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Semi-leptonic decays: lepton non-universality
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B(B0!K⇤0e+e�) ⇠ 1 in SM
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2. Charged current: bàc l+n : RD , RD*

1. Neutral current: bàs l+l– :   RK , RK*
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Flavour-changing neutral currents 
making and breaking the standard model
F. Archilli1, M.-O. Bettler2, P. Owen3 & K. A. Petridis4

T he standard model of particle physics has been a spectacularly 
successful theory for explaining the properties and interactions 
of fundamental particles, with many measurements confirming 

its predictions to extraordinary precision. However, cosmological obser-
vations of the apparent dark-matter content of the Universe, and of the 
domi nance of matter over antimatter, suggest that the standard model is 
an incomplete theory. In addition, the standard model does not provide an 
explanation for the observed patterns of masses of elementary particles.  
Therefore, one of the current goals of experimental particle physics is to 
discover new particles and interactions—commonly referred to as ‘new 
physics’—that could provide an explanation for these observations.

Searches for such new particles are performed in two ways. The first 
requires the production of a new particle directly from the collisions of 
highly energetic beams of protons or electrons. The new particle sub-
sequently decays to a set of known standard model particles, whose 
properties are measured in particle physics detectors. The ATLAS1 and 
CMS2  collaborations at the Large Hadron Collider3  (LHC) at CERN are 
examples of experiments that search directly for new particles produced 
through the collisions of proton beams at unprecedented energies and 
intensities.

The second method involves performing precise measurements of the 
properties of known decays of hadrons (composites of quarks) that are 
accurately described by the standard model. In this case, processes that 
occur via the weak force—such as the decay of a kaon (a hadron containing  
a strange quark) or of a b hadron (which contains a beauty quark)—
are particularly interesting. As a consequence of quantum-field theory, 
such decays can occur through transient particles that have a physical 
mass larger than the amount of mass-energy available from the decaying 
particle. These transient particles are referred to as ‘virtual’. Heavy new 
particles can cause large deviations from the standard model predictions 
of the decay rate and of the dynamics of the decay products. Precise meas-
urements of such quantities are sensitive to particles beyond the standard 
model that have masses far exceeding the available collision energy of the 
LHC. The LHCb experiment4  operating at the LHC is an example of an 
experiment that is searching for new physics through precision measure-
ments of the properties of known decays.

Decays involving the weak force
The weak force is mediated by the heavy W+, W− and Z0 bosons. 
Transitions mediated by the W+ or W− boson are known as charged- 
current processes, whereas those mediated by the Z0 boson are known as 

neutral-current processes. There are six types (flavours) of quarks: down 
(d), up (u), strange (s), charm (c), beauty (b) and top (t). These quarks 
can change their flavour by interacting with the W+ or W− bosons, but 
cannot by interacting with the Z0 boson.

Flavour-changing neutral currents (FCNCs)
By the end of the 1960s, the charged-current process that occurs when a 
charged kaon decays into a muon and a neutrino (K+ →  µ+νµ) had been 
well established, but the neutral-current counterpart of this process, 
K L

0  →  µ+µ−, had not been observed, posing a major puzzle in particle 
physics. At the time, only three different flavours of quark were known to 
exist, and while the existence of a fourth had been postulated5, there was 
no experimental evidence for it. In 1970, Glashow, Iliopoulos and Maiani6 
provided an explanation (the GIM mechanism) behind the suppression 
of the neutral-current process relative to the charge-current process, by 
proposing the existence of a fourth type of quark with specific couplings 
to the known quarks. The contribution from this fourth quark would 
cancel out the contribution from other quarks involved in the K L

0 →  µ+µ− 
decay. In today’s language, the strange quark and the down quark that 
make up the K L

0 particle interact via a quantum-loop transition involving 
predominantly a W boson and either an up quark or a charm quark, as 
shown in Fig. 1a. Given the limitation that the quarks have the same mass, 
the diagram involving the up quark exactly cancels that of the charm 
quark, explaining the suppression of the K L

0 →  µ+µ− decay relative to the 
K+ →  µ+νµ decay.

The combination of experimental measurements and the proposed 
GIM mechanism provided an indirect observation of the charm quark, 
four years before it was observed directly7,8 , with the discovery of the 
J/ψ hadron (a bound state of a charm quark and an anticharm quark). 
Such interplay between experimental measurements and theoretical pre-
dictions of quark flavours has shaped the standard model over the past  
50 years.

FCNCs in decays of beauty quarks
Another example of a FCNC process involves the transition of a beauty 
quark into a strange quark. This process can occur through the same 
quantum-loop transition of the GIM mechanism, but is dominated by 
the contribution from the top quark, as shown in Fig. 1b.

Owing to the large collision energy of the proton beams at the LHC, 
hundreds of billions of b hadrons have been produced. As a result, the 
LHCb collaboration’s measurements of FCNC decays of b hadrons are 

The standard model of particle physics is our best description yet of fundamental particles and their interactions, but it 
is known to be incomplete. As yet undiscovered particles and interactions might exist. One of the most powerful ways to 
search for new particles is by studying processes known as flavour-changing neutral current decays, whereby a quark 
changes its flavour without altering its electric charge. One example of such a transition is the decay of a beauty quark 
into a strange quark. Here we review some intriguing anomalies in these decays, which have revealed potential cracks 
in the standard model—hinting at the existence of new phenomena.
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A Challenge to Lepton Universality in B Meson Decays
Gregory Ciezarek1, Manuel Franco Sevilla2, Brian Hamilton3, Robert Kowalewski4, Thomas Kuhr5,

Vera Lüth6, Yutaro Sato7

One of the key assumptions of the Standard Model of fundamental particles is that the interactions of the charged leptons, namely
electrons, muons, and taus, differ only because of their different masses. While precision tests comparing processes involving
electrons and muons have not revealed any definite violation of this assumption, recent studies involving the higher-mass tau lepton
have resulted in observations that challenge lepton universality at the level of four standard deviations. A confirmation of these
results would point to new particles or interactions, and could have profound implications for our understanding of particle physics.
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M ore than 70 years of particle physics research have led
to an elegant and concise theory of particle interac-
tions at the sub-nuclear level, commonly referred to

as the Standard Model (SM) [1, 2]. Based on information ex-
tracted from experiments, theorists have combined the theory of
electroweak (EW) interactions with quantum chromodynamics
(QCD), the theory of strong interactions, and experiments have
validated this theory to an extraordinary degree. Any observation
that is proven to be inconsistent with SM assumptions would
suggest a new type of interaction or particle.

In the framework of the SM of particle physics the fundamen-
tal building blocks, quarks and leptons, are each grouped in three
generations of two members each. The three charged leptons, the
electron (e�), the muon (µ�) and the tau (t�) are each paired
with a very low mass, electrically neutral neutrino, ne,nµ , and nt .
The electron, a critical component of matter, was discovered by
J.J. Thomson [3] in 1897. The discovery of the muon in cosmic
rays by C. D. Anderson and S. H. Neddermeyer [4] in 1937 came
as a surprise, similarly surprising was the first observation of
t+t� pair production by M. Perl et al. [5] at the SPEAR e

+
e
�

storage ring in 1975. As far as we know, all leptons are point-like
particles, i.e. they have no substructure.

The three generations are ordered by the mass of the charged
lepton ranging from 0.511MeV for e

± to 105MeV for µ±, and
1,777MeV for t± [6]. These mass differences lead to vastly dif-
ferent lifetimes, from the stable electron to 2.2µs for muons, and
0.29ps for taus. Charged leptons participate in electromagnetic
and weak, but not strong interactions, whereas neutrinos only un-
dergo weak interaction. The SM assumes that these interactions
of the charged and neutral leptons are universal, i.e., the same for
the three generations.

Precision tests of lepton universality have been performed
over many years by many experiments. To date no definite vi-
olation of lepton universality has been observed. Among the
most precise tests is a comparison of decay rates of K mesons,
K
� ! e

�ne versus K
� ! µ�nµ [7] [8]. Furthermore, taking into

account precision measurements of the tau and muon masses and
lifetimes and the decay rates t� ! e

�nent and µ� ! e
�nenµ ,

the equality of the weak coupling strengths of the tau and muon
was confirmed [6]. On the other hand, a recent determination of
the proton radius, derived from very precise measurements of the
Lamb shift in muonic hydrogen atoms [9] differs by about 4%
from measurements of normal hydrogen atoms and e-p scattering
data. Studies of the origin of this puzzling difference are under-
way [10]. They are aimed at a better understanding of the proton
radius and structure, and may reveal details of the true impact of
muons and electrons on these interactions.

Recent studies of purely leptonic and semileptonic decays
of B mesons of the form B

� ! t�nt and B ! D
(⇤)`�n`, with

` = e,µ, or t , have resulted in observations that seem to challenge
lepton universality. These weak decays involving leptons are
well understood in the framework of the SM, and therefore offer
a unique opportunity to search for unknown phenomena and
processes involving new particles, for instance, a yet undiscovered
charged partner of the Higgs boson [11]. Such searches have been
performed on data collected by three different experiments, the
LHCb experiment at the proton-proton (pp) collider at CERN in
Europe, and the BABAR and Belle experiments at e

+
e
� colliders

in the U.S.A. and in Japan.
Measurements by these three experiments favor larger than

expected rates for semileptonic B decays involving t leptons. Cur-
rently, the combined significance of these results is at the level of
four standard deviations, and the fact that all three experiments
report an unexpected enhancement has drawn considerable atten-
tion. A confirmation of this violation of lepton universality and an
explanation in terms of new physics processes are a very exciting
prospect! In the following, details of the experimental techniques
and preliminary studies to understand the observed effects will
be presented, along with prospects for improved sensitivity and
complementary measurements at current and future facilities.

Statistics, Experimental mistakes, or BSM?
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Flavour-changing neutral currents 
making and breaking the standard model
F. Archilli1, M.-O. Bettler2, P. Owen3 & K. A. Petridis4

T he standard model of particle physics has been a spectacularly 
successful theory for explaining the properties and interactions 
of fundamental particles, with many measurements confirming 

its predictions to extraordinary precision. However, cosmological obser-
vations of the apparent dark-matter content of the Universe, and of the 
domi nance of matter over antimatter, suggest that the standard model is 
an incomplete theory. In addition, the standard model does not provide an 
explanation for the observed patterns of masses of elementary particles.  
Therefore, one of the current goals of experimental particle physics is to 
discover new particles and interactions—commonly referred to as ‘new 
physics’—that could provide an explanation for these observations.

Searches for such new particles are performed in two ways. The first 
requires the production of a new particle directly from the collisions of 
highly energetic beams of protons or electrons. The new particle sub-
sequently decays to a set of known standard model particles, whose 
properties are measured in particle physics detectors. The ATLAS1 and 
CMS2  collaborations at the Large Hadron Collider3  (LHC) at CERN are 
examples of experiments that search directly for new particles produced 
through the collisions of proton beams at unprecedented energies and 
intensities.

The second method involves performing precise measurements of the 
properties of known decays of hadrons (composites of quarks) that are 
accurately described by the standard model. In this case, processes that 
occur via the weak force—such as the decay of a kaon (a hadron containing  
a strange quark) or of a b hadron (which contains a beauty quark)—
are particularly interesting. As a consequence of quantum-field theory, 
such decays can occur through transient particles that have a physical 
mass larger than the amount of mass-energy available from the decaying 
particle. These transient particles are referred to as ‘virtual’. Heavy new 
particles can cause large deviations from the standard model predictions 
of the decay rate and of the dynamics of the decay products. Precise meas-
urements of such quantities are sensitive to particles beyond the standard 
model that have masses far exceeding the available collision energy of the 
LHC. The LHCb experiment4  operating at the LHC is an example of an 
experiment that is searching for new physics through precision measure-
ments of the properties of known decays.

Decays involving the weak force
The weak force is mediated by the heavy W+, W− and Z0 bosons. 
Transitions mediated by the W+ or W− boson are known as charged- 
current processes, whereas those mediated by the Z0 boson are known as 

neutral-current processes. There are six types (flavours) of quarks: down 
(d), up (u), strange (s), charm (c), beauty (b) and top (t). These quarks 
can change their flavour by interacting with the W+ or W− bosons, but 
cannot by interacting with the Z0 boson.

Flavour-changing neutral currents (FCNCs)
By the end of the 1960s, the charged-current process that occurs when a 
charged kaon decays into a muon and a neutrino (K+ →  µ+νµ) had been 
well established, but the neutral-current counterpart of this process, 
K L

0  →  µ+µ−, had not been observed, posing a major puzzle in particle 
physics. At the time, only three different flavours of quark were known to 
exist, and while the existence of a fourth had been postulated5, there was 
no experimental evidence for it. In 1970, Glashow, Iliopoulos and Maiani6 
provided an explanation (the GIM mechanism) behind the suppression 
of the neutral-current process relative to the charge-current process, by 
proposing the existence of a fourth type of quark with specific couplings 
to the known quarks. The contribution from this fourth quark would 
cancel out the contribution from other quarks involved in the K L

0 →  µ+µ− 
decay. In today’s language, the strange quark and the down quark that 
make up the K L

0 particle interact via a quantum-loop transition involving 
predominantly a W boson and either an up quark or a charm quark, as 
shown in Fig. 1a. Given the limitation that the quarks have the same mass, 
the diagram involving the up quark exactly cancels that of the charm 
quark, explaining the suppression of the K L

0 →  µ+µ− decay relative to the 
K+ →  µ+νµ decay.

The combination of experimental measurements and the proposed 
GIM mechanism provided an indirect observation of the charm quark, 
four years before it was observed directly7,8 , with the discovery of the 
J/ψ hadron (a bound state of a charm quark and an anticharm quark). 
Such interplay between experimental measurements and theoretical pre-
dictions of quark flavours has shaped the standard model over the past  
50 years.

FCNCs in decays of beauty quarks
Another example of a FCNC process involves the transition of a beauty 
quark into a strange quark. This process can occur through the same 
quantum-loop transition of the GIM mechanism, but is dominated by 
the contribution from the top quark, as shown in Fig. 1b.

Owing to the large collision energy of the proton beams at the LHC, 
hundreds of billions of b hadrons have been produced. As a result, the 
LHCb collaboration’s measurements of FCNC decays of b hadrons are 

The standard model of particle physics is our best description yet of fundamental particles and their interactions, but it 
is known to be incomplete. As yet undiscovered particles and interactions might exist. One of the most powerful ways to 
search for new particles is by studying processes known as flavour-changing neutral current decays, whereby a quark 
changes its flavour without altering its electric charge. One example of such a transition is the decay of a beauty quark 
into a strange quark. Here we review some intriguing anomalies in these decays, which have revealed potential cracks 
in the standard model—hinting at the existence of new phenomena.
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electrons and muons have not revealed any definite violation of this assumption, recent studies involving the higher-mass tau lepton
have resulted in observations that challenge lepton universality at the level of four standard deviations. A confirmation of these
results would point to new particles or interactions, and could have profound implications for our understanding of particle physics.
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M ore than 70 years of particle physics research have led
to an elegant and concise theory of particle interac-
tions at the sub-nuclear level, commonly referred to

as the Standard Model (SM) [1, 2]. Based on information ex-
tracted from experiments, theorists have combined the theory of
electroweak (EW) interactions with quantum chromodynamics
(QCD), the theory of strong interactions, and experiments have
validated this theory to an extraordinary degree. Any observation
that is proven to be inconsistent with SM assumptions would
suggest a new type of interaction or particle.

In the framework of the SM of particle physics the fundamen-
tal building blocks, quarks and leptons, are each grouped in three
generations of two members each. The three charged leptons, the
electron (e�), the muon (µ�) and the tau (t�) are each paired
with a very low mass, electrically neutral neutrino, ne,nµ , and nt .
The electron, a critical component of matter, was discovered by
J.J. Thomson [3] in 1897. The discovery of the muon in cosmic
rays by C. D. Anderson and S. H. Neddermeyer [4] in 1937 came
as a surprise, similarly surprising was the first observation of
t+t� pair production by M. Perl et al. [5] at the SPEAR e

+
e
�

storage ring in 1975. As far as we know, all leptons are point-like
particles, i.e. they have no substructure.

The three generations are ordered by the mass of the charged
lepton ranging from 0.511MeV for e

± to 105MeV for µ±, and
1,777MeV for t± [6]. These mass differences lead to vastly dif-
ferent lifetimes, from the stable electron to 2.2µs for muons, and
0.29ps for taus. Charged leptons participate in electromagnetic
and weak, but not strong interactions, whereas neutrinos only un-
dergo weak interaction. The SM assumes that these interactions
of the charged and neutral leptons are universal, i.e., the same for
the three generations.

Precision tests of lepton universality have been performed
over many years by many experiments. To date no definite vi-
olation of lepton universality has been observed. Among the
most precise tests is a comparison of decay rates of K mesons,
K
� ! e

�ne versus K
� ! µ�nµ [7] [8]. Furthermore, taking into

account precision measurements of the tau and muon masses and
lifetimes and the decay rates t� ! e

�nent and µ� ! e
�nenµ ,

the equality of the weak coupling strengths of the tau and muon
was confirmed [6]. On the other hand, a recent determination of
the proton radius, derived from very precise measurements of the
Lamb shift in muonic hydrogen atoms [9] differs by about 4%
from measurements of normal hydrogen atoms and e-p scattering
data. Studies of the origin of this puzzling difference are under-
way [10]. They are aimed at a better understanding of the proton
radius and structure, and may reveal details of the true impact of
muons and electrons on these interactions.

Recent studies of purely leptonic and semileptonic decays
of B mesons of the form B

� ! t�nt and B ! D
(⇤)`�n`, with

` = e,µ, or t , have resulted in observations that seem to challenge
lepton universality. These weak decays involving leptons are
well understood in the framework of the SM, and therefore offer
a unique opportunity to search for unknown phenomena and
processes involving new particles, for instance, a yet undiscovered
charged partner of the Higgs boson [11]. Such searches have been
performed on data collected by three different experiments, the
LHCb experiment at the proton-proton (pp) collider at CERN in
Europe, and the BABAR and Belle experiments at e

+
e
� colliders

in the U.S.A. and in Japan.
Measurements by these three experiments favor larger than

expected rates for semileptonic B decays involving t leptons. Cur-
rently, the combined significance of these results is at the level of
four standard deviations, and the fact that all three experiments
report an unexpected enhancement has drawn considerable atten-
tion. A confirmation of this violation of lepton universality and an
explanation in terms of new physics processes are a very exciting
prospect! In the following, details of the experimental techniques
and preliminary studies to understand the observed effects will
be presented, along with prospects for improved sensitivity and
complementary measurements at current and future facilities.
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by direct searches at LHC depends however on the details of the
Z0 model. For instance, the stringent constraints from di-lepton
searches [77] are tamed in models where the Z0 couples mainly
third generation fermions (as e.g. in [59]). This notwithstand-
ing, the updated limit from Bs-mixing cuts dramatically into the
parameter space of the Z0 explanation of the b! sµ+µ� anoma-
lies, with important implications for LHC direct searches and
future colliders [78].

3.1.2. Leptoquarks
Another popular class of simplified models which has been pro-
posed in order to address the b ! sµ+µ� anomalies consists in
leptoquark mediators (see e.g. [79–93]). Although Bs-mixing
is generated at one loop [94], and hence the constraints are ex-
pected to be milder compared to the Z0 case, the connection
with the anomalies is more direct due to the structure of the
leptoquark couplings. For instance, let us consider the scalar
leptoquark S 3 ⇠ (3̄, 3, 1/3),1 with the Lagrangian

LS 3 = �M2
S 3
|S a

3|2 + yQL
i↵ Qci

(✏�a)L↵ S a
3 + h.c. , (24)

where �a (for a = 1, 2, 3) are Pauli matrices, ✏ = i�2, and we
employed the quark Qi = (V⇤jiu

j
L di

L)T and lepton L↵ = (⌫↵L `
↵
L)T

doublet representations (V being the CKM matrix). The contri-
bution to the Wilson coe�cients in Eq. (17) arises at tree level
and reads

�Cµ9 = ��C
µ
10 =

⇡p
2GF M2

S 3
↵

0
BBBBB@

yQL
32 yQL⇤

22

VtbV⇤ts

1
CCCCCA , (25)

while that to Bs–mixing in Eq. (14) is induced at one loop [96]

CLL
bs =

⌘LL(MS 3 )

4
p

2GF M2
S 3

5
64⇡2

0
BBBBB@

yQL
3↵ yQL⇤

2↵

VtbV⇤ts

1
CCCCCA

2

, (26)

where the sum over the leptonic index ↵ = 1, 2, 3 is understood.
In order to compare the two observables we consider in Fig. 3
the case in which only the couplings yQL

32 yQL⇤
22 (namely those

directly connected to RK(⇤) ) contribute to Bs-mixing and further
assume real couplings, so that we can use the results of global
fits which apply to real �Cµ9 = ��C

µ
10.

The bound on MS 3 from Bs-mixing is strengthened by a fac-
tor 5 thanks to the new determination of �Ms, which yields
MS 3 . 22 TeV, in order to explain RK(⇤) at 1� (cf. Fig. 3). On
the other hand, in flavour models predicting a hierarchical struc-
ture for the leptoquark couplings one rather expects yQL

i3 � yQL
i2 ,

so that the dominant contribution to �Ms is given by yQL
33 yQL⇤

23 .
For example, yQL

i3 /y
QL
i2 ⇠

p
m⌧/mµ ⇡ 4 in the partial compos-

iteness framework of Ref. [80], so that the upper bound on MS 3

is strengthened by a factor yQL
33 yQL⇤

23 /y
QL
32 yQL⇤

22 ⇠ 16. The latter
can then easily approach the limits from LHC direct searches
which imply MS 3 & 900 GeV, e.g. for a QCD pair-produced S 3
dominantly coupled to third generation fermions [97].

1Similar considerations apply to the vector leptoquarks Uµ1 ⇠ (3, 1, 2/3) and
Uµ3 ⇠ (3, 3, 2/3), which also provide a good fit for RK(⇤) . The case of massive
vectors is however subtler, since the calculability of loop observables depends
upon the UV completion (for a recent discussion, see e.g. [95]).

Figure 3: Bounds from Bs-mixing on the parameter space of the scalar lepto-
quark model of Eq. (24), for real yQL

32 yQL⇤
22 couplings. Meaning of shaded areas

and curves as in Fig. 2.

3.1.3. Combined RK(⇤) and RD(⇤) explanations
Another set of intriguing anomalies in B-physics data is that re-
lated to the LFU violating ratios RD(⇤) ⌘ B(B! D(⇤)⌧⌫̄)/B(B!
D(⇤)`⌫̄) (here, ` = e, µ), which turn out to be larger than the SM
[98–100]. Notably, in this case NP must compete with a tree-
level SM charged current, thus requiring a sizeably larger e↵ect
compared to neutral current anomalies. The conditions under
which a combined explanation of RK(⇤) and RD(⇤) can be ob-
tained, compatibly with a plethora of other indirect constraints,
have been recently reassessed at the EFT level in Ref. [101].
Regarding Bs-mixing, dimensional analysis (see e.g. Eq. (6) in
[101]) shows that models without some additional dynamical
suppression (compared to semi-leptonic operators) are severely
constrained already with the old �Ms value. For instance, so-
lutions based on a vector triplet V 0 ⇠ (1, 3, 0) [102], where Bs-
mixing arises at tree level, are basically excluded unless one
invokes a percent level cancellation from extra contributions
[101]. The updated value of �Ms in Eq. (10) makes the tun-
ing required to achieve that even worser. On the other hand,
leptoquark solutions (e.g. the vector Uµ1 ⇠ (3, 1, 2/3)) comply
better with the bound due to the fact that Bs-mixing arises at one
loop, but the contribution to �Ms should be actually addressed
in specific UV models whenever calculable [91].

3.2. Model building directions for �MNP
s < 0

Given the fact that �MSM
s > �Mexp

s at about 2�, it is interesting
to speculate about possible ways to obtain a negative NP con-
tribution to �Ms, thus relaxing the tension between the SM and
the experimental measurement.
Sticking to the simplified models of Section 3.1 (Z0 and lep-
toquarks coupled only to LH currents), an obvious solution in
order to achieve CLL

bs < 0 is to allow for complex couplings

4
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In the following, we will show how the updated bound from
�Ms impacts the parameter space of simplified models (with
 > 0) put forth for the explanation of the recent discrepancies
in semi-leptonic B-physics data (Section 3.1) and then discuss
some model-building directions in order to achieve  < 0 (Sec-
tion 3.2).

3.1. Impact of Bs-mixing on NP models for B-anomalies
A useful application of the refined SM prediction in Eq. (10)
is in the context of the recent hints of LFU violation in semi-
leptonic B-meson decays, both in neutral and charged cur-
rents. Focussing first on neutral current anomalies, the main
observables are the LFU violating ratios RK(⇤) ⌘ B(B !
K(⇤)µ+µ�)/B(B! K(⇤)e+e�) [31, 32], together with the angular
distributions of B ! K(⇤)µ+µ� [2–11] and the branching ratios
of hadronic b ! sµ+µ� decays [1–3]. As hinted by various
recent global fits [18–22], and in order to simplify a bit the dis-
cussion, we assume NP contributions only in purely LH vector
currents involving muons. The generalisation to di↵erent type
of operators is straightforward. The e↵ective Lagrangian for
semi-leptonic b! sµ+µ� transitions contains the terms

LNP
b!sµµ �

4GFp
2

VtbV⇤ts
⇣
�Cµ9Oµ9 + �C

µ
10Oµ10

⌘
+ h.c. , (17)

with

Oµ9 =
↵

4⇡
(s̄L�µbL)(µ̄�µµ) , (18)

Oµ10 =
↵

4⇡
(s̄L�µbL)(µ̄�µ�5µ) . (19)

Assuming purely LH currents and real Wilson coe�cients the
best-fit of RK and RK⇤ yields (from e.g. [21]): Re (�Cµ9) =
�Re (�Cµ10) 2 [�0.81,�0.48] ([�1.00,�0.32]) at 1� (2�). In-
cluding also the data on B ! K(⇤)µ+µ� angular distributions
and other semi-leptonic decays improves the statistical signifi-
cance of the fit, but does not necessarily implies larger devia-
tions of Re (�Cµ9) from zero (see e.g. [20]). In the following we
will stick only to the RK and RK⇤ observables and denote this
benchmark as “RK(⇤) ”.

3.1.1. Z’
A paradigmatical NP model for explaining the B-anomalies in
neutral currents is that of a Z0 dominantly coupled via LH cur-
rents. Here, we focus only on the part of the Lagrangian rele-
vant for b! sµ+µ� transitions and Bs-mixing, namely

LZ0 =
1
2

M2
Z0 (Z

0
µ)

2 +
⇣
�Q

i j d̄i
L�
µd j

L + �
L
↵�

¯̀↵
L�
µ`�L
⌘

Z0µ , (20)

where di and `↵ denote down-quark and charged-lepton mass
eigenstates, and �Q,L are hermitian matrices in flavour space.
Of course, any full-fledged (i.e. S U(2)L⇥U(1)Y gauge invariant
and anomaly free) Z0 model attempting an explanation of RK(⇤)

via LH currents can be mapped into Eq. (20). After integrating
out the Z0 at tree level, we obtain the e↵ective Lagrangian

Le↵
Z0 = �

1
2M2

Z0

⇣
�Q

i j d̄i
L�µd

j
L + �

L
↵�

¯̀↵
L�µ`

�
L

⌘2
(21)

� � 1
2M2

Z0


(�Q

23)2
⇣
s̄L�µbL

⌘2
+ 2�Q

23�
L
22(s̄L�µbL)(µ̄L�

µµL) + h.c.
�
.

Matching with Eq. (17) and (14) we get

�Cµ9 = ��C
µ
10 = �

⇡p
2GF M2

Z0↵

0
BBBBB@
�Q

23�
L
22

VtbV⇤ts

1
CCCCCA , (22)

and

CLL
bs =

⌘LL(MZ0 )
4
p

2GF M2
Z0

0
BBBBB@
�Q

23

VtbV⇤ts

1
CCCCCA

2

, (23)

where ⌘LL(MZ0 ) encodes the running down to the bottom mass
scale using NLO anomalous dimensions [73, 74]. E.g. for
MZ0 2 [1, 10] TeV we find ⌘LL(MZ0 ) 2 [0.79, 0.75].
Here we consider the case of a real coupling �Q

23, so that CLL
bs > 0

and �Cµ9 = ��C
µ
10 is also real. This assumption is consistent

with the fact that all the global fits (see e.g. [12–22]) assumed
so far real Wilson coe�cients in Eq. (17) and also follows the
standard approach adopted in the literature for the Z0 models
aiming at an explanation of the b ! sµ+µ� anomalies (for an
incomplete list, see [33–59]). In fact, complex Z0 couplings
can arise via fermion mixing, but are subject to additional con-
straints from CP-violating observables (cf. Section 3.2).

Figure 2: Bounds from Bs-mixing on the parameter space of the simplified Z0

model of Eq. (20), for real �Q
23 and �L

22 = 1. The blue and red shaded areas
correspond respectively to the 2� exclusions from �MSM, 2015

s and �MSM, 2017
s ,

while the solid (dashed) black curves encompass the 1� (2�) best-fit region
from RK(⇤) .

The impact of the improved SM calculation of Bs-mixing on the
parameter space of the Z0 explanation of RK(⇤) is displayed in
Fig. 2, for the reference value �L

22 = 1. Note that the old SM de-
termination, �MSM, 2015

s , allowed for M0Z as heavy as ⇡ 10 TeV
in order to explain RK(⇤) at 1�. In contrast, �MSM, 2017

s implies
now M0Z . 2 TeV. Remarkably, even for �L

22 =
p

4⇡, which sat-
urates the perturbative unitarity bound [75, 76], we find that the
updated limit from Bs-mixing requires M0Z . 8 TeV for the 1�
explanation of RK(⇤) . Whether a few TeV Z0 is ruled out or not
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