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Probing new physics with g*u~ — bs at a muon collider
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We show that bottom-strange production at a high-energy muon collider, u*u~ — 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, u*u~ — 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*u*yu~ decay (the “P% anomaly”) and in the
branching ratios of the B, — ¢utu~, B - K*u"u~, and
B — Ku'pu~ decays. Until recently, these hints for new
physics were supported by LHCb results on Rg and Rg-
that showed evidence for lepton flavor universality viola-
tion in rare B meson 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 Ry and Rg- is
in excellent agreement with the SM predictions [9,10],
implying that the origin of the remaining b — spu 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 (3y,P,b)(£y*f).
As is well known, new physics in this contact interaction
can, in principle, be mimicked by nonperturbative QCD
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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 Ayp ~
35 TeV for O(1) 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 — ptu~ 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 p™u~ — 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 utu~ — 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 uu~ — bs at a muon collider. In Sec. II,
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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 y"pu~ — bs at leading order. In Sec. III,
we review the status of the global rare b decay fit after
the recent LHCb update of Rx and Rg-. We identify two
relevant scenarios: (i) new physics is lepton flavor universal
and it addresses the remaining b — sup 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 u*u~ — 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 — s¢¢ decays at the scale of the B mesons, considering
all relevant dimension 6 operators along with their Wilson
coefficients:
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where Z runs over the three lepton flavors e, u, 7. 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

05 = (57°PLb)(£7,7), (2)
07y = (57"PLb)(E1arst), (3)
0§ = (5Pgb)(¢¢), (4)
0} = (5Pgb)(¢75¢). (5)

The remaining operators, O', can be obtained from the
operators O with the interchange {L <> R}.

The SM Hamiltonian, HS)!, contains the operators OF
and Of, with lepton flavor universal Wilson coefficients
CsM ~ 4.2 and C)! ~ —4.1. The corresponding new phys-
ics Wilson coefficients can in principle be lepton flavor
specific and we denote them as ACS and ACY,. 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 SU(2), x U(1), 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 bs¢Z 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]

C§ = —C5, ct =Cy. (6)
We will impose these relations throughout. One can expect
generic corrections to these relations of order v?/A%p,
where v ~ 246 GeV is the vacuum expectation value of the
Higgs and Axp the new physics scale. As we will see, for
O(1) new physics couplings, this ratio is of O(107>), and
in that case, the corrections are completely negligible.

The remaining operators in the effective Hamiltonian (1)
are unconstrained in SMEFT and 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, p ~ /s, and
the relevant energy scale for B meson decays, typically
chosen to be the b mass, u ~ m;,. 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 # = p, while B meson decays can, in
principle, be used to probe all lepton flavors £ = e, p, 7.
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Until recently, rare B decays have provided intriguing hints
for new physics contributions to the muon-specific Wilson
coefficients AC§ and ACY, (see e.g. [3-7]). Those hints
were based on a number of experimental results, in
particular the anomalously low rates of the B — Kpuu,
B — K*uu, and B; — ¢uu decays [22-24], the anomalous
angular distribution of B — K*uu [25,26] and the hints for
lepton universality violation [27,28]. However, the most
recent results by LHCb on the lepton flavor universality
ratios Rg and Ry~ [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 ACy and ACY,
(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 B, — u*u~ branching
ratio (yellow), and the semileptonic b — suu 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 B, — utu~ branching ratio and the lepton
flavor universality tests Ry and Rg+ are compatible
with the SM predictions (ACy = ACY, = 0), while the
b — sup observables do show a preference for a non-
standard ACj.

2.0
B — pp
b— sup flavio
—— R &R
1.5+ rare B decays
1.0
= [ AT \
0.5 1 ! N
<1 ||
\\\\ “
\ y
0.0 T S
\ AN
~0.51
~1.0 . . . .
~2.0 -15 -1.0 -0.5 0.0 0.5 L0
ACY
9
FIG. 1. The global rare B decay fit in the plane of muon specific

new physics contributions to Cy and C, after the recent updates
of B, — utu~ [35] and Rg, Rk [9,10]. The fit includes the
B, — u"p~ branching ratio (yellow), Rg, Rg+ and other LFU
tests (blue), and B — Kutu~, B—-> K'utu~, B, = ¢utp~,
A, = Aptu~ branching ratios and angular observables (orange).
The result of the global fit is shown in red.

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 — sup observables are affected by unexpectedly large
hadronic effects, rendering the corresponding region
unreliable.

In case (i), the constraints from the LFU tests, Ry and
Ry in particular, do not apply, and one is left with the
overlap of the B, — utu~ region and the b — syt~
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

ACYY = —0.81 £0.22, ACYY =+0.124+0.20, (7)
with an error correlation of p = —30%. This corresponds
to a ~2.8¢ preference for new physics, mainly in AC™Y.
Such a lepton-universal shift in Cy 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 By, — utu~ 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

ACt =—-028+033, AC!,=-007+022, (8)

with a larger positive error correlation of p = +86%. The
best fit agrees with the SM at 0.86.

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 B, — u™u~
branching ratio are still statistically dominated, and one can
expect significant improvements from ATLAS, CMS, and
LHCb [35-37]. We assume that the measured B, — u"u~
branching ratio will coincide with the SM prediction and
use an experimental uncertainty of +0.10 x 10~°, 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 |V,| will be known with percent
level precision from Belle II [39]. For our projection, we
conservatively assume that the uncertainty on |V, | will be
half the one quoted currently by the PDG [40] |V ,| =
(408 £ 1.4) x 1073 = |V,| = (40.8 £0.7) x 1073.

Future LHCb measurements of Ry and Ry~ are expected
to reach uncertainties at the percent level [41]. We assume
that the measured future central values of Ry and Ry~ will
coincide with the SM prediction of 1.0 with uncertainties
that are a factor of 5 better than those quoted in the most
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FIG. 2. Top: rare B decay fit in the plane of lepton universal
new physics contributions to Cy and C,. Bottom: rare B decay fit
in the plane of muon-specific new physics contributions to Cg and
Cyg, including only theoretically clean observables.

recent analysis [9,10]. This corresponds approximately to
the expected uncertainties quoted in [42].

The constraining power of the » — suu 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 lo and 26 contours are
shown in the plots of Fig. 2 by the black dashed contours.
Gaussian approximations give in case (i)

ACS““’ = —0.81 + 0.20, AC‘I‘giV =0.02+0.10, (9)
with an error correlation of p = —18%. In case (ii),
we find

ACH = 0.00 £+ 0.12, ACY, =0.00+0.09, (10)
with a large positive error correlation of p = +92%.

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 — suu 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 /s =125 GeV, a future muon collider is proposed to
run at several high energies, including +/s =3 TeV,
/s =10 TeV, and even /s =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, ™y~ — b5
or bs, can be computed model independently in the
effective formalism provided by the Hamiltonian (1). To
compute the cross section, we used FeynCale [46—48] and
took into account generic polarization fractions of the
muon beams.

We find that the differential cross sections can be
expressed as
do(pty~—>bs) 3

= — +u
e goWH = bs)

X <§Fs+(1 —Fg)(1+7%) +§ZAFB),
(11)

do(putu~ — bs 3 _
[ SRS

X (gFS—l— (1-Fg)(1+2%) —§ZAFB)a
(12)

where z = cos 0 with 6 the angle between the y~ beam and
the b or b, respectively. In the equations above, we have
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expressed the differential cross sections in terms of the total
cross section

o(up~ = bs) =20(u'u~ — b5)
= 20(utu~ — bs)

G2a? 3
= # Vi Visl?s <Za0 + a2>, (13)

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

3a, 3ay

- F=——N (14
3610 + 4(12 3(10 + 4(12

AFB

The coefficients a, a;, and a, are given by the following
combinations of Wilson coefficients

ap = (1 + P, P_)(ICs]* + |Cp|> +|Cs* +|Cp )
+2(P_ + P,)(Re(CsCp) + Re(CCh)), (15)

a1 = (P, = P_)(|AGo+|ACy P =Gy = [CloP?)
—2(1- P, P_)(Re(ACAC],) - Re(CoCYy). (16)

ay = (1= P, P_)(|ACSP + |AC o2 + |Gy + |Cly )
F2(P_— P, )(Re(ACACH) + Re(CYCh)).  (17)

where for better readability, we dropped the lepton super-
script “” on the Wilson coefficients, cf. Eq. (1). The beam
polarizations P € [—1, 1] specify the fraction of polarized
ut and u~, respectively, with P, = +1(—1) indicating
purely right-handed (left-handed) beams. The unpolarized
limit is restored by setting P, = 0.

In the absence of beam polarization, the total cross
section simplifies to

G2a

2
O'(Iﬁlf — bs) = #WrbVZPSHACdz + ‘AC10|2
3
+ Gyl +1Chol? +Z(|CS|2 +[Cpl?
+[Cy* + 1CH )] (18)

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, Arg provide further information

about the relative size of Cg) and C 5’3 Wilson coefficients.

Note that the forward-backward asymmetry enters the
differential u™u~ — b5 and u™u~ — b5 cross sections with
opposite sign, cf. Egs. (11) and (12). A measurement of Arg
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
+50% polarization.

V. BACKGROUND PROCESSES

Various background processes contribute to a u™u~ —
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 upu~ — jj where one of the jets is incorrectly
flavor tagged, as well as backgrounds from processes with
missing energy, utu~ — bs + E. We detail the various
types of backgrounds in the following. Example Feynman
diagrams are shown in Figs. 3-5.

no b T W b
W,
¥, Z
t v t
w
T 5 nr w 5
FIG. 3. Example Feynman diagrams for the irreducible one-

loop SM background u*pu~ — bs.

¥, Z

ut q

FIG. 4. Feynman diagram for dijet production, "y~ — ¢g.
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w q v, Z
" q
144 7 ¥, Z q
pt v pt wt
7 v
w q
q
¥, Z 7
ut Ta
FIG. 5. Example Feynman diagrams for dijet production from

vector boson fusion ptu~ — qq'vo, utum — qgutu~, and
W = qq'p.

A. SM loop contribution

The irreducible SM contribution to the y*pu~ — 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 /s using FeynArts [50]
and FormCale [51]. For a large /s > m,, my, mz, we find
that the cross section falls with 1/s, or more precisely
loop G%m?az

il
be “W|Vm‘/m| -

2 19

: (19)
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, utu~ — bb,
in which one b-jet is misidentified as a light jet, as well as
utpu~ —cc and ptuT — gq events with light quarks
q = 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 u*u~ — 7 events do not give a relevant background.
The corresponding background cross section from dijets
that we consider is therefore

Gltig = Z 26[](1 - 64)6(/["/1_ - 4qq), (20
q=u,d,s,c.b

where ¢, is the b-tag efficiency and ¢, , ; . 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:
€, =70%, €. = 10%, and ¢, = ¢, = ¢, = 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 p7 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 utp~ — bbvo, uytu~ = cevb, or
utu~ — qquo with mistagged quarks, utu~ — bsvo, as
well as ptyu~ - qg'u™p~ and u™p~ — qg'pv 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 ytu~ —
bs signal events, one expects m;; =~ /s, while for vector
boson fusion events, one expects a significantly reduced
dijet invariant mass, m;; < \/s, 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, al‘)’gBF,
using Madgraph5 [57] to simulate the 4 body final states
Wp~ = qqve, ppm - qf'py, and ptpT — q@'ptuT
with all relevant quark flavors. We employ a cut on the
dijet invariant mass of mjj/\/E =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 +/s the cross sections of the new physics pu™p~ —
bs signal, onp (red), and the background processes men-
tioned above, namely the irreducible SM one-loop con-
tribution, 61" (blue), mistagged dijets, 6{,];, (green), and

bg
dijets from vector boson fusion, oy’ (orange). The shown

VBF cross section only includes the y*u~ — gg'vi proc-
esses. The pu"u~ — qg'uv and ptu~ — qg'u = cross
sections are somewhat larger, but might be reduced by
vetoing muons in the event. The muons from VBF
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FIG. 6. The cross sections of the u™u~ — bs signal and
background processes at a muon collider with a center of mass
energy +/s. 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
lo and 20 uncertainties. The muon beams are assumed to be
unpolarized.

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 7, = 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 1o and 20 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 bb final state contributes
the most, followed by c¢ and light quarks. The SM loop
background and the background from vector boson fusion
(with m;; 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
uu~ — 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 /s = 6 TeV
with an integrated luminosity of L =4 ab™! and /s =
10 TeV with L = 10 ab~! [44].

TABLE 1. Expected pu"u~ — bs event numbers at different
configurations of a muon collider with unpolarized muon beams.
6 TeV, 4 ab™! 10 TeV, 1 ab~! 10 TeV, 10 ab~!
Nyt 10050 £ 220 1,740 £ 50 17,400 £ 220
Nyg 8670 £ 220 780 + 42 7,800 % 200
N 1380 + 310 960 £ 68 9,600 % 300

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 Rg and Rg- and motivated by the
anomalously low branching ratios of b — suu decays
and the angular distribution of B — K*uu. 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 u"u~ — 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

Npg = L X Z 2e,(1 —eg)o(pp™ = qq), (21)
q=u.d.s.c.b

Nit = Nbg +Lx €b(1 - €s)6(.“+/"_ - bs)- (22)

The quoted uncertainties on the total event numbers, N,
and the background event numbers, Nygs 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 N, = N, — Ny, 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™!, ~7% at 10 TeV
with 1 ab™!, and ~3% at 10 TeV with 10 ab~".!

For a beam polarization of P_ = —-P, =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.

'Note 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 Rg, Rg- results [9,10].
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TABLE II. Expected pu*u~ — bs event numbers at different
configurations of a muon collider with a beam polarization of
P_=—-P, =50%.

6 TeV, 4ab! 10 TeV, I ab-! 10 TeV, 10 ab™!
Noi 7890+ 180 1,490 + 50 14,580 + 190
N 6610 + 180 600 + 40 5,947 + 160
Nage 1280 -+ 250 890 + 60 8905 & 250

The 1o and 26 constraints in the Cy — C plane from the
expected measurement of the ™~ — 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 Apg 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 e, and implicitly including flavor tagging
efficiencies, the expected number of observed forward
and backward signal events is given by

= e NEP 4+ (1— e )NEP

NF.bs

sig,obs

(23)

sig ?

15—
1.0

0.5

2 ool
@) al
-05
-1.0
215 Z10 Y 0.0 05 1.0 15
Co
FIG. 7.

Noggoes = €xNGT + (1 — e NG, (24)
NZ';f)bs = eiNfig” + (1 - ei)Nf;gi (25)
Ng‘gs,ﬁbs = el NG + (1 - ey )Ny, (26)

and analogously for background events from flavor
mistags. The observed total forward-backward asymme-
try, A%, is then given by

NE — NB

A%l]); _ obs obs , (27)
Nl(:bs + NoBbs

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

F __ aA/F.b5 B,bs F.bs B.bs

Nobs - Nsig,obs + Nsig,obs + Nbg,obs + Nbg,obs’ (28)
B __ a/B.bs F.bs B.,bs F.bs

Nobs - Nsig,obs + Nsig,obs + Nbg.obs + Nbg,obs' (29)

Alternatively, A% can be expressed as the following
combination of the truth level signal forward-backward
asymmetry, Agg as given in (14), and the truth level

background forward-backward asymmetry, A;‘%,

N, N,
A = (2e, — 1) (—N“g App + N—bg A*F’g8>, (30)
tot tot

0.5

0.0

Cio

el v v L VAN
-15 -1.0 -0.5 0.0 0.5 1.0 15

Sensitivity of a 10 TeV muon collider with unpolarized beams in the ACS™ vs. AC}3" 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 y*u~ — bs cross section
(the forward-backward asymmetry). The combination is in red. The left (right) plot assumes an integrated luminosity of 1 ab™!
(10 ab~!). 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).
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Same as the plots in Fig. 7, but with a muon beam polarization of P_ = —P, = 50%. The combination of the unpolarized

best-fit regions are overlaid on the polarized regions, highlighting the complementarity of the polarized and unpolarized beams.

Assuming unpolarized muon beams, the signal forward-
backward asymmetry of the chosen benchmark point (7)
is Apg ~0.24, while for the background we find

Az% ~(.62. For polarized beams these values change to

App =~ —0.48 and AP, ~0.59.

We assume that the b-jet charge tagging performance of
a future muon collider will be comparable to that achieved
at LEP, e, = 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
(2. — 1) = 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

2
645 = 5\ (N 2(6VE,)? + (N 2(6NE, 2. (31)
tot

We expect that this slightly overestimates the uncertainty.
In the determination of the SN¥, and SN , we take into
account the statistical as well as a 2% systematic
uncertainty.

We find expected measurements of the total forward-

backward asymmetry AY = (22.7 4= 1.7)% at 6 TeV with

4 ab~!, AR = (16.4 +£2.9)% at 10 TeV with 1 ab™!, and
AR = (16.4 +1.6)% at 10 TeV with 10 ab~!.

The forward-backward asymmetry is highly comple-
mentary to the cross section and leads to orthogonal
constraints in the Cy — C;, 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 1o
and 20 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 16 and 2¢ 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 Apg with 1 ab™! 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 20 level. Below ~55%, very
little information can be extracted from the forward-
backward asymmetry with an integrated luminosity of
1 ab~!. In fact, for a charge tagging of 55%, the observed
Agp 1s one order of magnitude smaller than the raw one,
cf. Eq. (30), and measuring the Agg would be challenging
even with 10 ab™!.

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
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determined by a 10 TeV muon collider with unpolarized
beams and 1 ab~! of data that is compatible with the rare B
decay data is

ACY™Y = —0.81 £0.03, ACYY =0.12 +0.08, (32)
with an error correlation of p = +40%. For 10 ab™!, this
further improves to
ACS™ = —-0.81 £0.01, ACYY =0.1240.04. (33)
with an error correlation of p = +53%. 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 utu~ — bs signal events
does not exceed the 20 uncertainty of the background, we
find for unpolarized muon beams

0.46@6 TeV, 4 ab~!
|Cvcctor| < 0.22@10 TeV, 1 ab~! , (34)
0.17@10 TeV, 10 ab™!

A/TeV

120}

100
) Rare B decays: Current

) Rare B decays: High Lumi

) 10 TeV Muon Collider: 1 ab™
) 10 TeV Muon Collider: 10 ab™"
) Combined Fit: (1) + (3)

) Combined Fit: (2) + (4)

80|

60|

a0

20H

Cy

for the vector Wilson coefficients Cyeoor = ACy, ACY,
cy', or C¥, and

0.53@6 TeV, 4 ab™!
|Cocatar] < { 0.26@10 TeV, 1ab™' ,  (35)
0.19@10 TeV, 10 ab~!

for the scalar Wilson coefficients Cyyor = C%, Clp, C¥,
or C}. Here we give the values for the Wilson coefficients
at a renormalization scale that corresponds to the center of
mass energy of the collider u = +/s.

Already with 1 ab—! at a center of mass energy of
10 TeV, the constraint would be approximately as strong as
the current one from Ry and Rg- (8).

The constraint on the Wilson coefficients can also be
translated into a sensitivity to a high new physics scale.
Assuming O(1) flavor violating new physics couplings,
one has for each Wilson coefficient C

c 4GF . (04 _%
Axp = W |thVm| E |C| ) (36)
such that
53 TeV@6 TeV, 4 ab™!
AGE" > 76 TeV@10 TeV, 1ab™! | (37)
86 TeV@10 TeV, 10 ab~!
49 TeV@6 TeV, 4 ab™!
AL > & 70 TeV@10 TeV, 1 ab™! (38)
82 TeV@10 TeV, 10 ab™!

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 Aﬁ,:l ~ 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,

AJTeV
600 |

500

[ (1) Rare B decays: Current

[ (2) Rare B decays: High Lumi
300f [ (3) 10 TeV Muon Collider: 1 ab~"

[ (4) 10 TeV Muon Collider: 10 ab™"

400F

200F

100

()
Cs

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 AC}, the one on the right to C(S')” . Other vector and scalar

coefficients follow identical trends.
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for the AC coefficient in the left panel, and for C(S/W 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 B, — puu~
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 o(utu~ —
bs) alone, but to the combination o(u*u~ — bs)+
o(utu™ — bd). 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

|C| N \/|Cb—>s|2+ |Cb—’d|2. (39)

It is interesting to contrast the results from Secs. VI A
and VIB. 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 Ry 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 bsuu

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 » — supu 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 Rg and R, and identified
two possible scenarios: on the one hand some new physics
could be lepton-flavor universal, while addressing the
b — sup 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 p ~ /s. 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, u ~ m,,. 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 follows”

[ng)]zzn + [C(;q)]zzzs = ACy — AC),, (A1)
[Chelrzy = ACH + ACY,, (A2)
[Cralans = ACY + ACH, (A3)
[Cedlans = ACS' + ACT, (A4)

n,a K a 1 m? K

ACE ~ AC! 1--Zog| = ) —— [ +2 L) log | =

9(mh) 9(\/5)[ b4 0g< ) 16ﬂs%V <C%V+ +2m‘2;[, 8 m%
+

a 1

+ 8ch(R)[tog ()

s

Cy'(my) = C5 (V) [1 ~%0g <2>

[C fedq]§232 = 2C’§, (A5)

[Cfedq]2223 = ZC?’ (A6)
and analogously for the Wilson coefficients with electrons
and taus.

We run the Wilson coefficients from u~ /s to the
electroweak scale u ~ my,, 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

a 1 s
7 =42 ) (1 -4s2)1 — 1, A7
16n5%, (W >< ) g<m>} (A7)
2
ms s
2 1 —
" zmév) o8 <m>]
a 1 )
— (=421 —4s3)log( = ||, A8
o (g 2) 0 s ) A

a s , a s a s
% og( ) = (ve) | Zrog (L) =% (1—a2)log( )], (A9
8rc, 08 <m%)] io(V's) {271 o8 (mi) Sﬂc%l,( siv)log (m%)} (A9)

Chitm) = C(v5) 1 - o toe ()| = CH ) 108 () = g (1=t (5) | (a10)

comscrn () () () 5 (D)

Clmy) = CL(V5) (“S(mb))g(%(mﬁ)" 142

(/)

as(mZ)

Where n, =1 in the scenario with muon-specific Wilson
coefficients and n, = 3 in the scenario with lepton uni-
versal coefficients. In these expressions, sy and cy, are the
sine and cosine of the weak mixing angle,  is the fine

*Note that both the SMEFT coefficients Cf/,lq) and CS} map
onto the same combination Cy — Cy(, and the translation into the
SMEFT operators is thus not unique. Interestingly, choosing an
arbitrary linear combination of C (flq) and C(f? has no impact on the
final result. We find that the difference in SMEFT RGE running
of Cg,l; and C 2 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.

w zZ

(Al1)

s a1 5 3m? s
log(— )+ (=22 Vlog( = )|. (AI2
°g<m,%>+3n <W > 3zs%vmav> g(mﬂ (A12)

structure constant, and a; is the strong coupling constant.
Note that only the scalar coefficients Cg = —Cp and
Cs = C 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 R are to a good approximation sensitive
to the differences of the muon and electron Wilson
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coefficients C} — C¢. In this case, the nonzero electron
coefficients at the b scale are

a

S
1 — |, Al3
3 08 (ml%) ( )

€l my) = ~CY (V5) - log (m—) |

ACS(m,) = ~ACH(V5)

- (A14)

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

impact. The shifts between the Wilson coefficients Cg,)m at

the low scale y~m;, ~4.2 GeV and the high scale y ~
/s =10 TeV are typically around 5%-10%. We do
include the running of Cg>10 in the leading log approxi-
mation in our numerical analysis for completeness. In the
case of the scalar coefficients Cg.)P, we take into account the
small electroweak running and the QCD running, which is
an O(1) 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 Ry and Ry«
[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 B, — u*u~ from

CDF [73], ATLAS [36], and LHCb [37];

(ii) branching ratios measurements of B — Ku'tu~,
B - K*utu~, and By —» ¢u*u~ from CDF [74],
Belle [75], CMS [76], and LHCb [22-24];
(iii) angular observables of the decays B — K*u™u~ and
B, — ¢utu~ from CDF [74], ATLAS [77], CMS
[78], and LHCDb [25,26,79];
(iv) branching ratios and angular observables of A, —
Aptp~ from CDF [74] and LHCD [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 g”> bins below 6 GeV? 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] |V,,| = (40.84+1.4) x 1073 and |V,,| =
(3.82 £0.20) x 1073, 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 B, — utu~ decay
from [35], as well as the latest LHCb results on Ry and
R+ [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 Cy and C;, Wilson
coefficients.
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