchical new physics flavor couplings. Flavor symmetries that are broken in a
controlled way can be used to suppress the amount of flavor violation in new physics models.
More generally, the mechanisms discussed in section 3 that can generate a hierarchical SM
flavor structure, will typically generate hierarchies in the new physics flavor couplings as
well and the most stringent flavor constraints may be avoided.

Interestingly, the simplest Froggatt-Nielsen models only lead to a very moderate suppression
of new sources of flavor mixing. In particular, transitions between the first and second
generation of quarks is only suppressed by one power of the spurion 〈φ〉/M ∼ λ. For example
in a SUSY context, the strong constraints from kaon mixing imply that squarks need to
be far above the electroweak scale [25]. A similar situation arises in the simplest SUSY
version of the flavor clockwork models [127]. Much stronger suppression of new physics
contributions to kaon mixing can be achieved in models with multiple U(1) symmetries,
for example in the so-called alignment models [128], or in the models with the non-abelian
U(2) flavor symmetries [44–47]. Models that strongly suppress transitions between the first
and second generation may give detectable effects in B physics.

4.2 Higgs as the Flavor Probe

In the SM, the Yukawa couplings of the Higgs to the fermions are the only sources of flavor
violation. Therefore, the Higgs might be the window into understanding flavor, with the
precision Higgs program at the LHC, and in the future also at a Higgs factory, able to
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provide valuable inputs.

The SM predicts that at the tree level the Higgs couplings to fermions are flavor diagonal,
CP conserving, and proportional to the fermion masses. Flavor changing couplings arise
at the loop level, but are strongly suppressed below any foreseeable experimental sensi-
tivity. Testing the SM predictions for the Higgs couplings is important to establish that
the vacuum expectation value of the Higgs is the only source of SM fermion masses, and
that the hierarchies in the fermion masses are indeed the result of hierarchical Yukawa
couplings.

Existing measurements of Higgs production and decay rates have established that the cou-
plings of the third generation quarks and leptons are SM-like with ∼ 10% precision. The
recent evidence for h→ µ+µ− [129,130] suggests that this is also the case for the coupling to
muons. Confirming that the Higgs couplings to the remaining fermions are SM-like is very
challenging [131–137] and alternative scenarios remain a viable option. Interesting scenar-
ios are models in which the light fermions obtain their mass from a subdominant source of
electroweak symmetry breaking [138–142] (e.g. a second Higgs doublet or a technifermion
condensate). Models of this type explain some of the hierarchies in the SM fermion mass
spectrum not by hierarchical Yukawa couplings but instead by a hierarchy in sources of
electroweak symmetry breaking. Two Higgs doublet models that implement this idea lead
to characteristic collider signatures [143] (see also [144]).

Around the time of the Higgs discovery, once the Higgs mass was known, low energy flavor
changing processes were used to constrain possible flavor violating couplings of the Higgs
boson [145, 146]. Very strong bounds can be derived from meson oscillations and µ → e
transitions. Barring tuned cancellations with unrelated contributions, most flavor changing
decays of the Higgs were found to be constrained far below existing and expected experimen-
tal sensitivity. The exceptions are the Higgs decays involving tau, h→ τµ and h→ τe, for
which the direct searches at the LHC are the most sensitive probes. Interestingly, the EFT
arguments suggest that models without new sources of electro-weak symmetry breaking
cannot give h → τµ and h → τe rates at experimentally accessible level without violating
the stringent bounds from rare tau decays [138]. This provides continued motivation to
search for the flavor violating Higgs decays, since these may well provide further insights
into the origin of the fermion masses.

4.3 Flavor Transitions and Light New Physics

Rare decays into a light new physics state, X, such as K → πX or µ → eX, are exquisite
probes of new physics at high scales. Assuming completely anarchic couplings of X to the
SM the highest UV scale will typically be probed by the lightest initial state such that
a decay to X is still allowed. Taking as the example rare meson decays, M = K,D,B,
the SM decay widths are power suppressed, ΓM ∝ m5

M/m
4
W . This then translates to

parametrically enhanced sensitivities to decays involving light NP states. In models where
the NP particles couple to the SM via renormalizable interactions, and thus dimensionless
couplings such as the mixing angle, θ, between the Higgs and a light scalar ϕ, the NP
decay width is Γ(K → πϕ) ∝ θ2mK and consequently B(K → πϕ) ∝ θ2(mW /mK)4.
This is to be compared with heavy meson decays: B(B → Kϕ) ∝ θ2(mW /mB)4. For
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light new physics that couples to the SM through dimension-5 operators, such as axion-like
particles (ALPs), the scaling changes to B(K → πa) ∝ (m2

W /famK)2, to be compared
to B(B → Ka) ∝ (m2

W /famB)2, where fa is the ALP decay constant. These parametric
enhancements translate to a sensitivity to very high scales, much higher than in the case
when rare decays are induced by off-shell new physics. It is also important to keep in
mind that such naive dimensional analysis estimates can of course change, if the couplings
of X are not anarchic, but rather have a distinct flavor structure. In that case decays
such as B → KX or D → πX can lead to the largest sensitivities even for very light X
masses.

It is also interesting to translate the present and planned sensitivities of rare kaon, muon
and B meson factories to concrete models. Taking the QCD axion as a well motivated
benchmark, the searches for K → πa and µ → ea decays, where a escapes the detector,
translate to bounds on the axion decay constant fa & O(1012) GeV [147] and fa & O(109)
GeV [148], respectively, when assuming all flavor violating couplings areO(1). These bounds
are more stringent than the astrophysics constraints, and so the improvements in searches
for such rare decays could well lead to a discovery of the QCD axion. The scenarios where
the QCD axion has flavor violating couplings include the possibility of PQ symmetry being
part of the horizontal flavor symmetry, in which case the solutions to the strong CP problem
and the SM flavor puzzle would have a common origin.

There are a number of other well motived light new physics models that could be probed
by meson decays, a number of which have been recently discussed in detail in Ref. [42] for
the case of rare kaon decays. For instance, searching for K → πϕ with two to three orders
of magnitude larger datasets one could close the gap for Higgs-mixed scalar all the way to
the big bang nucleosynthesis (BBN) floor. An improvement in sensitivity of B(K+ → `+N)
by two orders of magnitude would start probing the minimal seesaw neutrino mass models
for sterile neutrino masses in the O(100 MeV) regime. An order of magnitude improvement
on B(K+ → µ+νXinv) would probe fully the preferred region for self-interacting neutrinos
that may alleviate the Hubble tension. For heavier masses, X would often decay inside
the detector, leading to a number of signatures one could search for in rare B decays, a
possibility explored, e.g., for ALPs in [149–152] and for inelastic dark matter in [153, 154]
(see also [155]).

5 Model Building for Flavor Anomalies

In the last several years a number of “flavor anomalies” created considerable excitement in
the community. Discrepancies between SM predictions and experimental measurements are
seen in B decays (discussed in the remainder of this section) as well as in the anomalous
magnetic moment of the muon (discussed in section 6). If the new physics origin for these
experimental anomalies could be established, it would have a transformative impact on the
field. First and foremost, such an indirect sign of new physics would establish a new mass
scale in particle physics. This scale could become the next target for direct exploration at
future high-energy colliders. With sufficient energy, discoveries would, at least in principle,
be guaranteed. Second, the couplings of the new physics constitute new sources of flavor
violation beyond the SM Yukawa couplings. Existing low energy constraints suggest that
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such new physics couplings have a hierarchical flavor structure. This provides a new per-
spective on the Standard Model flavor puzzle and invites the construction of flavor models
that link the structure of the SM and BSM sources of flavor violation.

5.1 Overview of the B Anomalies

Most prominent among the flavor anomalies are the hints for lepton flavor universality
(LFU) violation in the charged current b→ c`ν transitions [156–161] and in the neutral cur-
rent b→ s`` transitions [162–165]. In the SM, lepton flavor universality corresponds to an
accidental approximate symmetry that is only broken by the small lepton Yukawa couplings.
Up to kinematical effects, the decay rates of b → c`ν and b → s`` decays with different
lepton flavors are expected to exhibit lepton universality, and ratios of the correspond-
ing branching ratios (observables like RD(∗) = BR(B → D(∗)τν)/BR(B → D(∗)`ν) and
RK(∗) = BR(B → K(∗)µµ)/BR(B → K(∗)ee)) can be robustly predicted in the SM.

The observed deviations from the SM predictions of RD(∗) have a combined significance in
the range of 3.1σ to 3.6σ, depending on how error correlations are treated [166, 167]. The
combined significance of the observed non-standard values of RK(∗) exceeds 4σ [168, 169].
The RK(∗) anomalies are accompanied by several additional anomalies observed in neutral
current muonic b → sµµ decays. Deviations from the SM predictions are for example
observed in the B → K∗µµ angular distributions [170, 171] as well as in the absolute B →
K∗µµ, B → Kµµ, and Bs → φµµ branching ratios [172–174]. While the corresponding SM
predictions are under lesser control compared to the theoretically exceptionally clean LFU
ratios, the pattern of deviations is remarkably consistent with the new physics explanations
of RK(∗) .

5.2 Model Independent Considerations

Model independently, new physics effects in the b→ s`` and b→ c`ν decays can be described
by an effective Hamiltonian

Heff = HSM
eff −

4GF√
2
VtbV

∗
ts

αem

4π

∑
i

CNC
i QNC

i +
4GF√

2
Vcb

∑
i

CCC
i QCC

i (3)

where QNC
i , QCC

i are dimension six operators that mediate the b → s`` and b → c`ν
transitions, respectively, and CNC

i , CCC
i are the corresponding Wilson coefficients. With

the chosen normalization factors, the relevant SM Wilson coefficients are of O(1). New
physics contributions to the Wilson coefficients of O(1) correspond to generic new physics
scales of ΛNC = |4GF√

2
VtbV

∗
ts
αem
4π |
−1/2 ' 35 TeV and ΛCC = |4GF√

2
Vcb|−1/2 ' 0.9 TeV. Such a

setup can capture all new physics that is heavy compared to the b hadrons. In the presence of
new light degrees of freedom (e.g. sterile neutrinos or light di-lepton resonances) dedicated
studies are required (see e.g. [175–182]).

New physics contributions to the Wilson coefficients will generically modify a lrge set of
observables (total rates as well as kinematic and angular distributions) in several decay
modes. The available experimental information is then combined with theory predictions
(that involve lattice QCD input on hadronic matrix elements) in global fits to identify

11



possible new physics explanations of the anomalies. The following effective operators turn
out to be the leading candidates for an explanation of the anomalies [168,183–188]

Cbsµµ9 (sγαPLb)(µγ
αµ) , Cbsµµ10 (sγαPLb)(µγ

αγ5µ) , CbcτνV (cγαPLb)(τγ
αPLντ ) . (4)

The b→ s`` decays point to new physics contributions Cbsµµ9 ' −0.8, or Cbsµµ9 = −Cbsµµ10 '
−0.4. The b → c`ν data is best described by CbcτνV ' 0.07. The mere existence of consis-
tent new physics explanations is a non-trivial result. The preferred values for the Wilson
coefficients point to generic new physics scales of few TeV in the case of the charged current
decays, to few 10’s of TeV in the case of the neutral current decays [189,190].

The anomalies can be tested in a model independent way at colliders. Explanations of the
b → s`` anomalies are expected to affect the high energy tails of di-lepton spectra at the
LHC and future hadron colliders [191] and lead to enhanced µ+µ− → bs production at a
high energy muon collider [192]. Explanations of the b → cτν anomalies are expected to
give non-standard mono-tau production at the LHC [193–195].

The results from the global fits form the basis for the constructions of new physics models
to explain the anomalies.

5.3 Models with Z ′ Bosons

Many Z ′ scenarios have been put forward as possible explanations of the neutral current
b → s`` anomalies. However, they can not explain the anomalies in the charged current
b → c`ν decays. One popular class of models is based on gauging the difference of muon-
number and tau-number, Lµ − Lτ [196, 197]. This gauge group is anomaly free already
given the SM particle content and leads to vectorial couplings of the Z ′ to muons (and
taus). Once this Z ′ model is augmented by physics that introduces flavor violating Z ′

couplings to quarks, it can explain the observed discrepancies in b→ s`` decays [198, 199].
A simple construction involves heavy vector-like fermions that are charged under Lµ − Lτ
and that can mix with the SM quarks [198,200].

Besides Lµ−Lτ , various other combinations of gauged flavor symmetries have been used to
construct Z ′ models that can address the b → s`` anomalies (for a few examples see [179,
201–211]). Also scenarios where the Z ′ couples to both quarks and leptons indirectly have
been considered in the context of the rare B decay anomalies. The Z ′ can also find a natural
home in models with partial compositeness [212–215].

In models with Z ′ bosons, meson mixing puts strong constraints on the flavor changing
couplings. One therefore finds upper bounds on the Z ′ masses that are typically around
several TeV, possibly in reach of the LHC or future colliders [191, 216–220]. Many models
predict additional heavy states (e.g. the vector-like fermions in [198]) that are clear targets
for future colliders.

Different Z ′ models often make characteristic predictions for other low energy flavor pro-
cesses. For example, the generic expectation in models with partial compositeness is that
the couplings are strongest to the third generation, reflecting the mass hierarchy of the SM
fermions that is related to their degree of compositeness. Correspondingly, such models
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often predict large enhancements of the b → sττ decays and also sizeable rates for lepton
flavor violating decays. In contrast, Lµ − Lτ models predict the absence of lepton flavor
violating decays at detectable levels. Moreover, these models predict effects that are equal
in size but opposite in sign for b→ sττ and b→ sµµ decays. Given the current data, this
corresponds to modest ∼ 20% enhancements of the ττ modes. This motivates future Tera-Z
machines which would have unique sensitivities to the experimentally challenging b→ sττ
decays [221,222].

5.4 Models with Leptoquarks

Leptoquarks are very popular explanations of the flavor anomalies. In contrast to the Z ′

bosons, leptoquarks do not contribute to meson mixing at tree level. Contributions arise
first at 1-loop and constraints from meson mixing therefore leave ample room in leptoquark
parameter space. Among the full set of leptoquarks that can have renormalizable couplings
to the SM quarks and leptons, several can provide explanations of the neutral current
b→ s`` anomalies or the charged current b→ c`ν anomalies [223–234].

Leptoquarks are contained in many different BSM scenarios. Both scalar and vector lepto-
quarks could be part of the composite spectrum of a strongly coupled sector above the TeV
scale [235–237]. One of the scalar leptoquarks that can explain RD(∗) can be identified with
the right-handed sbottom in the Minimal Supersymmetric Standard Model with R-parity
violation [193, 238–241]. Vector leptoquarks can be the gauge bosons of an enlarged gauge
group that is broken above the TeV scale [80, 242–248]. Also scalar leptoquarks can arise
in models of quark-lepton unification [249].

Existing direct searches for leptoquarks at the LHC probe leptoquark masses up to ∼
1.5 TeV. Most leptoquark models that explain RD(∗) predict deviations in di-tau production
at the LHC. The HL-LHC should be able able to cover the preferred parameter space of
those models. Leptoquarks that explain the b→ s`` anomalies can be much heavier, outside
the reach of the LHC [216,250]. They would lead to discoverable effects in di-jet production
at a high energy muon collider [251,252].

Interestingly, there is a single leptoquark that can address both the b → s`` and the b →
c`ν anomalies simultaneously: the vector leptoquark U1 with the SM quantum numbers
(3, 1, 2/3). This leptoquark can be identified as one of the gauge bosons of the Pati-Salam
(PS) gauge group. A considerable amount of flavor model building in recent years has been
motivated by the U1 explanation of the flavor anomalies and possible embeddings of the
U1 leptoquark into UV complete setups. One scenario that has emerged as particularly
promising has quarks and leptons interacting via generation specific PS gauge groups, the
so-called PS3 models [80–82]. The “deunification” in flavor space can be used to generate
hierarchies in the leptoquark couplings and might very well be also related to the SM flavor
puzzle (for a U(2) based model see [253]).

Most realistic leptoquark models predict many additional states (colorons, Z ′ bosons, ...)
at scales that are accessible with colliders. They also predict characteristic effects in many
low energy flavor observables, for example strongly enhanced rates for b → sττ decays,
lepton flavor violating B decays, or modest enhancements in b→ sνν decays, all signatures
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in reach of LCHb or Belle II.

6 Anomalous magnetic moment of the muon

There is a long-standing discrepancy between the SM prediction and the experimental re-
sults on the anomalous magnetic moment of the muon aµ = 1

2(g − 2)µ. The combination,
aavg
µ , of the measurements by the Muon g − 2 collaboration at Fermilab [254–256] and pre-

viously at BNL [257], differs by 4.2σ [254] from the consensus SM prediction, aSM
µ [258],

∆aµ = aavg
µ − aSM

µ = (251± 59) × 10−11 (the BMW collaboration prediction using lattice
QCD, on the other hand, is consistent with experiment at 1.6σ [259], but awaits confirma-
tion by other lattice QCD groups). Interpreting this discrepancy as a hint for new physics,
there are two classes of new physics models that can explain ∆aµ, depending on whether or
not the required chirality flip occurs on the internal new physics line in the loop (see also
surveys of models in [260–263]). If the chirality flip occurs on the muon line, this introduces
a suppression by the muon mass and thus the new physics running in the loop need to be
light. A prime example of a model of this type is a contribution to (g − 2)µ from a light
Z ′ [264]. Requiring that this is a gauge boson from an anomaly free U(1)X with the minimal
particle field content, it can lead to the shift in the magnetic moment of the muon large
enough to explain the measured ∆aµ, without being excluded by other constraints, mainly
if the Z ′ is in the 100 MeV mass range [179,265]. The constraints on the Z ′ depend on how
it couples to the other SM fermions. The gauged Lµ − Lτ in general faces the least severe
constraints [179, 196–198, 265–270]. Other examples include flavor violating ALPs [271],
from photonic couplings of ALPs [272–274], photonic and leptonic couplings of ALPs [275],
or from ALP with a dark photon [276].

If the NP contributions to (g − 2)µ receive a chirality flip from the internal line, such
contributions are not suppressed by the muon mass, and the new physics states can be more
massive, in the several TeV range. Such models require at least two new physics fields, in
order to have the large chirality flip possible on the internal line. Examples of models of this
type include: muophilic dark matter running in the loop [277–285], contributions from ALPs
coupling to heavy vectorlike leptons [286], anomalous Z ′ [287,288], singlet scalars [287,288],
low energy supersymmetry [289–294], extended Higgs sectors [295–298], radiative models
for charged fermion or neutrino masses [179, 299–301]. There may also be a relation with
B anomalies [302–308], while implications for Higgs physics were discussed in [146, 309–
313].

The challenge for the new physics models explaining the (g − 2)µ anomaly is the absence
of any such new physics hints in lepton-flavor-violating transitions, such as µ → eγ and
µ → 3e. For a generic flavor structure these give bounds on the new physics scale that
is much higher than what is required for (g − 2)µ. Phrasing these constraints in terms of
the effective new physics suppression scale for the dimension 5 dipole moment operators,

Leff ⊃ −e v `
i
LLσ

µν`jRRFµν/(4πΛij)
2 + h.c., where v = 246GeV is the electroweak vev, and

i, j generational indices, the new physics scale required to explain the (g − 2)µ anomaly is
Λ22 ' 15 TeV, while the absence of µ → eγ implies Λ12(21) & 3600 TeV [314]. The flavor
violating transitions therefore need to be significantly suppressed, either by ad-hoc flavor
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alignment of new physics couplings, or through the use of symmetries, such as the U(1)X
gauge symmetry in the case of light Z ′ explanation for (g − 2)µ [179].

7 Conclusions

Flavor physics plays a dual role. Firstly, the observed SM flavor structure calls for a
dynamical explanation and motivates new physics model building. Secondly, the rare flavor
changing processes are sensitive probes of new physics. The reach depends on the assumed
flavor structure of new physics couplings and spans scales from just above the electroweak
scale, if minimal flavor violation is assumed, all the way to scales as high as 1012 GeV, probed
by the searches for the flavor violating QCD axion with anarchic couplings. Intriguingly,
there are hints for possible deviations from the SM expectations in the measurements of
b→ sµµ and b→ cτν transitions, and in (g−2)µ. If these flavor anomalies are indeed signs
of new physics, this would imply a very bright and phenomenologically rich future ahead of
us. Many discoveries at the high energy and high intensity frontiers would in that case be
expected in the not too distant future.
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[187] M. Algueró, B. Capdevila, S. Descotes-Genon, J. Matias and M. Novoa-Brunet,
b→ s`` Global Fits after RKS and RK∗+ , 4, 2021 [2104.08921].

[188] M. Ciuchini, M. Fedele, E. Franco, A. Paul, L. Silvestrini and M. Valli, New Physics
without bias: Charming Penguins and Lepton Universality Violation in b→ s`+`−

decays, 2110.10126.

[189] W. Altmannshofer, P. Stangl and D.M. Straub, Interpreting Hints for Lepton Flavor
Universality Violation, Phys. Rev. D 96 (2017) 055008 [1704.05435].

[190] L. Di Luzio and M. Nardecchia, What is the scale of new physics behind the
B-flavour anomalies?, Eur. Phys. J. C 77 (2017) 536 [1706.01868].

[191] A. Greljo and D. Marzocca, High-pT dilepton tails and flavor physics, Eur. Phys. J.
C 77 (2017) 548 [1704.09015].

[192] W. Altmannshofer, S.A. Gadam and S. Profumo, Snowmass White Paper: Probing
New Physics with µ+µ− → bs at a Muon Collider, in 2022 Snowmass Summer
Study, 3, 2022 [2203.07495].

[193] W. Altmannshofer, P.S. Bhupal Dev and A. Soni, RD(∗) anomaly: A possible hint
for natural supersymmetry with R-parity violation, Phys. Rev. D 96 (2017) 095010
[1704.06659].

[194] A. Greljo, J. Martin Camalich and J.D. Ruiz-Álvarez, Mono-τ Signatures at the
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H. Stöckinger-Kim, New physics explanations of a? in light of the FNAL muon g − 2
measurement, JHEP 09 (2021) 080 [2104.03691].

[264] M. Pospelov, Secluded U(1) below the weak scale, Phys. Rev. D 80 (2009) 095002
[0811.1030].

[265] W. Altmannshofer, S. Gori, J. Mart́ın-Albo, A. Sousa and M. Wallbank, Neutrino
Tridents at DUNE, Phys. Rev. D 100 (2019) 115029 [1902.06765].
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