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Theory status and implications of RE(*)

1. Introduction

Since 2013, B physics has attracted a great deal of attention in the particle physics community
due to a wide set of intriguing experimental anomalies. In particular, several measurements in
semileptonic processes involving b — s transitions have been found to deviate from the Standard
Model (SM) predicted values, hence suggesting the presence of some New Physics (NP) effects.
The list of anomalies includes substantial deviations in the measurements of branching ratios and
angular observables by the LHCb [1, 2, 3, 4] and Belle [5, 6] collaborations, as well as discrepancies
in the observables
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measured in specific dilepton invariant mass squared ranges ¢° € [qrznin, @2ax)- The Ry ratios were
introduced in [7] in order to test lepton flavor universality (LFU), a central feature of the SM that
predicts Rg(.) ~ 1. Very interestingly, the LHCb results for the Rk ratio in one ¢* bin [8, 9] and the
Ry~ ratio in two q2 bins [10] were found to lie significantly below one:

R = 0.846 10050 (stat) "0 015 (syst) q> €[1,6] GeV?,
Ry = 0.660"0 110 (stat) +0.024(syst) , q*> €0.045,1.1] GeV?,
Ri = 0.68570:0 13 (stat) +0.047(syst) q* € [1.1,6.0] GeV2. (1.2)

A comparison between the LHCDb results and the SM predictions for Rx and Rk« derived in [11, 12]
leads to discrepancies with the SM above the 2 ¢ level, with the precise statistical significance
depending on the dilepton invariant mass squared range considered. Furthermore, it is generally
accepted that unknown QCD effects cannot account for the observed deviations, since they cancel
out to great accuracy in the Ry ratios. Although these hints are still not very significant, they
are definitely intriguing and, if confirmed, would have dramatic consequences for the shape of NP,
which would necessarily violate LFU.

Many NP models have been proposed in order to explain the b — s anomalies. The most
widely studied scenarios include heavy Z’ bosons or leptoquarks, although many other possibilities
and variations of the minimal setups have also been put forward in recent years. Here we discuss
the most popular options and discuss their possible connection to other open problems in physics.
Although we will not attempt to make a complete review of all the proposed scenarios, and many
well-motivated models will be omitted, we hope that our discussion constitutes a good description
of the panorama depicted by the model builders.

2. Interpreting the anomalies

The set of experimental measurements in b — s transitions can be interpreted in a model-
independent way by using the language of Effective Field Theory (EFT). This approach is valid if
all NP degrees of freedom have masses well above the energy scale of the observables of interest,
a well-motivated assumption due to the lack of observations in direct searches, both at the Large
Hadron Collider (LHC) as well as in low-energy experiments. In this case, one can integrate out all
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Figure 1: Og operator with muon lepton flavors.

the NP states and describe the physical observables by a collection of non-renormalizable operators,
with canonical dimensions higher than four.
The effective Hamiltonian describing b — s transitions is typically written as
4Gp ., € .

where G denotes the Fermi constant that sets the strength of weak interactions, e is the electric
charge and V the Cabibbo-Kobayashi-Maskawa (CKM) matrix. ¢; and ¢ are dimension-6 ef-
fective operators contributing to b — s quark flavor transitions, while C; and C; are their Wilson
coefficients. Among all possible operators involved in b — s semileptonic decays, the following
subset turns out to be relevant for the interpretation of the » — s anomalies:

07 = (50,yPrb) F*, 07 = (5o,yPLb) F*Y, (2.2)
Oy = (SyuPLb) (I¥*0) | Oy = (SyuPrb) (Ly*0) (2.3)
Oro = (SyuPb) (v ¥s0) 0o = (SyuPrb) (IY*ys0) . (2.4)

Here ¢ = e, i, T denotes the lepton flavor. Although the operators and Wilson coefficients actually
have flavor indices, we will omit them in order to simplify the notation. A diagrammatric represen-
tation of a muonic Og operator is provided in Fig. 1. It is common to split the Wilson coefficients
in two pieces: the SM contributions and the NP contributions, defining

Cr=CM 4O, (2.5)
Co =C3M + )P, (2.6)
Cio=Ci)' +CNF. (2.7)

In principle, analogous splittings can be defined for the primed coefficients, but in this case the SM
contributions are rather small and therefore one simply has C; ~ C;NF, Cg ~ C{N? and €}, ~ C{R¥F.
The SM contributions are calculable [13], while the NP contributions remain as free parameters
to be determined. The observables measured by the experimental collaborations can be written in
terms of the C; and C{ Wilson coefficients. For instance, simple expressions for Rx and Rk« can be
found in [14]. Since the same Wilson coefficients enter several observables, one expects a pattern
of deviations from the SM, rather than a single anomaly in a specific observable. The strategy to
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exploit this fact is therefore clear: the NP contributions can be determined with a global fit of the
observables to experimental data.

Several groups [15, 16, 17, 18, 19, 20, 21, 22] have followed this strategy. The different fits
agree qualitatively, although they differ quantitatively due to differences in the form factors, the
treatment of uncertainties or the computational techniques used. In all cases, a NP scenario with
one or more NP contributions to the Wilson coefficients is preferred over the pure SM scenario.
In all fits, the muonic Cy coefficient seems to be crucial. A good fit to data is obtained with a NP
contribution to this coefficient of about 20% of the SM contribution (and with opposite sign). Other
muonic coefficients may have NP contributions as well and in fact three competitive 1D (muonic)
scenarios emerge: CSIP only, CNP C and CNP —C} NP No indication for NP contributions
in electronic coefficients is found. !

These findings provide a quantitive assessment of the b — s anomalies and serve as a guide
for model builders that aim at an explanation. For instance, valuable information about the scale of
NP can be inferred [23]. Cg“D ~ —20% x CSM leads to

CNP

~20% x (2.8)

ﬁv’b “16 2C

One can then estimate the scale of NP, Axp, in several generic scenarios:

NP

o Unsuppressed NP: CgIP =1 = Anp~30TeV.

o CKM-suppressed NP:  CY* = |V, V| = Anp~6TeV.
1

o Loop-suppressed NP: C9 =~ o2 = Anp ~2.50 TeV.
NN
o CKM&loop-suppressed NP:  Cy~ = T6n2 = Anp~ 0.5 TeV.

This way, one concludes that only when the NP effects are suppressed (by CKM factors and/or
loops), the scale of NP is low enough to be probed directly at current facilities. In what concerns
the NP mediators behind the O; operators, only two possibilities exist at tree-level: a neutral Z’
vector boson and a scalar or vector leptoquark. In fact, these have been the most popular options
in the literature. Other possibilities at loop level have also been considered. We now proceed to
discuss several example models aiming at an explanation to the » — s anomalies.

3. Models for Rg)

The b — s anomalies have triggered the creativity of model builders and the construction of
many new data-driven models. Some of these models would have never been built in the absence
of the strong motivation emerged from the intriguing experimental hints in B-meson decays, which
have opened new directions beyond the SM. Therefore, even if the anomalies go away, the model
building community has found novel ways to address some of the most important problems in the
SM and shed light on some of the crucial questions, such as the flavor problem, the dark matter of
the Universe or the origin of neutrino masses.

We will now review some of the most popular setups proposed to explain the » — s anomalies.

I'See also the contribution by Sébastien Descotes-Genon, also in these proceedings.
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Figure 2: Generation of the Oy operator due to the exchange of a neutral Z’ vector boson.

Field Spin SU(3)c x SU(2)L x U(1)y x U(1)x

() 0 (1 1,0 2)
QL,R % ( 27é72)
Lir % (1,2,-3,2)

Table 1: New scalars and fermions in the model of [26].

3.1 Z' models

Z' models argueably constitute the easiest solution to the » — s anomalies. A neutral Z' boson
can generate the Oy operator (and perhaps Ojg or O as well) as shown in Fig. 2. The list of
requirements for the model is rather short: a Z’ boson that contributes to the desired operators,
with flavor violating couplings to quarks and non-universal couplings to leptons. > Such vector
boson would obtain its mass from the spontaneous breaking of an enlarged gauge symmetry group
¢, which includes the SM gauge group %sm = SU(3). x SU(2)L x U(1)y as a subgroup and gets
broken at the high-energy scale Axp ~ my . The simplest solution is to add a new U(1) factor to the
SM gauge group, but other more involved possibilities also exist. > Regarding the non-universal
couplings to the SM charged leptons, one can broadly classify all Z’ models in two categories:

e Direct models: in these models the Z' boson couples directly to the SM charged leptons, and
therefore these must be charged non-universally under ¢.

e Indirect models: in these models the SM charged leptons are universally charged under ¥,
and the non-universality is induced by their mixing with new fermionic states which have a
different representation under ¢.

Let us illustrate the category of indirect models with the setup introduced in [26]. The model
extends “sy with a new U(1)x factor, under which all the SM particles are singlets. The particle
content of the model includes the new scalar ¢ as well as the new vector-like fermions Q and

2Optionally, but highly desirable, is to have a rich interplay with some other physics, as discussed in Sec. 4.
3See for instance [24, 25] for a Z' model for the b — s anomalies based on the addition of a non-Abelian SU(2)
gauge group.
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L, charged under U(1)x. 4 We note that ¢ is a singlet of %5y, while Q and L have the same
representation under “sy as the SM quark and lepton doublets g and ¢. Due to their vector-like
nature, one can write gauge-invariant Dirac mass terms for Q and L,

L =moQQ+myLL. 3.1
Furthermore, they also have Yukawa interactions
“ :lQ@(PQL‘FA«LE(PZL"Fh-C.- 3.2)

Here Ap and A; are 3-component Yukawa vectors. In what concerns the scalar sector, we will sim-
ply assume that the SM gauge symmetry is broken as usual and that ¢ gets the vacuum expectation
value

(0) = % (3.3)

hence breaking the new U(1)x piece and leading to a massive Z’ boson, with mass mz = 2gx vy,
with gx the U(1)x gauge coupling.

Figure 3: Generation of Og and Oy in the model of [26]. Since the Z’ couplings to fermions are purely
left-handed, this model predicts C)¥ = —CNY.

Let us now come to the » — s anomalies and their resolution in this model. One should note
that in this model the SM fermions do not couple directly to the Z’ boson. These couplings are
only generated after symmetry breaking due to the mixing with the vector-like fermions. This
effectively leads to the generation of Og and Ojp, as shown in Fig. 3. The non-universality in
the charged lepton couplings to the Z' boson originates simply from the non-universality of the
Ar Yukawa couplings. For instance, assuming A/ = Af = 0, the Z’ boson couples to muons only,
easily explaining the anomalies in Rg and Rg=.

Many direct models also exist, in some cases in combination with indirect couplings in the
quark or lepton sectors. A very popular model is the one based on the L, — L; gauge symmetry,
pioneered in the context of the » — s anomalies in the relevant paper [28] and later explored in
many other works. An extension of the L, — L; gauge group to include the quark sector was

4 Actually, the original version of the model also includes the scalar ¥, which serves as a dark matter candidate.
This optional feature is not relevant for the current discussion and will be mentioned in Sec. 4.1. Also, we note that a
variation of this model including non-zero neutrino masses was discussed in [27].



Theory status and implications of RE(*)

br, 14

1 LQ

ST, 14

Figure 4: Generation of the O9 operator due to the exchange of a leptoquark. The leptoquark can be either
scalar or vector.

considered in [29]. Other possibilities have also been discussed in the literature. For instance, the
gauged BGL symmetry [30] introduced in [31] and the U(2) flavor symmetry in [32], to mention
two particularly attractive proposals.

A generally very relevant constraint in all Z’' models for the b — s anomalies is By — By mix-
ing, recently discussed in detail in [33]. The potential conflict originates from the fact that this
mixing is induced at tree-level and depends on the same Z' — b — s coupling required to explain the
anomalies. In models with both left- and right-handed Z’ couplings to quarks, one can in principle
get a cancellation that alleviates the tension [34], but in models with only one chirality this is not
possible [27]. In such cases, the usual solution is to suppress the Z' — b — s coupling at the cost of
increasing the Z' — u — u coupling, so that the NP contributions to the muonic Cy coefficients are
large enough to explain the anomalies.

3.2 Leptoquark models

Leptoquarks [35] are scalars or vectors that couple simultaneously to both quarks and leptons.
While they appear naturally in grand unified theories, there is in principle no fundamental reason
why they cannot have masses well below the unification scale and have sizable effects in flavor
observables. In fact, leptoquark models are also very popular and many simple solutions to the
b — s anomalies have been proposed. > Fig. 4 shows how to generate the Qg operator via the
tree-level exchange of a leptoquark.

Leptoquarks have been widely discussed recently due to their potential to explain the exper-
imental anomalies observed not only in neutral b — s transitions, the subject here, but also in
charged b — ¢ decays. We refer to other contributions to these conference proceedings where the
phenomenology of leptoquarks and their role in solving the » — ¢ anomalies are discussed in great

5 Again, it is highly desirable to be able to address other physics problems, and several examples linking leptoquarks,
b — s anomalies and other open questions are discussed in Sec. 4.
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3.3 Loop models

Finally, loop models explain the b — s anomalies by generating the Oy operator at loop level.
Although this allows for a wider variety of options, since many possibilities for the particles running
in the loop exist, fewer models with this feature have been built. The different one-loop models that
one can construct in connection to the b — s anomalies have been classified in [36, 37]. Interest-
ingly, the constraints from By — By mixing, so important in case of Z’ models, can be very different
depending on the charges chosen for the new states running in the loop. Also, as we will discuss
below, some of the possible loop models include particles with the correct quantum numbers to be
valid dark matter candidates, a possibility that has been explored in some works.

4. Connection to other physics problems

All models addressing the » — s anomalies include additional fields and, in some cases, new
gauge symmetries. This offers many new phenomenological opportunities, as one would expect
that the new states communicate not only to the sector strictly related to the anomalies, but also
to other SM sectors. The natural question is then: what if the explanation to the » — s anomalies
also solves other physics problems? In this Section we briefly discuss some of the ideas that have
been presented in this direction, linking the » — s anomalies to dark matter, the origin of neutrino
masses and the strong CP problem.

4.1 Dark matter

The possible link between the b — s anomalies and the dark matter of the Universe was re-
viewed in [38]. Here we will briefly discuss two representative examples.

Let us first consider the addition of the complex scalar ) to the model discussed in Sec. 3.1,
with representation (1,1,0,—1) under the extended gauge group. This was actually the original
version of the model introduced in [26]. Assuming that } does not get a vacuum expectation value,
the spontaneous breaking of the U(1)x symmetry leaves a remnant Z, dark parity, under which
% is odd and the rest of states are even. Therefore, ) is perfectly stable, without any additional
ad-hoc symmetry. The same gauge symmetry behind the dynamics required to explain the b — s
anomalies stabilizes the dark matter candidate. 7 Furthermore, J is a singlet under the SM gauge
group and does not have any Yukawa interaction. Assuming that the Higgs portal |H|*|x|? term is
suppressed, it can only be produced in the early Universe via Z' exchange. This establishes another
link to the b — s anomalies. Ref. [26] shows that one can explain the anomalies in a region of the
parameter space that can also reproduce the observed dark matter relic density.

A second example was provided in [42]. In this case a loop model for the b — s anomalies
was considered. The particle content and gauge charges of the model is the same as in the model
discussed in Sec. 3.1, but with a crucial difference: the U(1)x symmetry is assumed to be global
and conserved. Therefore, the b — s anomalies cannot be explained via Z’ exchange, but the O9 and

6See contributions by Nejc Kosnik and Teppei Kitahara, also in these proceedings.
"The generation of remnant Zy symmetries from continuous U(1) groups has been discussed in [39, 40, 41].
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O operators are generated at the one-loop level, also with CEP = —C{‘BP. Regarding dark matter,
the conservation of U(1)x stabilizes the lightest particle charged under this symmetry, and this is
taken to be the scalar ¢. Again, the authors of [42] explicitly show that one can simultaneously
explain the b — s anomalies and reproduce the measured dark matter relic density. Finally, the
model is found to be testable in future direct DM detection experiments as well as by direct LHC
searches.

4.2 Neutrino masses

The main open question in the lepton sector is the origin of neutrino masses. What if the Rg
and Rg+ LFU violating hints (remember: L stands for lepfon!) can guide us towards solving this
central problem? While this seems like a very natural question, it has been explored very little in
recent years.

Leptoquarks are familiar states in the neutrino mass model-building community. It is well
known that the addition of two leptoquarks (or a leptoquark and another exotic state) allows one to
induce radiative Majorana neutrino masses [43], and this mechanism has been considered in several
leptoquark models for the B-anomalies [44, 45, 46]. Furthermore, the possible link between the
violation of LFU and mixing in the leptonic sector has been discussed in [47, 48].

4.3 Strong CP problem

Many of the models capable to address all the experimental anomalies in B-meson decays, both
in neutral b — s and in charged b — c transitions, include the U; ~ (3,1,2/3) vector leptoquark. 3
This state has been shown to provide a good simultaneous explanation, but it also requires to
extend the SM gauge group in order to embed U; as one of the gauge bosons. This has led to the
so-called 4321 models, based on the extended gauge group %321 = SU(4) x SU(3)" x SU(2)L x
U(1)' [50, 51]. A remarkable feature of these models is that QCD emerges at low energies from
the product of two non-Abelian gauge groups: SU(3)c = [SU(3)4 x SU(3)']j;,,, where SU(3)4 is a
subgroup of SU(4). As shown in [52], the resolution of the strong CP problem a la Peccei-Quinn
requires in this case the introduction of two axions. While the properties of the lightest one are
those of the standard QCD axion, a second heavier axion must exist, with its mass and couplings
closely related to the B-anomalies.

5. Summary

We are living exciting times in the flavor community, with the anomalies in B-meson decays
providing a strong motivation for novel research in various directions. Here we have reviewed the
current situation and discussed the different types of models proposed to address the anomalies in
b — s transitions. We have also pointed out that Rx and Rg+ might just be the tip of the iceberg,
with a whole NP sector close to be found, with potential impact in other central physics problems,
such as the dark matter of the Universe, the origin of neutrino masses or the strong CP problem.

8See [49] for a review of combined explanation to all B-anomalies.
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