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We show that bottom-strange production at a high-energy muon collider, μþμ− → bs, is a sensitive
probe of new physics. We consider the full set of four-fermion contact interactions that contribute to this
process at dimension 6, and discuss the complementarity of a muon collider and of the study of rare B
meson decays that also probe said new physics. If a signal were to be found at a muon collider, the forward-
backward asymmetry of the b-jet provides diagnostics about the underlying chirality structure of the new
physics. In the absence of a signal at a center of mass energy of 10 TeV, μþμ− → bs can indirectly probe
new physics at scales close to 100 TeV. We also discuss the impact that beam polarization has on the muon
collider sensitivity performance.
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I. INTRODUCTION

Rare decays of bottom quark (b) hadrons are widely
acknowledged as important probes of beyond the Standard
Model (BSM) physics [1,2]. Several experimental results
on rare b decays show poor agreement with the corre-
sponding Standard Model (SM) predictions. The LHCb
collaboration reports deviations in the angular distribution
of the B → K�μþμ− decay (the “P0

5 anomaly”) and in the
branching ratios of the Bs → ϕμþμ−, B → K�μþμ−, and
B → Kμþμ− decays. Until recently, these hints for new
physics were supported by LHCb results on RK and RK�

that showed evidence for lepton flavor universality viola-
tion in rare Bmeson decays. Global fits of rare b decay data
had found a remarkably consistent explanation of these “B
anomalies” in terms of new physics [3–8].
However, the latest update from LHCb on RK and RK� is

in excellent agreement with the SM predictions [9,10],
implying that the origin of the remaining b → sμμ anoma-
lies, be it SM or BSM physics, is to a good approximation
universal for muons and electrons. If the anomalies are
due to new physics, global fits point to the lepton flavor
universal 4-fermion contact interaction ðs̄γαPLbÞðlγαlÞ.
As is well known, new physics in this contact interaction
can, in principle, be mimicked by nonperturbative QCD

effects. While recent calculations indicate that hadronic
effects are under control [8,11], a SM origin of the
anomalies cannot be excluded. In this context, it is highly
motivated to consider additional probes of this type of
4-fermion contact interaction.
The B anomalies hint at a new physics scale ΛNP ∼

35 TeV for Oð1Þ couplings. It is thus conceivable that if
new physics is responsible for the rare B decay anomalies,
it is beyond the direct reach of current colliders. The
description in terms of contact interactions might remain
valid up to energies of 10’s of TeV. Even in that case,
there are model-independent signatures that can be pre-
dicted at colliders.
For example, at proton-proton colliders, one can access

the parton level bs → μþμ− process and expect enhanced
di-muon production at large dimuon invariant mass [12].
However, the expected sensitivity at the high-luminosity
LHC will be insufficient to test a heavy new physics origin
of the rare B anomalies in a model-independent fashion.
In a preliminary study, published as a Snowmass white-

paper [13], we showed that nonstandard μþμ− → bs
production could be observed with high significance at a
10 TeV muon collider if the B anomalies are due to heavy
new physics. Furthermore, the forward-backward asym-
metry of the b-jet provides diagnostics of the chirality
structure of the new physics couplings. The high sensitivity
of the muon collider stems from the fact that the nonstand-
ard μþμ− → bs cross section increases with the center of
mass energy, while the relevant background cross sections
(mainly misidentified dijets) decrease. For recent related
studies see, e.g., [14–19].
In this paper, we extend the analysis of [13] and provide

a detailed discussion of the prospects to probe new
physics using μþμ− → bs at a muon collider. In Sec. II,

*waltmann@ucsc.edu
†sgadam@ucsc.edu
‡profumo@ucsc.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 108, 115033 (2023)

2470-0010=2023=108(11)=115033(15) 115033-1 Published by the American Physical Society

https://orcid.org/0000-0003-1621-2561
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.115033&domain=pdf&date_stamp=2023-12-26
https://doi.org/10.1103/PhysRevD.108.115033
https://doi.org/10.1103/PhysRevD.108.115033
https://doi.org/10.1103/PhysRevD.108.115033
https://doi.org/10.1103/PhysRevD.108.115033
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


we introduce the theoretical framework and outline the
operators we include in our analysis. In contrast to [13], we
include the full set of 4-fermion contact interactions that
can contribute to μþμ− → bs at leading order. In Sec. III,
we review the status of the global rare b decay fit after
the recent LHCb update of RK and RK� . We identify two
relevant scenarios: (i) new physics is lepton flavor universal
and it addresses the remaining b → sμμ anomalies; (ii) new
physics is muon-specific, and thus strongly constrained.
In both cases, we also discuss the expected sensitivity of
rare b decays after the high-luminosity phase of the LHC.
In Sec. IV, we discuss the differential μþμ− → bs cross
section, taking into account the full set of 4-fermion contact
interactions and including the effect of muon beam polari-
zation. In Sec. V, we discuss all relevant sources of
backgrounds, including the irreducible SM background
as well as dijet production where one of the jets is
mistagged. Finally, in Sec. VI, we provide the sensitivity
projections for a future muon collider. Assuming the
presence of new physics, we discuss how precisely a muon
collider could identify a lepton-universal new physics
effect. In the absence of new physics, we estimate the
constraining power of a muon collider. We also compare
the muon collider sensitivity to the sensitivity from rare b
decays. We conclude in Sec. VII. In Appendices A and B,
we give details about the renormalization group running of
the Wilson coefficients and our global rare b decay fit.

II. THEORETICAL FRAMEWORK

We employ the standard effective Hamiltonian frame-
work that parametrizes the BSM contributions to the
b → sll decays at the scale of the B mesons, considering
all relevant dimension 6 operators along with their Wilson
coefficients:

Heff ¼ HSM
eff −

4GFffiffiffi
2

p VtbV�
ts

e2

16π2

× ðΔCl
9O

l
9 þ ΔCl

10O
l
10 þ C0l

9 O
0l
9 þ C0l

10O
0l
10

þ Cl
SO

l
S þ Cl

PO
l
P þ C0l

S O
0l
S þ C0l

PO
0l
P Þ; ð1Þ

where l runs over the three lepton flavors e, μ, τ. This
effective Hamiltonian retains the standard normalization
factors, including the CKM factors that are typical of the
SM contributions to this process. The operators can be
expressed as 4-fermion contact structures and are

Ol
9 ¼ ðs̄γαPLbÞðlγαlÞ; ð2Þ

Ol
10 ¼ ðs̄γαPLbÞðlγαγ5lÞ; ð3Þ

Ol
S ¼ ðs̄PRbÞðllÞ; ð4Þ

Ol
P ¼ ðs̄PRbÞðlγ5lÞ: ð5Þ

The remaining operators, O0, can be obtained from the
operators O with the interchange fL ↔ Rg.
The SM Hamiltonian, HSM

eff , contains the operators Ol
9

and Ol
10 with lepton flavor universal Wilson coefficients

CSM
9 ≃ 4.2 and CSM

10 ≃ −4.1. The corresponding new phys-
ics Wilson coefficients can in principle be lepton flavor
specific and we denote them as ΔCl

9 and ΔCl
10. All the

other operators are negligible in the SM.
We assume that the new physics that sources the effective

Hamiltonian in (1) is sufficiently heavy compared to the
center of mass energy of a muon collider, such that the
effective framework remains applicable. We consider this a
conservative assumption: If the new physics is lighter, it can
be produced on-shell at the muon collider and it would be
generically easier to detect [14–18].
At the high center of mass energy of a muon collider,

the SUð2ÞL ×Uð1ÞY gauge symmetry of the SM needs to
be taken into account. This can be done by using the
Standard Model effective field theory (SMEFT) [20] to
parameterize new physics at energies above the electro-
weak scale. As there are no bsll 4-fermion operators with
tensor structures in SMEFT, we omitted them in the
effective Hamiltonian (1) to be consistent. Moreover, the
scalar and pseudoscalar operators are related in SMEFT
such that [21]

Cl
S ¼ −Cl

P; C0l
S ¼ C0l

P : ð6Þ

We will impose these relations throughout. One can expect
generic corrections to these relations of order v2=Λ2

NP,
where v ≃ 246 GeV is the vacuum expectation value of the
Higgs and ΛNP the new physics scale. As we will see, for
Oð1Þ new physics couplings, this ratio is of Oð10−5Þ, and
in that case, the corrections are completely negligible.
The remaining operators in the effective Hamiltonian (1)

are unconstrained in SMEFTand the corresponding Wilson
coefficients can be treated as independent parameters.
Instead of using SMEFT notation, we prefer to adopt the
low-energy notation of (1) to facilitate the comparison
between the muon collider and rare B decays.
For a precise sensitivity comparison, one should take

into account the renormalization group running between
the center of mass energy of a muon collider, μ ∼

ffiffiffi
s

p
, and

the relevant energy scale for B meson decays, typically
chosen to be the b mass, μ ∼mb. While these scales differ
by more than 3 orders of magnitude, the impact of running
is modest and usually does not exceed 10%. Details are
given in Appendix A.

III. STATUS AND PROSPECTS OF RARE B
DECAY FITS

At a muon collider, we are interested in 4-fermion
operators with l ¼ μ, while B meson decays can, in
principle, be used to probe all lepton flavors l ¼ e, μ, τ.
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Until recently, rare B decays have provided intriguing hints
for new physics contributions to the muon-specific Wilson
coefficients ΔCμ

9 and ΔCμ
10 (see e.g. [3–7]). Those hints

were based on a number of experimental results, in
particular the anomalously low rates of the B → Kμμ,
B → K�μμ, and Bs → ϕμμ decays [22–24], the anomalous
angular distribution of B → K�μμ [25,26] and the hints for
lepton universality violation [27,28]. However, the most
recent results by LHCb on the lepton flavor universality
ratios RK and RK� [9,10] are in excellent agreement with
the SM predictions and strongly constrain new physics in
muon-specific Wilson coefficients.
The situation is summarized in Fig. 1 which shows the

various constraints on the muon specific ΔCμ
9 and ΔCμ

10

(see also [29–34] for related studies). Details on how this
figure was obtained are given in Appendix B. As in [4],
the observables are grouped into three categories: lepton
flavor universality tests (blue), the Bs → μþμ− branching
ratio (yellow), and the semileptonic b → sμμ branching
ratios and angular observables (orange). The combination
is shown in red. Compared to the situation two years
ago [4], there is a tension among the different categories.
Both the Bs → μþμ− branching ratio and the lepton
flavor universality tests RK and RK� are compatible
with the SM predictions (ΔCμ

9 ¼ ΔCμ
10 ¼ 0), while the

b → sμμ observables do show a preference for a non-
standard ΔCμ

9.

The tension in the fit can be resolved in two ways:
(i) assuming that the new physics effect is lepton flavor
universal; (ii) assuming that the SM predictions for the
b → sμμ observables are affected by unexpectedly large
hadronic effects, rendering the corresponding region
unreliable.
In case (i), the constraints from the LFU tests, RK and

RK� in particular, do not apply, and one is left with the
overlap of the Bs → μþμ− region and the b → sμþμ−
region. This situation is shown in the upper plot of Fig. 2.
Approximating the likelihood in the vicinity of the best-fit
point by a multivariate Gaussian, we find

ΔCuniv
9 ¼ −0.81� 0.22; ΔCuniv

10 ¼ þ0.12� 0.20; ð7Þ

with an error correlation of ρ ¼ −30%. This corresponds
to a ∼2.8σ preference for new physics, mainly in ΔCuniv

9 .
Such a lepton-universal shift in C9 can, in principle, be
mimicked by a hadronic effect in the rare B decays.
Therefore it is highly motivated to test this possibility at a
muon collider.
In case (ii), one focuses on the theoretically clean lepton

flavor universality tests and the Bs → μþμ− branching
ratio. As shown in the lower plot of Fig. 2, this results
in a best-fit region that is fully compatible with the SM
expectation. A multivariate Gaussian approximation gives

ΔCμ
9 ¼ −0.28� 0.33; ΔCμ

10 ¼ −0.07� 0.22; ð8Þ

with a larger positive error correlation of ρ ¼ þ86%. The
best fit agrees with the SM at 0.8σ.
For comparison with the sensitivity of a muon collider,

we also consider the sensitivity projections of rare B decays
after the high-luminosity phase of the LHC. The uncer-
tainties of the current measurements of the Bs → μþμ−
branching ratio are still statistically dominated, and one can
expect significant improvements from ATLAS, CMS, and
LHCb [35–37]. We assume that the measured Bs → μþμ−
branching ratio will coincide with the SM prediction and
use an experimental uncertainty of�0.10 × 10−9, a factor 3
reduction in uncertainty compared to the current world
average [38], commensurate with an order of magnitude
increase in statistics. Concerning the CKM input for the
corresponding theory prediction, one can expect that the
CKM matrix element jVcbj will be known with percent
level precision from Belle II [39]. For our projection, we
conservatively assume that the uncertainty on jVcbj will be
half the one quoted currently by the PDG [40] jVcbj ¼
ð40.8� 1.4Þ × 10−3 → jVcbj ¼ ð40.8� 0.7Þ × 10−3.
Future LHCb measurements of RK and RK� are expected

to reach uncertainties at the percent level [41]. We assume
that the measured future central values of RK and RK� will
coincide with the SM prediction of 1.0 with uncertainties
that are a factor of 5 better than those quoted in the most

FIG. 1. The global rare B decay fit in the plane of muon specific
new physics contributions to C9 and C10, after the recent updates
of Bs → μþμ− [35] and RK , RK� [9,10]. The fit includes the
Bs → μþμ− branching ratio (yellow), RK , RK� and other LFU
tests (blue), and B → Kμþμ−, B → K�μþμ−, Bs → ϕμþμ−,
Λb → Λμþμ− branching ratios and angular observables (orange).
The result of the global fit is shown in red.
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recent analysis [9,10]. This corresponds approximately to
the expected uncertainties quoted in [42].
The constraining power of the b → sμμ branching ratios

and angular observables is already limited by theory
uncertainties. To be conservative, we assume no significant
improvement in those observables.
The corresponding projected 1σ and 2σ contours are

shown in the plots of Fig. 2 by the black dashed contours.
Gaussian approximations give in case (i)

ΔCuniv
9 ¼ −0.81� 0.20; ΔCuniv

10 ¼ 0.02� 0.10; ð9Þ

with an error correlation of ρ ¼ −18%. In case (ii),
we find

ΔCμ
9 ¼ 0.00� 0.12; ΔCμ

10 ¼ 0.00� 0.09; ð10Þ

with a large positive error correlation of ρ ¼ þ92%.
In Sec. VI below, we consider two scenarios:
On the one hand, we will use the best-fit point from (7)

as a new physics benchmark for lepton universal Wilson
coefficients. We will discuss how well a high-energy muon
collider can probe such a scenario and compare it to the
precision of a future B decay fit (9). We note that in contrast
to the b → sμμ observables, bottom-strange production at a
muon collider is not significantly affected by long-distance
hadronic uncertainties;
On the other hand, we will assume the absence of new

physics and compare the muon collider sensitivity to muon-
specific Wilson coefficients to the current and expected
sensitivity from rare B decays (8) and (10).

IV. BOTTOM-STRANGE PRODUCTION
AT A MUON COLLIDER

In addition to a Higgs pole run at a center of mass energy
of

ffiffiffi
s

p ¼ 125 GeV, a future muon collider is proposed to
run at several high energies, including

ffiffiffi
s

p ¼ 3 TeV,ffiffiffi
s

p ¼ 10 TeV, and even
ffiffiffi
s

p ¼ 30 TeV [43–45]. Under
the assumption that the scale of new physics is sufficiently
larger than the center of mass energy, the cross section for
bottom-strange production at a muon collider, μþμ− → bs̄
or b̄s, can be computed model independently in the
effective formalism provided by the Hamiltonian (1). To
compute the cross section, we used FeynCalc [46–48] and
took into account generic polarization fractions of the
muon beams.
We find that the differential cross sections can be

expressed as

dσðμþμ− → bs̄Þ
dz

¼ 3

16
σðμþμ− → bsÞ

×

�
4

3
FS þ ð1−FSÞð1þ z2Þ þ 8

3
zAFB

�
;

ð11Þ

dσðμþμ− → b̄sÞ
dz

¼ 3

16
σðμþμ− → bsÞ

×

�
4

3
FS þ ð1−FSÞð1þ z2Þ− 8

3
zAFB

�
;

ð12Þ

where z ¼ cos θ with θ the angle between the μ− beam and
the b or b̄, respectively. In the equations above, we have

FIG. 2. Top: rare B decay fit in the plane of lepton universal
new physics contributions to C9 and C10. Bottom: rare B decay fit
in the plane of muon-specific new physics contributions toC9 and
C10, including only theoretically clean observables.
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expressed the differential cross sections in terms of the total
cross section

σðμþμ− → bsÞ ¼ 2σðμþμ− → bs̄Þ
¼ 2σðμþμ− → b̄sÞ

¼ G2
Fα

2

8π3
jVtbV�

tsj2s
�
3

4
a0 þ a2

�
; ð13Þ

as well as the forward-backward asymmetry of the bottom
quark, AFB, and the fraction of the cross section that
originates from scalar or pseudoscalar operators, FS,

AFB ¼ 3a1
3a0 þ 4a2

; FS ¼
3a0

3a0 þ 4a2
: ð14Þ

The coefficients a0, a1, and a2 are given by the following
combinations of Wilson coefficients

a0 ¼ ð1þ PþP−ÞðjCSj2 þ jCPj2 þ jC0
Sj2 þ jC0

Pj2Þ
þ 2ðP− þ PþÞðReðCSC�

PÞ þReðC0
SC

0�
P ÞÞ; ð15Þ

a1¼ðPþ−P−ÞðjΔC9j2þjΔC10j2− jC0
9j2− jC0

10j2Þ
−2ð1−PþP−ÞðReðΔC9ΔC�

10Þ−ReðC0
9C

0�
10ÞÞ; ð16Þ

a2¼ð1−PþP−ÞðjΔC9j2þjΔC10j2þjC0
9j2þjC0

10j2Þ
þ2ðP− −PþÞðReðΔC9ΔC�

10ÞþReðC0
9C

0�
10ÞÞ: ð17Þ

where for better readability, we dropped the lepton super-
script “μ” on the Wilson coefficients, cf. Eq. (1). The beam
polarizations P� ∈ ½−1; 1� specify the fraction of polarized
μþ and μ−, respectively, with P� ¼ þ1ð−1Þ indicating
purely right-handed (left-handed) beams. The unpolarized
limit is restored by setting P� ¼ 0.
In the absence of beam polarization, the total cross

section simplifies to

σðμþμ− → bsÞ ¼ G2
Fα

2

8π3
jVtbV�

tsj2s½jΔC9j2 þ jΔC10j2

þ jC0
9j2 þ jC0

10j2 þ
3

4
ðjCSj2 þ jCPj2

þ jC0
Sj2 þ jC0

Pj2Þ�: ð18Þ

As expected from dimensional analysis, the signal cross
section grows linearly with the center of mass energy
squared, s. Standard Model background processes (see the
discussion in Sec. V), are expected to fall with the center of
mass energy. At sufficiently high center of mass energies, a
muon collider will thus be able to detect a new physics
signal in the benchmark scenario (7). If a new physics
signal is established, measurements of the forward-
backward asymmetry, AFB provide further information

about the relative size of Cð0Þ
9 and Cð0Þ

10 Wilson coefficients.
Note that the forward-backward asymmetry enters the
differential μþμ− → bs̄ and μþμ− → bs̄ cross sections with
opposite sign, cf. Eqs. (11) and (12). A measurement of AFB
thus requires charge tagging of the b jet.
Both the cross section and the forward-backward

asymmetry are affected by the degree of muon beam
polarization. The muons are produced from pion decay,
and the outgoing muon is fully polarized in the center-of-
mass frame of a decaying pion. In the lab frame, on the
other hand, the polarization depends on the decay
angle and pion energy and is typically around 20% [49].
Higher polarization can be achieved if muons from
forward pion decays are selected. This comes at the
expense of luminosity. For example, a polarization of
∼50%might be achieved for a decrease in luminosity by a
factor of ∼4 [49].
As can be seen from the equations for the cross section

and the forward-backward asymmetry above, the beam
polarization does have an impact. In the numerical analysis
discussed below, we will consider as representative cases
unpolarized muon beams, as well as muon beams with
þ50% polarization.

V. BACKGROUND PROCESSES

Various background processes contribute to a μþμ− →
bs signal at a muon collider. On the one hand, there is an
irreducible SM background that is suppressed by the
Glashow–Iliopoulos–Maiani (GIM) mechanism. On the
other hand, there are reducible backgrounds from dijet
production μþμ− → jj where one of the jets is incorrectly
flavor tagged, as well as backgrounds from processes with
missing energy, μþμ− → bsþ =E. We detail the various
types of backgrounds in the following. Example Feynman
diagrams are shown in Figs. 3–5.

FIG. 3. Example Feynman diagrams for the irreducible one-
loop SM background μþμ− → bs.

FIG. 4. Feynman diagram for dijet production, μþμ− → qq̄.
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A. SM loop contribution

The irreducible SM contribution to the μþμ− → bs cross
section arises at the one-loop level and is, as mentioned
above, GIM suppressed. Example diagrams are shown in
Fig. 3. At a high-energy muon collider, this SM loop
contribution cannot be described by a contact interaction
but requires a calculation with dynamical top quarks, W
bosons, and Z bosons. We have calculated this cross section
for an arbitrary center of mass energy

ffiffiffi
s

p
using FeynArts [50]

and FormCalc [51]. For a large
ffiffiffi
s

p
≫ mt;mW;mZ, we find

that the cross section falls with 1=s, or more precisely

σloopbg ∝
G2

Fm
4
t α

2

128π3
jVtbV�

tsj2
1

s
: ð19Þ

This turns out to be completely negligible at a multi-TeV
muon collider.

B. Mistagged dijet events

A much more important source of background stems
from mistagged dijet events from the diagram shown in
Fig. 4. We consider the production of b jets, μþμ− → bb̄,
in which one b-jet is misidentified as a light jet, as well as
μþμ− → cc̄ and μþμ− → qq̄ events with light quarks
q ¼ u; d; s, where one of the charm or light quark jets is
identified as a b-jet. We analytically calculated the corre-
sponding dijet cross sections at tree level. We assume that
top tagging at a muon collider is sufficiently accurate such
that μþμ− → tt̄ events do not give a relevant background.
The corresponding background cross section from dijets
that we consider is therefore

σjjbg ¼
X

q¼u;d;s;c;b

2ϵqð1 − ϵqÞσðμþμ− → qq̄Þ; ð20Þ

where ϵb is the b-tag efficiency and ϵu;d;s;c the probabilities
that a charm or light quark jet is misidentified as a b-jet. For
the numerical analysis we follow [15] and adopt the values:
ϵb ¼ 70%, ϵc ¼ 10%, and ϵu ¼ ϵd ¼ ϵs ¼ 1%. These val-
ues are comparable to those that are currently achieved by
the ATLAS and CMS experiments at the LHC for jets with
transverse momentum up to a few hundred GeV [52,53].
The performance of traditional flavor taggers decreases
significantly for a jet pT in the multi-TeV regime. However,
novel tagging techniques [54] should improve the perfor-
mance for multi-TeV jets to the level quoted above.

C. Dijet events from vector boson fusion

Finally, additional backgrounds come from dijet pro-
duction through vector boson fusion in association with
forward muons or neutrinos that remain undetected. The
relevant processes are μþμ− → bb̄νν̄, μþμ− → cc̄νν̄, or
μþμ− → qq̄νν̄ with mistagged quarks, μþμ− → bs̄νν̄, as
well as μþμ− → qq̄0μþμ− and μþμ− → qq̄0μν with appro-
priate quark flavors. Example diagrams can be found in
Fig. 5. These processes are potentially relevant as the vector
boson fusion cross section grows with the center of mass
energy [55]. This form of background can be largely
removed by cuts on the dijet invariant mass. For μþμ− →
bs signal events, one expects mjj ≃

ffiffiffi
s

p
, while for vector

boson fusion events, one expects a significantly reduced
dijet invariant mass, mjj <

ffiffiffi
s

p
, due to the forward muons

or neutrinos carrying away energy. A dijet invariant mass
resolution of ∼2% for 5 TeV dijets has been achieved at
ATLAS [56]. We assume that detectors at a future muon
collider will perform at least as well. We determine the
cross sections of the vector boson fusion background, σVBFbg ,
using Madgraph5 [57] to simulate the 4 body final states
μþμ− → qq̄0νν̄, μþμ− → qq̄0μν, and μþμ− → qq̄0μþμ−
with all relevant quark flavors. We employ a cut on the
dijet invariant mass of mjj=

ffiffiffi
s

p ¼ 1� 0.04. Such a cut
retains ≃95% of the signal but reduces this background by
5–6 orders of magnitude, to a subdominant level.
A more precise calculation of this background could be

done by making use of lepton PDFs [58–61]. This is left for
future work.

D. Comparison of signal and background

In Fig. 6, we show as a function of the center of mass
energy

ffiffiffi
s

p
the cross sections of the new physics μþμ− →

bs signal, σNP (red), and the background processes men-
tioned above, namely the irreducible SM one-loop con-
tribution, σloopbg (blue), mistagged dijets, σjjbg (green), and
dijets from vector boson fusion, σVBFbg (orange). The shown
VBF cross section only includes the μþμ− → qq̄0νν̄ proc-
esses. The μþμ− → qq̄0μν and μþμ− → qq̄0μþμ− cross
sections are somewhat larger, but might be reduced by
vetoing muons in the event. The muons from VBF

FIG. 5. Example Feynman diagrams for dijet production from
vector boson fusion μþμ− → qq̄0νν̄, μþμ− → qq̄μþμ−, and
μþμ− → qq̄0μν.
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production are very forward and are therefore typically
outside the coverage of the detector (the detector described
in [45] has a rapidity coverage out to ηmax ¼ 2.44). An
efficient muon veto may be possible with a dedicated
forward muon detector [62]. As the dominant background
is from dijet events, we consider it justified to neglect the
VBF production with muons to simplify our analysis.
For the signal cross section, we assume a new physics

benchmark as in (7), with the red shaded regions indicating
the 1σ and 2σ uncertainties. All shown cross sections take
into account the flavor tagging efficiencies and mistag
rates. The muon beams are assumed to be unpolarized.
Qualitatively similar results are obtained for polarized
muon beams.
At a low center of mass energy, the mistagged dijet

background dominates the signal by orders of magnitude.
Among the dijet backgrounds, the bb̄ final state contributes
the most, followed by cc̄ and light quarks. The SM loop
background and the background from vector boson fusion
(with mjj cut) are subdominant and we will neglect them
in the following. As anticipated, the signal cross section
increases with s, while the most important background
cross section falls approximately like 1=s. Signal and
background become comparable for a center of mass
energy of around 10 TeV. This suggests that a 10 TeV
muon collider should be able to observe a nonstandard
μþμ− → bs production with high significance.

VI. SENSITIVITY PROJECTIONS

Based on the discussion in the previous section, we
investigate the sensitivity of a multi-TeV muon collider to
the contact interactions in (1). Proposed runs of a muon
collider include a center of mass energy of

ffiffiffi
s

p ¼ 6 TeV
with an integrated luminosity of L ¼ 4 ab−1 and

ffiffiffi
s

p ¼
10 TeV with L ¼ 10 ab−1 [44].

A. Lepton flavor universal new physics benchmark

First, we discuss the sensitivity to the new physics
benchmark point (7), which corresponds to lepton flavor
universal new physics. As discussed in Sec. B, this new
physics benchmark is unconstrained by the lepton flavor
universality ratios RK and RK� and motivated by the
anomalously low branching ratios of b → sμμ decays
and the angular distribution of B → K�μμ. We stress again
that these hints for new physics rely on the modeling of
hadronic effects in rare b decays and might be due to
underestimated theory uncertainties. A completely inde-
pendent cross-check at a muon collider would therefore be
more than welcome.
With the chosen benchmark point, we obtain the

expected μþμ− → bs event numbers for unpolarized muon
beams summarized in Table I. The numbers include the
flavor tagging efficiencies and mistag rates discussed
above. Explicitly, this means

Nbg ¼ L ×
X

q¼u;d;s;c;b

2ϵqð1 − ϵqÞσðμþμ− → qq̄Þ; ð21Þ

Ntot ¼ Nbg þ L × ϵbð1 − ϵsÞσðμþμ− → bsÞ: ð22Þ

The quoted uncertainties on the total event numbers, Ntot,
and the background event numbers, Nbg, include the
statistical as well as a 2% systematic uncertainty added
in quadrature. In all cases, the total number of events is
significantly above the background prediction. The number
of signal events is determined from Nsig ¼ Ntot − Nbg, with
the errors added in quadrature. Based on these numbers, we
expect that the signal cross section can be measured with a
precision of ∼22% at 6 TeV with 4 ab−1, ∼7% at 10 TeV
with 1 ab−1, and ∼3% at 10 TeV with 10 ab−1.1

For a beam polarization of P− ¼ −Pþ ¼ 50%, we
analogously find the event numbers in Table II. Both
background and signal event numbers are slightly smaller
in this case. This results in a comparable expected precision
on the signal cross section.

TABLE I. Expected μþμ− → bs event numbers at different
configurations of a muon collider with unpolarized muon beams.

6 TeV, 4 ab−1 10 TeV, 1 ab−1 10 TeV, 10 ab−1

Ntot 10050� 220 1; 740� 50 17; 400� 220
Nbg 8670� 220 780� 42 7; 800� 200

Nsig 1380� 310 960� 68 9; 600� 300

FIG. 6. The cross sections of the μþμ− → bs signal and
background processes at a muon collider with a center of mass
energy

ffiffiffi
s

p
. The shown cross sections take into account flavor

tagging efficiencies and mistag rates as discussed in the text. The
signal cross section corresponds to the benchmark point (7) with
1σ and 2σ uncertainties. The muon beams are assumed to be
unpolarized.

1Note that the expected precision is significantly better
compared to the preliminary results we reported in the white
paper [13]. This is due to the change of the signal benchmark
point (7) motivated by the new RK, RK� results [9,10].
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The 1σ and 2σ constraints in the C9 − C10 plane from the
expected measurement of the μþμ− → bs cross section are
shown in green in Figs. 7 and 8.
The forward-backward asymmetry introduced in (11)

and (12) provides complementary information about the
new physics. As mentioned in section IV, a measurement
of the forward-backward asymmetry requires charge
tagging in addition to flavor tagging. We estimate the
expected precision of a AFB measurement by splitting the
events into forward and backward categories. A better
precision could likely be obtained by performing an
unbinned maximum likelihood fit to the angular distri-
butions in (11) and (12). This is, however, beyond the
scope of this work. Denoting the charge tagging effi-
ciency by ϵ�, and implicitly including flavor tagging
efficiencies, the expected number of observed forward
and backward signal events is given by

NF;bs̄
sig;obs ¼ ϵ�N

F;bs̄
sig þ ð1 − ϵ�ÞNF;sb̄

sig ; ð23Þ

NB;bs̄
sig;obs ¼ ϵ�N

B;bs̄
sig þ ð1 − ϵ�ÞNB;sb̄

sig ; ð24Þ

NF;sb̄
sig;obs ¼ ϵ�N

F;sb̄
sig þ ð1 − ϵ�ÞNF;bs̄

sig ; ð25Þ

NB;sb̄
sig;obs ¼ ϵ�N

B;sb̄
sig þ ð1 − ϵ�ÞNB;bs̄

sig ; ð26Þ

and analogously for background events from flavor
mistags. The observed total forward-backward asymme-
try, Aobs

FB , is then given by

Aobs
FB ¼ NF

obs − NB
obs

NF
obs þ NB

obs
; ð27Þ

where the observed event numbers are the sum of signal
and background and take into account charge tagging and
flavor tagging

NF
obs ¼ NF;bs̄

sig;obs þ NB;b̄s
sig;obs þ NF;bs̄

bg;obs þ NB;b̄s
bg;obs; ð28Þ

NB
obs ¼ NB;bs̄

sig;obs þ NF;b̄s
sig;obs þ NB;bs̄

bg;obs þ NF;b̄s
bg;obs: ð29Þ

Alternatively, Aobs
FB can be expressed as the following

combination of the truth level signal forward-backward
asymmetry, AFB as given in (14), and the truth level
background forward-backward asymmetry, Abg

FB,

Aobs
FB ¼ ð2ϵ� − 1Þ

�
Nsig

Ntot
AFB þ Nbg

Ntot
Abg
FB

�
; ð30Þ

FIG. 7. Sensitivity of a 10 TeV muon collider with unpolarized beams in the ΔCuniv
9 vs. ΔCuniv

10 plane, assuming the new physics
benchmark point in (7). Shown in green (blue) is the region that can be determined by a measurement of the μþμ− → bs cross section
(the forward-backward asymmetry). The combination is in red. The left (right) plot assumes an integrated luminosity of 1 ab−1

(10 ab−1). The dashed black lines are the current best-fit region from rare B decays (7) (left plot) or the expected region after the
HL-LHC and Belle II (9) (right plot).

TABLE II. Expected μþμ− → bs event numbers at different
configurations of a muon collider with a beam polarization of
P− ¼ −Pþ ¼ 50%.

6 TeV, 4 ab−1 10 TeV, 1 ab−1 10 TeV, 10 ab−1

Ntot 7890� 180 1; 490� 50 14; 580� 190
Nbg 6610� 180 600� 40 5; 947� 160

Nsig 1280� 250 890� 60 8905� 250
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Assuming unpolarized muon beams, the signal forward-
backward asymmetry of the chosen benchmark point (7)
is AFB ≃ 0.24, while for the background we find
Abg
FB ≃ 0.62. For polarized beams these values change to

AFB ≃ −0.48 and Abg
FB ≃ 0.59.

We assume that the b-jet charge tagging performance of
a future muon collider will be comparable to that achieved
at LEP, ϵ� ¼ 70% [63]. We are not aware of any dedicated
studies in the literature that establish charge tagging
efficiencies at a high-energy muon collider. Performing
such a study is beyond the scope of our work, and we use
the LEP efficiency of 70% as a benchmark. Modern
analysis techniques might improve the efficiency, while
other effects like the beam background might degrade it.
The imperfect charge tagging washes out the

observed forward-backward asymmetry by a factor of
ð2ϵ� − 1Þ ¼ 0.4, as shown in (30).
The uncertainty on the observed forward-backward

asymmetry can be estimated from (27). Treating the
number of forward and backward events as independent,
we find

δAobs
FB ¼ 2

N2
tot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNF

obsÞ2ðδNB
obsÞ2 þ ðNB

obsÞ2ðδNF
obsÞ2

q
: ð31Þ

We expect that this slightly overestimates the uncertainty.
In the determination of the δNF

obs and δNB
obs, we take into

account the statistical as well as a 2% systematic
uncertainty.
We find expected measurements of the total forward-

backward asymmetry Aobs
FB ¼ ð22.7� 1.7Þ% at 6 TeV with

4 ab−1, Aobs
FB ¼ ð16.4� 2.9Þ% at 10 TeV with 1 ab−1, and

Aobs
FB ¼ ð16.4� 1.6Þ% at 10 TeV with 10 ab−1.
The forward-backward asymmetry is highly comple-

mentary to the cross section and leads to orthogonal
constraints in the C9 − C10 plane, presented in the blue
regions in Figs. 7 and 8.
The combination of cross section and forward-backward

asymmetry is shown in red. For comparison, the dashed
black contours in the plots on the left-hand side show the 1σ
and 2σ best-fit region of the current rare B decay fit
from (7). The dashed black contours in the plots on the
right-hand side correspond to the 1σ and 2σ region of the
projection (9).
We also checked how a reduced charge tagging effi-

ciency impacts our findings. For a charge tagging of 65%,
the region selected by AFB with 1 ab−1 is comparable
to the one by the current B decay fit. Once the charge
tagging drops below ∼60%, two of the four best-fit
regions start to merge at the 2σ level. Below ∼55%, very
little information can be extracted from the forward-
backward asymmetry with an integrated luminosity of
1 ab−1. In fact, for a charge tagging of 55%, the observed
AFB is one order of magnitude smaller than the raw one,
cf. Eq. (30), and measuring the AFB would be challenging
even with 10 ab−1.
The plots illustrate that a 10 TeV muon collider could

establish a new physics signal with remarkable precision.
Interestingly, a muon collider would select regions in the
new physics parameter space with a four-fold degeneracy.
Combining the information from the muon collider with the
information from rare B decays allows one to uniquely
identify the new physics. The best-fit new physics region

FIG. 8. Same as the plots in Fig. 7, but with a muon beam polarization of P− ¼ −Pþ ¼ 50%. The combination of the unpolarized
best-fit regions are overlaid on the polarized regions, highlighting the complementarity of the polarized and unpolarized beams.
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determined by a 10 TeV muon collider with unpolarized
beams and 1 ab−1 of data that is compatible with the rare B
decay data is

ΔCuniv
9 ¼ −0.81� 0.03; ΔCuniv

10 ¼ 0.12� 0.08; ð32Þ

with an error correlation of ρ ¼ þ40%. For 10 ab−1, this
further improves to

ΔCuniv
9 ¼ −0.81� 0.01; ΔCuniv

10 ¼ 0.12� 0.04: ð33Þ

with an error correlation of ρ ¼ þ53%. Going to even
higher luminosity has little impact as the precision starts
to be limited by systematic uncertainties. We note that
the expected muon collider results are much more
precise than the expected precision from rare B decays
alone (9).
The sensitivity of a muon collider could be improved

even further if multiple runs with different beam polar-
izations were an option. As shown in the plots of Fig. 8,
beam polarization does shape the best-fit regions that are
selected in the new physics parameter space. As the various
operators in (1) correspond to different linear combinations
of muon chiralities, changing the polarizations of the
muon beams also changes the sensitivity to different types
of operators and would allow one to narrow down the
parameter space further.

B. Constraints on muon-specific new physics

In the absence of new physics, a high-energy muon
collider can constrain the size of the Wilson coefficients in
Eq. (1). Switching on one Wilson coefficient at a time and
demanding that the number of μþμ− → bs signal events
does not exceed the 2σ uncertainty of the background, we
find for unpolarized muon beams

jCvectorj <
8<
:

0.46@6 TeV; 4 ab−1

0.22@10 TeV; 1 ab−1

0.17@10 TeV; 10 ab−1
; ð34Þ

for the vector Wilson coefficients Cvector ¼ ΔCμ
9, ΔC

μ
10,

C0μ
9 , or C

0μ
10, and

jCscalarj <
8<
:

0.53@6 TeV; 4 ab−1

0.26@10 TeV; 1 ab−1

0.19@10 TeV; 10 ab−1
; ð35Þ

for the scalar Wilson coefficients Cscalar ¼ Cμ
S, C

μ
P, C

0μ
S ,

or C0μ
P . Here we give the values for the Wilson coefficients

at a renormalization scale that corresponds to the center of
mass energy of the collider μ ¼ ffiffiffi

s
p

.
Already with 1 ab−1 at a center of mass energy of

10 TeV, the constraint would be approximately as strong as
the current one from RK and RK� (8).
The constraint on the Wilson coefficients can also be

translated into a sensitivity to a high new physics scale.
Assuming Oð1Þ flavor violating new physics couplings,
one has for each Wilson coefficient C

ΛC
NP ¼

�
4GFffiffiffi

2
p jVtbV�

tsj
α

4π
jCj

�
−1
2

; ð36Þ

such that

Λvector
NP >

8<
:

53 TeV@6 TeV; 4 ab−1

76 TeV@10 TeV; 1 ab−1

86 TeV@10 TeV; 10 ab−1
; ð37Þ

Λscalar
NP >

8<
:

49 TeV@6 TeV; 4 ab−1

70 TeV@10 TeV; 1 ab−1

82 TeV@10 TeV; 10 ab−1
: ð38Þ

These results show that a muon collider has indirect
sensitivity to new physics scales far above its center of

mass energy and also above the scale of ΛjCj¼1
NP ≃ 35 TeV,

which is the generic scale associated with rare B decays.
In Fig. 9 we compare the scales that can be probed by a

muon collider to those probed by current and expected
future rare B decay data as well as combinations thereof,

FIG. 9. The new physics scales that can be probed by a muon collider and by B decay data from LHCb, both current and future

projections. The histogram on the left corresponds to the Wilson coefficient ΔCμ
9, the one on the right to Cð0Þμ

S . Other vector and scalar
coefficients follow identical trends.

ALTMANNSHOFER, GADAM, and PROFUMO PHYS. REV. D 108, 115033 (2023)

115033-10



for the ΔCμ
9 coefficient in the left panel, and for C

ð0Þμ
S in the

right panel. As in (34) and (35), we assume dominance of
a single Wilson coefficient. We observe that for vector
mediators the sensitivity to new physics of a 10 TeV muon
collider surpasses the current LHCb sensitivity to the
associated rare B decays, but lags behind our projections
for LHCb runs at high luminosity; vice-versa, for scalar
mediators, we find that current constraints from LHCb
from rare B decays are anticipated to outperform a future
10 TeV collider. This is due to the fact that scalar
mediators lift the helicity suppression of the Bs → μþμ−
decay, which is known to be a particularly sensitive probe
of scalar new physics [64]. The two histograms to the right
in the left panel illustrate that, while beneficial, combining
the results of the LHC and a muon collider would only
marginally strengthen the constraints from the best-
performing collider.
Note that throughout our analysis, we have not made

use of strange quark tagging. Therefore, in principle, the
constrained cross sections do not correspond to σðμþμ− →
bsÞ alone, but to the combination σðμþμ− → bsÞ þ
σðμþμ− → bdÞ. Our results hold under the plausible
assumption that the new physics flavor violating couplings
are larger for b → s than for b → d (resembling the SM
flavor hierarchies). If that is not the case, the bounds on
the Wilson coefficients in (34) and (35) can be interpreted
as bounds on the square sum of b → s and b → d Wilson
coefficients

jCj →
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jCb→sj2 þ jCb→dj2

q
: ð39Þ

It is interesting to contrast the results from Secs. VI A
and VI B. In the presence of a sizeable new physics signal
(i.e. the scenario discussed in Sec. VI A, with main results
in Fig. 7), a future muon collider would be able to measure
the new physics with much higher precision than LHCb. In
the absence of new physics (i.e., the scenario discussed in
Sec. VI B, with main results in Fig. 9), or for very small
new physics signals, expected rare B decay results from the
high-luminosity runs of the LHC are more powerful in
constraining new physics. In fact, in the context of the rare
B decays, the new physics can interfere with the corre-
sponding SM amplitudes, and one is linearly sensitive to
small new physics. At a muon collider on the other hand,
the new physics amplitude does not interfere with the
backgrounds from mistags, and one is therefore only
quadratically sensitive to a small new physics amplitude.

VII. CONCLUSIONS

While the recent changes in the experimental status
of the RKð�Þ observables indicate lepton flavor universal
physics, a few anomalies in rare B decays persist. These
anomalies, along with the overarching goal to search for
new physics, provide a strong motivation to probe bsμμ

interactions, while minimizing the impact of hadronic
uncertainties in predicting the corresponding observable
processes. With the highly complementary information that
a muon collider analysis would provide, bounds on heavy
new physics contributing to b → sμμ decays are made far
more robust in various scenarios, bolstered by the relatively
clean environment of muon beams.
Here, we first reviewed the status of the global b decays

fit, in light of recent updates on RK and RK� , and identified
two possible scenarios: on the one hand some new physics
could be lepton-flavor universal, while addressing the
b → sμμ anomalies; on the other hand, some different
new physics could instead be muon-specific, thus violating
lepton flavor universality; in either scenario, we focused on
the expected sensitivity from rare b decays from the high-
luminosity phase of the LHC, and then proceeded to
evaluate the possible role of a future muon collider.
We computed in detail the differential cross section for

bottom-strange quark production from muon-muon colli-
sions, including the possible effect of muon beam polari-
zation; we then discussed and computed the irreducible
Standard Model background, as well as the expected
background from mistagged dijet events. We then pro-
ceeded to evaluate the potential and sensitivity projections
for a multi-TeV muon collider at different luminosity,
center of mass energy, and beam polarization. We showed
the resulting sensitivity on the plane defined by deviations
of the relevant Wilson coefficients from the flavor-universal
case, as well as on the potential for constraints on muon-
specific new physics. Broadly, we find that a multi-TeV
muon collider would be highly complementary to the LHC,
and would vastly exceed the current (but not necessarily
the expected high-luminosity) LHC performance in con-
straining new physics in b decays.
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APPENDIX A: RENORMALIZATION GROUP
EVOLUTION

For a precise sensitivity comparison of the rare B decays
and a muon collider, one should take into account the
renormalization group running between the relevant scales.
At a muon collider, the natural scale choice for the Wilson
coefficients is the center of mass energy μ ∼

ffiffiffi
s

p
. On the

other hand, the Wilson coefficients probed by B decays are
typically renormalized at a low energy scale, of the order of
the b mass, μ ∼mb. These scales differ by more than three
orders of magnitude, and RGE running may be relevant.
We assume that the 4 fermion contact interactions in the

effective Hamiltonian (1) are the only nonzero Wilson
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coefficients at the scale of the muon collider. Above the
electroweak scale, it is convenient to use the SMEFT
operator basis from [20]. Our Wilson coefficients can be
translated as follows2

�
Cð1Þ
lq

�
2223

þ �
Cð3Þ
lq

�
2223

¼ ΔCμ
9 − ΔCμ

10; ðA1Þ

½Cqe�2322 ¼ ΔCμ
9 þ ΔCμ

10; ðA2Þ

½Cld�2223 ¼ ΔC0μ
9 þ ΔC0μ

10; ðA3Þ

½Ced�2223 ¼ ΔC0μ
9 þ ΔC0μ

10; ðA4Þ

½Cledq��2232 ¼ 2Cμ
S; ðA5Þ

½Cledq�2223 ¼ 2C0μ
S ; ðA6Þ

and analogously for the Wilson coefficients with electrons
and taus.
We run the Wilson coefficients from μ ∼

ffiffiffi
s

p
to the

electroweak scale μ ∼mZ, with the mass of the Z boson
mZ ≃ 91.2 GeV, taking into account the impact of the
gauge couplings and the top Yukawa coupling [65,66].
After decoupling particles of electroweak mass, the Wilson
coefficients are evolved further to the b scale using 1-loop
QED and QCD running [67,68]. We find

ΔCμ
9ðmbÞ ≃ ΔCμ

9ð
ffiffiffi
s

p Þ
�
1 −

nlα
3π

log

�
s
m2

b

�
−

α

16πs2W

�
1

c2W
þ 2þ m2

t

2m2
W

�
log

�
s
m2

Z

��

þ ΔCμ
10ð

ffiffiffi
s

p Þ
�
α

2π
log

�
s
m2

b

�
þ α

16πs2W

�
1

c2W
þ 2

�
ð1 − 4s2WÞ log

�
s
m2

Z

��
; ðA7Þ

ΔCμ
10ðmbÞ ≃ ΔCμ

10ð
ffiffiffi
s

p Þ
�
1 −

α

16πs2W

�
1

c2W
þ 2þ m2

t

2m2
W

�
log

�
s
m2

Z

��

þ ΔCμ
9ð

ffiffiffi
s

p Þ
�
α

2π
log

�
s
m2

b

�
þ α

16πs2W

�
1

c2W
þ 2

�
ð1 − 4s2WÞ log

�
s
m2

Z

��
; ðA8Þ

C0μ
9 ðmbÞ≃C0μ

9 ð
ffiffiffi
s

p Þ
�
1−

nlα
3π

log

�
s
m2

b

�
−

α

8πc2W
log

�
s
m2

Z

��
−C0μ

10ð
ffiffiffi
s

p Þ
�
α

2π
log

�
s
m2

b

�
−

α

8πc2W
ð1− 4s2WÞ log

�
s
m2

Z

��
; ðA9Þ

C0μ
10ðmbÞ ≃ C0μ

10ð
ffiffiffi
s

p Þ
�
1 −

α

8πc2W
log

�
s
m2

Z

��
− C0μ

9 ð
ffiffiffi
s

p Þ
�
α

2π
log

�
s
m2

b

�
−

α

8πc2W
ð1 − 4s2WÞ log

�
s
m2

Z

��
; ðA10Þ

Cμ
SðmbÞ ≃ Cμ

Sð
ffiffiffi
s

p Þ
�
αsðmbÞ
αsðmZÞ

�12
23

�
αsðmZÞ
αsð

ffiffiffi
s

p Þ
�4

7

�
1þ 5α

6π
log

�
s
m2

b

�
þ α

3π

�
1

c2W
−
5

2

�
log

�
s
m2

Z

��
; ðA11Þ

C0μ
S ðmbÞ ≃ C0μ

S ð
ffiffiffi
s

p Þ
�
αsðmbÞ
αsðmZÞ

�12
23

�
αsðmZÞ
αsð

ffiffiffi
s

p Þ
�4

7

�
1þ 5α

6π
log

�
s
m2

b

�
þ α

3π

�
1

c2W
−
5

2
−

3m2
t

32s2Wm
2
W

�
log

�
s
m2

Z

��
: ðA12Þ

Where nl ¼ 1 in the scenario with muon-specific Wilson
coefficients and nl ¼ 3 in the scenario with lepton uni-
versal coefficients. In these expressions, sW and cW are the
sine and cosine of the weak mixing angle, α is the fine

structure constant, and αs is the strong coupling constant.
Note that only the scalar coefficients CS ¼ −CP and
C0
S ¼ C0

P experience QCD running. In the above expres-
sions, we re-summed the QCD logarithms but used a
leading logarithmic approximation for the (much smaller)
electroweak RGE corrections.
In the lepton universal scenario, running to the low

scale preserves universality, and the expressions above
also hold analogously for the electron and tau coeffi-
cients. In the muon-specific scenario, the RGE running
induces operators with electrons and taus. This is, in
principle, relevant in the context of the rare B decays, as
the LFU ratios RKð�Þ are to a good approximation sensitive
to the differences of the muon and electron Wilson

2Note that both the SMEFT coefficients Cð1Þ
lq and Cð3Þ

lq map
onto the same combination C9 − C10, and the translation into the
SMEFT operators is thus not unique. Interestingly, choosing an
arbitrary linear combination of Cð1Þ

lq and Cð3Þ
lq has no impact on the

final result. We find that the difference in SMEFT RGE running
of Cð1Þ

lq and Cð3Þ
lq is exactly compensated by threshold corrections

at the electroweak scale, and at leading log accuracy, we find a
unique relation between the Wilson coefficients at the collider
scale and the b scale.
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coefficients Cμ
i − Ce

i . In this case, the nonzero electron
coefficients at the b scale are

ΔCe
9ðmbÞ ≃ −ΔCμ

9ð
ffiffiffi
s

p Þ α

3π
log

�
s
m2

b

�
; ðA13Þ

C0e
9 ðmbÞ ≃ −C0μ

9 ð
ffiffiffi
s

p Þ α

3π
log

�
s
m2

b

�
: ðA14Þ

In practice, we find that the RGE running has a small

impact. The shifts between the Wilson coefficients Cð0Þ
9;10 at

the low scale μ ≃mb ≃ 4.2 GeV and the high scale μ ≃ffiffiffi
s

p ¼ 10 TeV are typically around 5%–10%. We do

include the running of Cð0Þ
9;10 in the leading log approxi-

mation in our numerical analysis for completeness. In the

case of the scalar coefficients Cð0Þ
S;P, we take into account the

small electroweak running and the QCD running, which is
an Oð1Þ effect. We note that tools that can perform the
running numerically are, in principle, available [69–71].

APPENDIX B: UPDATED RARE B DECAY FIT

In this appendix, we briefly describe our rare B decay fit
that incorporates the recent LHCb results of RK and RK�

[9,10] (see also [29–34] for other recent discussions).
We perform our own global fit using FLAVIO [72]

(version 2.3.3) and include the following set of experi-
mental results

(i) branching ratio measurements of Bs → μþμ− from
CDF [73], ATLAS [36], and LHCb [37];

(ii) branching ratios measurements of B → Kμþμ−,
B → K�μþμ−, and Bs → ϕμþμ− from CDF [74],
Belle [75], CMS [76], and LHCb [22–24];

(iii) angular observables of the decays B → K�μþμ− and
Bs → ϕμþμ− from CDF [74], ATLAS [77], CMS
[78], and LHCb [25,26,79];

(iv) branching ratios and angular observables of Λb →
Λμþμ− from CDF [74] and LHCb [80,81];

(v) lepton flavor universality tests in rare B meson
decays from Belle [75,82] and LHCb [83].

To reduce hadronic uncertainties on the semi-leptonic
branching ratios and angular observables, we only
take into account q2 bins below 6 GeV2, as well as
broad bins above the narrow charmonium resonances
that span the entire available kinematic range. To be
conservative, we do not use FLAVIO’s default values
for the CKM matrix elements, but instead use the PDG
values [40] jVcbj ¼ ð40.8� 1.4Þ × 10−3 and jVubj ¼
ð3.82� 0.20Þ × 10−3, which are a conservative average
of inclusive and exclusive determinations with inflated
uncertainties.
In addition to the observables listed above, we imple-

ment the recent CMS results on the Bs → μþμ− decay
from [35], as well as the latest LHCb results on RK and
RK� [9,10] which were not yet included in version 2.3.3
of flavio (but have been added in the latest update).
These results have a significant impact on the fit. In
Fig. 1 in the main text, we show the result of our fit in
the standard plane of muon specific C9 and C10 Wilson
coefficients.

[1] T. Blake, G. Lanfranchi, and D. M. Straub, Rare B decays as
tests of the standard model, Prog. Part. Nucl. Phys. 92, 50
(2017).

[2] W. Altmannshofer and F. Archilli, Rare decays of b and c
hadrons, in 2022 Snowmass Summer Study (2022); arXiv:
2206.11331.

[3] L.-S. Geng, B. Grinstein, S. Jäger, S.-Y. Li, J. Martin
Camalich, and R.-X. Shi, Implications of new evidence
for lepton-universality violation in b → slþl− decays,
Phys. Rev. D 104, 035029 (2021).

[4] W. Altmannshofer and P. Stangl, New physics in rare B
decays after Moriond 2021, Eur. Phys. J. C 81, 952 (2021).

[5] M. Algueró, B. Capdevila, S. Descotes-Genon, J. Matias,
and M. Novoa-Brunet, b → slþl− global fits after RKS

and
RK�þ , Eur. Phys. J. C 82, 326 (2022).

[6] T. Hurth, F. Mahmoudi, D. M. Santos, and S. Neshatpour,
More indications for lepton nonuniversality in b → slþl−,
Phys. Lett. B 824, 136838 (2022).

[7] 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 → slþl− decays, Eur.
Phys. J. C 83, 64 (2023).

[8] N. Gubernari, M. Reboud, D. van Dyk, and J. Virto,
Improved theory predictions and global analysis of exclu-
sive b → sμþμ− processes, J. High Energy Phys. 09 (2022)
133.

[9] LHCbCollaboration, Test of lepton universality inb→ slþl−

decays, Phys. Rev. Lett. 131, 051803 (2023).
[10] R. Aaij et al. (LHCb Collaboration), Measurement of

lepton universality parameters in Bþ → Kþlþl− and B0 →
K�0lþl− decays, Phys. Rev. D 108, 032002 (2023).

[11] N. Gubernari, D. van Dyk, and J. Virto, Non-local matrix
elements in BðsÞ → fKð�Þ:ϕglþl−, J. High Energy Phys. 02
(2021) 088.

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

[13] W. Altmannshofer, S. A. Gadam, and S. Profumo, Snow-
mass White Paper: Probing new physics with μþμ− → bs at
a muon collider, in 2022 Snowmass Summer Study (2022);
arXiv:2203.07495.

PROBING NEW PHYSICS WITH μþμ− → bs AT … PHYS. REV. D 108, 115033 (2023)

115033-13

https://doi.org/10.1016/j.ppnp.2016.10.001
https://doi.org/10.1016/j.ppnp.2016.10.001
https://arXiv.org/abs/2206.11331
https://arXiv.org/abs/2206.11331
https://doi.org/10.1103/PhysRevD.104.035029
https://doi.org/10.1140/epjc/s10052-021-09725-1
https://doi.org/10.1140/epjc/s10052-022-10231-1
https://doi.org/10.1016/j.physletb.2021.136838
https://doi.org/10.1140/epjc/s10052-023-11191-w
https://doi.org/10.1140/epjc/s10052-023-11191-w
https://doi.org/10.1007/JHEP09(2022)133
https://doi.org/10.1007/JHEP09(2022)133
https://doi.org/10.1103/PhysRevLett.131.051803
https://doi.org/10.1103/PhysRevD.108.032002
https://doi.org/10.1007/JHEP02(2021)088
https://doi.org/10.1007/JHEP02(2021)088
https://doi.org/10.1140/epjc/s10052-017-5119-8
https://arXiv.org/abs/2203.07495


[14] G.-y. Huang, F. S. Queiroz, and W. Rodejohann, Gauged
Lμ − Lτ at a muon collider, Phys. Rev. D 103, 095005
(2021).

[15] G.-y. Huang, S. Jana, F. S. Queiroz, and W. Rodejohann,
Probing the RK� anomaly at a muon collider, Phys. Rev. D
105, 015013 (2022).

[16] P. Asadi, R. Capdevilla, C. Cesarotti, and S. Homiller,
Searching for leptoquarks at future muon colliders, J. High
Energy Phys. 10 (2021) 182.

[17] S. Qian, C. Li, Q. Li, F. Meng, J. Xiao, T. Yang, M. Lu, and
Z. You, Searching for heavy leptoquarks at a muon collider,
J. High Energy Phys. 12 (2021) 047.

[18] A. Azatov, F. Garosi, A. Greljo, D. Marzocca, J. Salko, and
S. Trifinopoulos, New physics in b → sμμ: FCC-hh or a
muon collider?, J. High Energy Phys. 10 (2022) 149.

[19] S. Sun, Q.-S. Yan, X. Zhao, and Z. Zhao, Constraining rare
B decays by μþμ− → tc at future lepton colliders, Phys.
Rev. D 108, 075016 (2023).

[20] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek,
Dimension-six terms in the standard model Lagrangian,
J. High Energy Phys. 10 (2010) 085.

[21] R. Alonso, B. Grinstein, and J. Martin Camalich, SUð2Þ ×
Uð1Þ gauge invariance and the shape of new physics in rare
B decays, Phys. Rev. Lett. 113, 241802 (2014).

[22] R. Aaij et al. (LHCb Collaboration), Differential branching
fractions and isospin asymmetries of B → Kð�Þμþμ− decays,
J. High Energy Phys. 06 (2014) 133.

[23] R. Aaij et al. (LHCb Collaboration), Measurements of the
S-wave fraction in B0 → Kþπ−μþμ− decays and the
B0 → K�ð892Þ0μþμ− differential branching fraction, J.
High Energy Phys. 11 (2016) 047; 04 (2017) 142(E).

[24] R. Aaij et al. (LHCb Collaboration), Branching fraction
measurements of the rare B0

s → ϕμþμ− and B0
s →

f02ð1525Þμþμ−- decays, Phys. Rev. Lett. 127, 151801
(2021).

[25] R. Aaij et al. (LHCb Collaboration), Measurement of
CP-averaged observables in the B0 → K�0μþμ− decay,
Phys. Rev. Lett. 125, 011802 (2020).

[26] R. Aaij et al. (LHCb Collaboration), Angular analysis of
the Bþ → K�þμþμ− decay, Phys. Rev. Lett. 126, 161802
(2021).

[27] R. Aaij et al. (LHCb Collaboration), Test of lepton univer-
sality with B0 → K�0lþl− decays, J. High Energy Phys. 08
(2017) 055.

[28] R. Aaij et al. (LHCb Collaboration), Test of lepton
universality in beauty-quark decays, Nat. Phys. 18, 277
(2022).

[29] M. Ciuchini, M. Fedele, E. Franco, A. Paul, L. Silvestrini,
and M. Valli, Constraints on lepton universality violation
from rare B decays, Phys. Rev. D 107, 055036 (2023).

[30] A. Greljo, J. Salko, A. Smolkovič, and P. Stangl, Rare b
decays meet high-mass Drell-Yan, J. High Energy Phys. 05
(2023) 087.

[31] B. Allanach and J. Davighi, The rumble in the meson: A
leptoquark versus a Z0 to fit b → sμþμ− anomalies including
2022 LHCb RKð�Þ measurements, J. High Energy Phys. 04
(2023) 033.

[32] M. Algueró, A. Biswas, B. Capdevila, S. Descotes-Genon,
J. Matias, and M. Novoa-Brunet, To (b)e or not to (b)e: No
electrons at LHCb, Eur. Phys. J. C 83, 648 (2023).

[33] Q. Wen and F. Xu, The global fits of new physics in b → s
after RKð�Þ 2022 release, Phys. Rev. D 108, 095038 (2023).

[34] B. Allanach and A. Mullin, Plan B: New Z0 models for
b → slþl− anomalies, J. High Energy Phys. 09 (2023) 173.

[35] A. Tumasyan, Measurement of → μþμ− decay properties
and search for the B0 → μμ decay in proton-proton colli-
sions at

ffiffiffi
s

p ¼ 13 TeV, Phys. Lett. B 842, 137955 (2023).
[36] M. Aaboud, P. Roy, and T. Sarkar (ATLAS Collaboration),

Study of the rare decays of B0
s and B0 mesons into muon

pairs using data collected during 2015 and 2016 with the
ATLAS detector, J. High Energy Phys. 04 (2019) 098.

[37] R. Aaij et al. (LHCb Collaboration), Analysis of neutral
B-meson decays into two muons, Phys. Rev. Lett. 128,
041801 (2022).

[38] Y. S. Amhis et al. (Heavy Flavor Averaging Group,
HFLAV Collaboration), Averages of b-hadron, c-hadron,
and τ-lepton properties as of 2021, Phys. Rev. D 107,
052008 (2023).

[39] L. Aggarwal et al. (Belle-II Collaboration), Snowmass
White Paper: Belle II physics reach and plans for the next
decade and beyond, arXiv:2207.06307.

[40] R. L. Workman et al. (Particle Data Group Collaboration),
Review of particle physics, Prog. Theor. Exp. Phys. 2022,
083C01 (2022).

[41] S. Bifani, S. Descotes-Genon, A. Romero Vidal, and M.-H.
Schune, Review of lepton universality tests in B decays,
J. Phys. G 46, 023001 (2019).

[42] R. Aaij et al. (LHCb Collaboration), Physics case for an
LHCb Upgrade II—Opportunities in flavour physics, and
beyond, in the HL-LHC era, arXiv:1808.08865.

[43] C. Aime et al., Muon collider physics summary, arXiv:2203
.07256.

[44] K. M. Black et al., Muon collider forum report, arXiv:2209
.01318.

[45] C. Accettura et al., Towards a muon collider, Eur. Phys. J. C
83, 864 (2023).

[46] R. Mertig, M. Böhm, and A. Denner, Feyn Calc—
Computer-algebraic calculation of Feynman amplitudes,
Comput. Phys. Commun. 64, 345 (1991).

[47] V. Shtabovenko, R. Mertig, and F. Orellana, New develop-
ments in FeynCalc 9.0, Comput. Phys. Commun. 207, 432
(2016).

[48] V. Shtabovenko, R. Mertig, and F. Orellana, FeynCalc 9.3:
New features and improvements, Comput. Phys. Commun.
256, 107478 (2020).

[49] C. M. Ankenbrandt et al., Status of muon collider research
and development and future plans, Phys. Rev. ST Accel.
Beams 2, 081001 (1999).

[50] T. Hahn, Generating Feynman diagrams and amplitudes
with FeynArts 3, Comput. Phys. Commun. 140, 418 (2001).

[51] T. Hahn and M. Perez-Victoria, Automatized one loop
calculations in four-dimensions and D-dimensions, Comput.
Phys. Commun. 118, 153 (1999).

[52] A. M. Sirunyan et al. (CMS Collaboration), Identification of
heavy-flavour jets with the CMS detector in pp collisions at
13 TeV, J. Instrum. 13, P05011 (2017).

[53] Optimisation and performance studies of the ATLAS
b-tagging algorithms for the 2017-18 LHC run, Report
No. ATL-PHYS-PUB-2017-013, 2017, https://cds.cern.ch/
record/2273281?ln=en.

ALTMANNSHOFER, GADAM, and PROFUMO PHYS. REV. D 108, 115033 (2023)

115033-14

https://doi.org/10.1103/PhysRevD.103.095005
https://doi.org/10.1103/PhysRevD.103.095005
https://doi.org/10.1103/PhysRevD.105.015013
https://doi.org/10.1103/PhysRevD.105.015013
https://doi.org/10.1007/JHEP10(2021)182
https://doi.org/10.1007/JHEP10(2021)182
https://doi.org/10.1007/JHEP12(2021)047
https://doi.org/10.1007/JHEP10(2022)149
https://doi.org/10.1103/PhysRevD.108.075016
https://doi.org/10.1103/PhysRevD.108.075016
https://doi.org/10.1007/JHEP10(2010)085
https://doi.org/10.1103/PhysRevLett.113.241802
https://doi.org/10.1007/JHEP06(2014)133
https://doi.org/10.1007/JHEP11(2016)047
https://doi.org/10.1007/JHEP11(2016)047
https://doi.org/10.1007/JHEP04(2017)142
https://doi.org/10.1103/PhysRevLett.127.151801
https://doi.org/10.1103/PhysRevLett.127.151801
https://doi.org/10.1103/PhysRevLett.125.011802
https://doi.org/10.1103/PhysRevLett.126.161802
https://doi.org/10.1103/PhysRevLett.126.161802
https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1038/s41567-021-01478-8
https://doi.org/10.1038/s41567-021-01478-8
https://doi.org/10.1103/PhysRevD.107.055036
https://doi.org/10.1007/JHEP05(2023)087
https://doi.org/10.1007/JHEP05(2023)087
https://doi.org/10.1007/JHEP04(2023)033
https://doi.org/10.1007/JHEP04(2023)033
https://doi.org/10.1140/epjc/s10052-023-11824-0
https://doi.org/10.1103/PhysRevD.108.095038
https://doi.org/10.1007/JHEP09(2023)173
https://doi.org/10.1016/j.physletb.2023.137955
https://doi.org/10.1007/JHEP04(2019)098
https://doi.org/10.1103/PhysRevLett.128.041801
https://doi.org/10.1103/PhysRevLett.128.041801
https://doi.org/10.1103/PhysRevD.107.052008
https://doi.org/10.1103/PhysRevD.107.052008
https://arXiv.org/abs/2207.06307
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1088/1361-6471/aaf5de
https://arXiv.org/abs/1808.08865
https://arXiv.org/abs/2203.07256
https://arXiv.org/abs/2203.07256
https://arXiv.org/abs/2209.01318
https://arXiv.org/abs/2209.01318
https://doi.org/10.1140/epjc/s10052-023-11889-x
https://doi.org/10.1140/epjc/s10052-023-11889-x
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1016/j.cpc.2016.06.008
https://doi.org/10.1016/j.cpc.2016.06.008
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1103/PhysRevSTAB.2.081001
https://doi.org/10.1103/PhysRevSTAB.2.081001
https://doi.org/10.1016/S0010-4655(01)00290-9
https://doi.org/10.1016/S0010-4655(98)00173-8
https://doi.org/10.1016/S0010-4655(98)00173-8
https://doi.org/10.1088/1748-0221/13/05/P05011
https://cds.cern.ch/record/2273281?ln=en
https://cds.cern.ch/record/2273281?ln=en
https://cds.cern.ch/record/2273281?ln=en
https://cds.cern.ch/record/2273281?ln=en


[54] E. Perez Codina and P. G. Roloff, Hit multiplicity approach
to b-tagging in FCC-hh, CERN Report No. CERN-ACC-
2018-0023, LCD-Note-2018-001, 2018.

[55] A. Costantini, F. De Lillo, F. Maltoni, L. Mantani, O.
Mattelaer, R. Ruiz, and X. Zhao, Vector boson fusion at
multi-TeV muon colliders, J. High Energy Phys. 09 (2020)
080.

[56] M. Aaboud et al. (ATLAS Collaboration), Search for new
phenomena in dijet events using 37 fb−1 of pp collision
data collected at

ffiffiffi
s

p ¼ 13 TeV with the ATLAS detector,
Phys. Rev. D 96, 052004 (2017).

[57] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M. Zaro,
The automated computation of tree-level and next-to-
leading order differential cross sections, and their matching
to parton shower simulations, J. High Energy Phys. 07
(2014) 079.

[58] T. Han, Y. Ma, and K. Xie, High energy leptonic collisions
and electroweak parton distribution functions, Phys. Rev. D
103, L031301 (2021).

[59] T. Han, Y. Ma, and K. Xie, Quark and gluon contents
of a lepton at high energies, J. High Energy Phys. 02
(2022) 154.

[60] R. Ruiz, A. Costantini, F. Maltoni, and O. Mattelaer, The
effective vector boson approximation in high-energy muon
collisions, J. High Energy Phys. 06 (2022) 114.

[61] F. Garosi, D. Marzocca, and S. Trifinopoulos, LePDF:
Standard model PDFs for high-energy lepton colliders,
J. High Energy Phys. 09 (2023) 107.

[62] M. Ruhdorfer, E. Salvioni, and A. Wulzer, Invisible Higgs
boson decay from forward muons at a muon collider, Phys.
Rev. D 107, 095038 (2023).

[63] J. Abdallah et al. (DELPHI Collaboration), Determination
of Ab

FB at the Z pole using inclusive charge reconstruction
and lifetime tagging, Eur. Phys. J. C 40, 1 (2005).

[64] W. Altmannshofer, C. Niehoff, and D.M. Straub, Bs →
μþμ− as current and future probe of new physics, J. High
Energy Phys. 05 (2017) 076.

[65] E. E. Jenkins, A. V. Manohar, and M. Trott, Renormaliza-
tion group evolution of the standard model dimension six
operators II: Yukawa dependence, J. High Energy Phys. 01
(2014) 035.

[66] R. Alonso, E. E. Jenkins, A. V. Manohar, and M. Trott,
Renormalization group evolution of the standard model
dimension six operators III: Gauge coupling dependence
and phenomenology, J. High Energy Phys. 04 (2014)
159.

[67] E. E. Jenkins, A. V. Manohar, and P. Stoffer, Low-energy
effective field theory below the electroweak scale: Operators
and matching, J. High Energy Phys. 03 (2018) 016.

[68] E. E. Jenkins, A. V. Manohar, and P. Stoffer, Low-energy
effective field theory below the electroweak scale: Anoma-
lous dimensions, J. High Energy Phys. 01 (2018) 084.

[69] J. Aebischer, J. Kumar, and D. M. Straub, Wilson: A Python
package for the running and matching of Wilson coefficients
above and below the electroweak scale, Eur. Phys. J. C 78,
1026 (2018).

[70] J. Fuentes-Martin, P. Ruiz-Femenia, A. Vicente, and J.
Virto, DsixTools 2.0: The effective field theory toolkit,
Eur. Phys. J. C 81, 167 (2021).

[71] S. Di Noi and L. Silvestrini, RGESolver: A Cþþ library to
perform renormalization group evolution in the standard
model effective theory, Eur. Phys. J. C 83, 200 (2023).

[72] D. M. Straub, flavio: A Python package for flavour and
precision phenomenology in the Standard Model and
beyond, arXiv:1810.08132.

[73] T. Aaltonen et al. (CDF Collaboration), Search for B0
s →

μþμ− and B0 → μþμ− decays with CDF II, Phys. Rev. Lett.
107, 191801 (2011); 107, 239903(A) (2011).

[74] H. Miyake, S. Kim, and F. Ukegawa (CDF Collaboration),
Precise measurements of exclusive b → sμμ decay ampli-
tudes using the full CDF data set, Report No. CDF-10894,
CDF-Note-10894, 2012.

[75] S. Choudhury et al. (BELLE Collaboration), Test of lepton
flavor universality and search for lepton flavor violation in
B → Kll decays, J. High Energy Phys. 03 (2021) 105.

[76] V. Khachatryan et al. (CMS Collaboration), Angular analy-
sis of the decay B0 → K�0μþμ− from pp collisions atffiffiffi
s

p ¼ 8 TeV, Phys. Lett. B 753, 424 (2016).
[77] M.Aaboud et al. (ATLASCollaboration), Angular analysis of

B0
d → K�μþμ− decays in pp collisions at

ffiffiffi
s

p ¼ 8 TeV with
the ATLAS detector, J. High Energy Phys. 10 (2018) 047.

[78] CMS Collaboration, Measurement of the P1 and P0
5 angular

parameters of the decay B0 → K�0μþμ− in proton-proton
collisions at

ffiffiffi
s

p ¼ 8 TeV, Report No. CMS-PAS-BPH-15-
008, 2017.

[79] R. Aaij et al. (LHCb Collaboration), Angular analysis of the
rare decayB0

s → ϕμþμ−, J. High Energy Phys. 11 (2021) 043.
[80] R. Aaij et al. (LHCb Collaboration), Differential branching

fraction and angular analysis of Λ0
b → Λμþμ− decays,

J. High Energy Phys. 06 (2015) 115; 09 (2018) 145(E).
[81] R. Aaij et al. (LHCb Collaboration), Angular moments of

the decay Λ0
b → Λμþμ− at low hadronic recoil, J. High

Energy Phys. 09 (2018) 146.
[82] S. Wehle et al. (Belle Collaboration), Lepton-flavor-

dependent angular analysis of B → K�lþl−, Phys. Rev.
Lett. 118, 111801 (2017).

[83] R. Aaij et al. (LHCb Collaboration), Tests of lepton
universality using B0 → K0

Sl
þl− and Bþ → K�þlþl−

decays, Phys. Rev. Lett. 128, 191802 (2022).

PROBING NEW PHYSICS WITH μþμ− → bs AT … PHYS. REV. D 108, 115033 (2023)

115033-15

https://doi.org/10.1007/JHEP09(2020)080
https://doi.org/10.1007/JHEP09(2020)080
https://doi.org/10.1103/PhysRevD.96.052004
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1103/PhysRevD.103.L031301
https://doi.org/10.1103/PhysRevD.103.L031301
https://doi.org/10.1007/JHEP02(2022)154
https://doi.org/10.1007/JHEP02(2022)154
https://doi.org/10.1007/JHEP06(2022)114
https://doi.org/10.1007/JHEP09(2023)107
https://doi.org/10.1103/PhysRevD.107.095038
https://doi.org/10.1103/PhysRevD.107.095038
https://doi.org/10.1140/epjc/s2004-02104-0
https://doi.org/10.1007/JHEP05(2017)076
https://doi.org/10.1007/JHEP05(2017)076
https://doi.org/10.1007/JHEP01(2014)035
https://doi.org/10.1007/JHEP01(2014)035
https://doi.org/10.1007/JHEP04(2014)159
https://doi.org/10.1007/JHEP04(2014)159
https://doi.org/10.1007/JHEP03(2018)016
https://doi.org/10.1007/JHEP01(2018)084
https://doi.org/10.1140/epjc/s10052-018-6492-7
https://doi.org/10.1140/epjc/s10052-018-6492-7
https://doi.org/10.1140/epjc/s10052-020-08778-y
https://doi.org/10.1140/epjc/s10052-023-11189-4
https://arXiv.org/abs/1810.08132
https://doi.org/10.1103/PhysRevLett.107.191801
https://doi.org/10.1103/PhysRevLett.107.191801
https://doi.org/10.1103/PhysRevLett.107.239903
https://doi.org/10.1007/JHEP03(2021)105
https://doi.org/10.1016/j.physletb.2015.12.020
https://doi.org/10.1007/JHEP10(2018)047
https://doi.org/10.1007/JHEP11(2021)043
https://doi.org/10.1007/JHEP06(2015)115
https://doi.org/10.1007/JHEP09(2018)145
https://doi.org/10.1007/JHEP09(2018)146
https://doi.org/10.1007/JHEP09(2018)146
https://doi.org/10.1103/PhysRevLett.118.111801
https://doi.org/10.1103/PhysRevLett.118.111801
https://doi.org/10.1103/PhysRevLett.128.191802

