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1. Introduction

The decays B — K{*¢~ (£ = p,e) belong to the class of rare B-meson decays, which in the
Standard Model (SM) occur only at the loop level and are heavily suppressed. For this reason
they are excellent probes of New Physics (NP). Rare B-meson decays have recently received a lot
of attention in the literature (see e.g. [1-10]), much of it owing to LHCb’s observation that the
branching ratio of B — Ku*u~ is lower than the SM prediction, with a statistical significance of
~B-4)0[11,12].

If this deviation is confirmed to be caused by NP, the next step is to identify what that NP
is. In the language of Effective Field Theory (EFT), NP is encoded in the Wilson coefficients that
enter the decay. If we can extract the values of these coefficients, we can match an EFT to different
high-energy theories to see which theories can explain the observed deviation. These coefficients
are often assumed to be real numbers, but in general they can be complex. If they are, they encode
new sources of CP violation beyond the SM. We will show how measurements of CP asymmetries
in B* - K*u*u~ and Bod — Kgu*u~ decays can be used to extract the complex values of the
relevant Wilson coeflicients.

Another indication of NP was until recently given by the ratio
Ry = I'B~ > K u*tu™)+T(B* > K*u*tu™)

(B~ — K-ete”)+I'(B* — K*ete™) ’
which probes universality between muons and electrons. For several years, measurements of this
ratio deviated from the SM value of unity [13—-16]. However, as of December 2022, the value is in
agreement with the SM prediction [17-19]. Does this mean that electron—-muon universality is now

ey

tightly constrained in B — K{*¢~? As we will show, that is not the case: With new CP-violating
phases entering the decays, we can still have electron—-muon non-universality even with Rx ~ 1.
We will discuss CP-violating observables that offer exciting new perspectives at the high-precision
frontier.

2. Theoretical framework

2.1 Effective Hamiltonian

For b — s¢*{~ transitions, the relevant low-energy effective Hamiltonian is [20-23]

o = 2L Lf€i1(05 = 01 + G205 -0 + 4, Y €0y
\/i iel
where 1, =V, V; are CKM factorsand I = {1c, 2¢,3,4,5,6,8,7),90)¢,101¢, 8¢, PV €, T £}
We neglect the doubly Cabibbo-suppressed terms, which contribute at the O(1%) ~ 5% level, and
consider the following operators:

) 2
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e _ e _ ~
0,0 = me[SUWPR(L)b]Fm, Osine = me[SPR(L)b](”),
2 2
Oy = @n? [5Y*PLr)b1(Eyul),  Opie = me[EPR(L)b](£75€)a 3)
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with Pr(r) = %(1 +vs) and oy, = % [Yu>vv]. The index ¢ indicates lepton flavour. We will
suppress that label it when it is clear from context that a specific flavour is considered. Furthermore,
all Wilson coeflicients C; should in the rest of this write-up be understood as a shorthand for C; +C;.

2.2 Observables

We will work with three observables: Branching ratios, direct CP asymmetries, and mixing-
induced CP asymmetries. For detailed expressions, see [12]. We define the qz—integrated direct CP
asymmetry of B* — K*u*u~ as

f[qrznin, Qrznax] - F[qrznin’ q%lax]

AN G2 sG] = , @)
RS S S o P/ e/
where ' =T'(B~ — K~ ¢*¢") and " = '(B* — K*(*(7), with
‘Irznax dr
2 2 2
F[qmin»Qmax] = ~/q2. d_qqu . 5)

In contrast to charged B-meson decays, which have only direct CP violation, neutral B-meson
decays can also show mixing-induced CP violation. This phenomenon arises through Bg - Bg
oscillations if the Bg and Bg mesons can both decay into the same final state. Here, we consider the
decay Bg — Kgt*¢~. We define the mixing-induced CP asymmetry through the time-dependent
decay rate [24]:

L(By(1) = f) =T (By(1) = f)  ~ A& cos(AMy1) — AZ sin(AM1)
F(BY(1) = ) +T(BY0) = F)  cosh(*er) + Ar sinh(er) ©

dir
CP
Here, A, = Fgl - FZ is decay width difference between the heavy and light B, mass eigenstates,
and AM, = M}, — M is the mass difference.

The direct and mixing-induced CP asymmetries can be generated through complex phases in

where ﬂgfj‘ is the mixing-induced CP asymmetry and AZ, is the direct CP asymmetry of (4).

Cy and/or C1g. The two asymmetries have complementary sensitivities to these coefficients: The
direct asymmetry depends only Cg, while the mixing-induced one depends on both Cg and Cyo. We
will now use this fact to extract the CP-violating phases of the two coefficients.

3. Extracting complex Wilson coefficients from CP asymmetries

In this section, based on [12], we show how CP asymmetries in B — Ku*u~ allow us to extract the
complex values of Cg and Cyo. We first discuss the relevant experimental bounds, then demonstrate
how the CP-violating observables give us complementary information, and finally extract the values
of Cg and Cjy in a fit to hypothetical data from a future benchmark scenario.

3.1 Experimental bounds

For the branching ratio we use data from [11], while we use [25] for the direct CP asymmetry. We
will begin by focusing on the ¢ bin of [7, 8] GeV?, where the LHCb collaboration finds

B(B" - K 'yt u™)[7,8] = (23.1+1.8) x107° (7
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Figure 1: Experimental data on the direct CP asymmetry of B~ — K~ u*u~ from the LHCD collaboration
[25]. The blue line indicates a theory prediction following Benchmark Point 1 of (10). (From [12]. Similar
figures can be found in [26, 27].)

and [25]
A[7,8] = 0.041 +0.059 . 8)

In Fig. 1, we show data on the direct CP asymmetry in different ¢>-bins. We focus on the small
bin of [7, 8] GeV? because it is near the J/i resonance at m3 = 9.6 GeV?, where the direct CP
asymmetry could be enhanced [26]. Concerning the mixing-induced asymmetry, there are not yet
any data. For SM predictions of all these observables, see [12].

For illustration, we consider three NP scenarios, which all fit the current rare B-meson decay

data better than the SM [4, 7-10]:

Scenario 1: CSIP #0,
Scenario 2: Cgp = —C%P #0, 9)

Scenario 3: C%P #0.

Fig. 2 shows the 10~ experimental bounds on the complex Wilson coefficients of our three
scenarios. The oval regions are bounds from the branching ratio, while the light orange ones come
from the direct CP asymmetry. The colour gradients follow the magnitudes of NP contributions.
For these plots we have used a CKM input following [28] that combines a value of |V,;| from
exclusive semileptonic B decays with a value of |V, | from inclusive ones. We have also assumed
a model of hadronic long-distance effects from [29] (see [12] for a detailed discussion). We have
indicated by a star and diamond two benchmark points that are allowed by the data but still have
large CP-violating phases:

Benchmark Point 1:  |C)F|/|C3M] =0.75,  ¢5F =195°, (10)
Benchmark Point 2:  |CO¥|/|C5™| = |C|/|C3M] = 0.30 ¢ = ¢}y — 7 =220°.

The blue line in Fig. 1 shows how Benchmark Point 1 leads to an enhanced CP asymmetry near c¢¢

resonances, following [26]. This enhancement also occurs for Benchmark Point 2, but to a smaller

degree. We will use these points in Section 3.3.
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Figure 2: Experimental 10~ bounds on the three NP scenarios of (9). The star and diamond indicate
Benchmark Points 1 and 2 of (10), respectively. The colour gradients follow the magnitudes of the Wilson
coefficients. (From [12].)
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Figure 3: Correlations between direct and mixing-induced CP asymmetries in By — Ksu*u~ in the
three NP scenarios of (9). The orange vertical band marks the current experimental bound on the direct
CP asymmetry. The colours for each scenario correspond to Fig. 2 and indicate magnitudes of Wilson
coefficients: Lighter colours indicate larger magnitudes. (From [12].)

3.2 Correlations between CP-violating observables

Through correlations between the direct and mixing-induced CP asymmetries of B; — Ksu*u™,
we can distinguish between the three NP scenarios of (9). Folding the experimentally allowed
regions of Fig. 2 onto the (ﬂgi}ﬁ,
each NP scenario leaves a distinct “fingerprint”’, with different allowed values. In Scenario 1,
the direct CP asymmetry can take any value within [—0.2,0.2] while the mixing-induced CP

asymmetry stays close to the SM prediction. In Scenario 2, we get much larger asymmetries, with

ﬂénfi,") plane, we obtain the correlations of Fig. 3. In this plane,

direct CP asymmetries as large as +£0.4 and mixing-induced ones in [—0.8,0.9]. In Scenario 3, the
direct CP asymmetry is always zero, while the mixing-induced CP one varies within [0, 0.8]. The
strikingly different behavior of the CP asymmetries between the NP scenarios demonstrates that
these observables can be used to distinguish between the scenarios.
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3.3 Extracting Wilson coefficients from the CP asymmetries

We now go one step further and show how CP asymmetries in By — Ksu*u~ can help us extract
the complex values of the Wilson coefficients Cy and Cjg. As the coefficients are complex numbers,
they have two degrees of freedom each and we need at least four observables to extract their values.
For this analysis, we consider a minimal scenario with four observables, but we stress that additional
observables would help overconstrain the system and produce a better fit. We consider:

» the CP-averaged branching ratio of B* — K*u*u~ in the two g2 bins of ¢> € [1.1,6.0] and
q* €[15,22] ,

» the direct CP asymmetry of B* — K*u*u~ in the ¢* bin of [8,9] ,
* the mixing-induced CP asymmetry of Bg — Ksu*u~ in the g% bin of [1.1,6.0] .

These choices of bins play to the strengths of each observable. The direct CP asymmetry is chosen
close to a c¢ resonance, where it can be maximally enhanced, while the branching ratios and
mixing-induced CP asymmetry are chosen outside the resonance region, where they are robust with
respect to uncertainties from hadronic long-distance effects.

For illustration, we consider Benchmark Point 2 of (10). Using this point to compute the values
of our observables, we get

A[8,9] =0.16 +0.02, ADX[1.1,6] = 0.94 + 0.04 (11)
B[1.1,6.0] = (1.15+0.02) x 1077, B[15,22] = (0.908 + 0.018) x 1077,

where the uncertainties indicate a hypothetical future experimental scenario. We have here chosen
the uncertainty on ﬂgifr, to be about one third of the current experimental uncertainty in the nearest
available q2 bins [30]. For ﬂénfi,", we have chosen an uncertainy twice the size of that on the direct
CP asymmetry. And for the uncertainties on the branching ratios, we have used 2%, again about one
third of current experimental uncertainties [11]. Working with these uncertainties lets us explore
how a given precision on observables translates into precision on the extracted Wilson coeflicients.
We do this by performing a chi-squared fit while setting theory uncertainties to zero. Fig. 4a shows
the resulting 68% and 90% confidence level regions for the Wilson coefficients in the complex
plane. We find that the corresponding observables let us determine the imaginary part of Cy with
high precision, but we get a less precise determination of Cjg. The precision can be increased
by over-constraining the system, for example by including additional ¢ bins, by considering new
observables, or by assuming relations between the Wilson coefficients.

To show the precision gained from an over-constrained fit, we consider two scenarios with NP
either in Cg only or in Cg = —Cjg. For the Cg-only scenario, we use Benchmark Point 1 from (10)

and obtain
AL[8,9] =0.15+0.02, AZE[1.1,6] = 0.66 + 0.04 (12)
B[1.1,6.0] = (1.16 £ 0.02) x 1077, B[15,22] = (0.806 + 0.016) x 1077,

where the uncertainties again correspond to a hypothetical future scenario. With these inputs for
Cy only and those of (11) for C9 = —Cj, we find the more precise confidence limits of Fig. 4b.
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Figure 4: Extracted values of Cy and Cj¢ in the complex plane. The lines indicate the 68% and 90%
confidence limits. (From [12].)

4. Testing electron—-muon universality with CP violation

With current experimental data on Rk being in agreement with the SM prediction, is there still
space left for electron—muon universality violation? If the Wilson coefficients in B — Ku*u~ and
B — Ke*e™ are the same, then we have electron—-muon universality. However, as we will show in
this section following [31], when we allow the coefficients to be complex, they can take different
values while still respecting Rx ~ 1. We will first consider real coefficients and then complex ones,
allowing for new sources of CP violation.

4.1 Real Wilson coefficients

To accommodate data on the branching ratio 8(B* — K u*u™) [11], areal ng’ has to take a value
within
NP SM

Gy, = [-1.32,-0.40]C5™ . (13)
We fix Cg“’ to a value within this range and then use the recent Rx measurement to compute what
values are allowed for Cg]ep. Fig. 5 shows the resulting plot, where the dashed vertical line shows
the value that Co,, is fixed to, the curve shows values of Rk as a function of C}\T’, and the horizontal
band the experimental 1o~ band for Rx. We observe that Cy, is forced to take one of two discrete
values, one which is identical to Cgf and one which is not. As a result, if we assume real Wilson
coeflicients, the recent Rx data impose electron—-muon universality up to a twofold ambiguity.

4.2 Complex Wilson coefficients

We now consider ng) and Cg]ep to be complex parameters, allowing for new sources of CP violation.
Fig. 6 schematically illustrates our procedure: we first constrain Cgﬁ) using the branching ratio
and direct CP asymmetry of B* — K*u*u~, then use current Rg data to determine the allowed
complex values of Cglep, and finally show how these values translate into CP-violating observables.
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Figure 5: Rk as a function of a real Cg]eP , corresponding to no new sources of CP violation. (From [31].)
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Figure 6: Illustration of our procedure to show how much space is left for electron—-muon non-universality
in B — K{*¢~ when we allow for new sources of CP violation. (From [31].)
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Figure 7: Constraints on a complex Cgf (left), Cor (middle), and CP asymmetries in By — Kse*e™ (right).
(From [31].)
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Fig. 7a shows the experimental bounds on ng’ : The dark striped egg shows the bound from
B(B* —» K*u*u~), and the light gray region shows the bound from ﬂgilﬁ(Bi — K*u*u™). The
direct CP asymmetry has been constrained by the LHCb collaboration in different bins of ¢* [25],
and averaging over the bins yields the rather strict bound of ﬂgilg(B — Ku*u~) =0.012 + 0.017.
However, by taking this average we implicitly assume that the CP asymmetry is constant over the
g® spectrum. As shown in [26], this is not necessarily the case; any existing asymmetry will be
enhanced by c¢ resonances and change across the spectrum. Because of this, we instead use the

more conservative range of
AS(B™ - K ) =0.0+£0.1, (14)

where we take the uncertainty to cover all the individual bins between 1.1 and 6.0 GeV? in [25].
For illustration, we fix Cg,, to the blue star, given by

Cop = 0.50|C5M]e" %", (15)

and vary the electronic coefficient CSLP to explore which values are consistent with Rg. Fig. 7b
shows the result. We have coloured each point in the plot according to the absolute value of C()Nep.
If electron—muon universality were to hold in B — K£*¢~, then Cg]ep should take the same value as
Cgf —that is, the blue star. But that is not what the figure shows. Instead, the electronic coefficient
can take any value within the blue, egg-shaped region. Even with a value of Rk close to one, there
is still a lot of space left for electron—-muon non-universality.

To probe this new parameter space, we need measurements of direct and mixing-induced CP
asymmetries in By — Ksu*u~ and By — Kge™e™. Fig. 7c shows how the allowed space in the CgIeP
complex plane translates into the electronic CP asymmetry plane. The colour coding matches that
of Fig. 7b and allows for easy comparison between the two planes. With data on either asymmetry,
we can draw a band in the CP asymmetry plane, and with data on both we can draw two intersecting
bands. If that intersection were to exclude a known value of C};ﬁf (in this case the blue star), that
would constitute a clear signal of electron—muon universality violation.

The only data available so far on CP asymmetries in B — Ke*e™ come from the Belle
Collaboration, who measured the direct CP asymmetry of B* — K*e*e™ and found [32]:

AL =0.14+0.14, (16)

which is an average over different ¢ bins. Given measurements also of the corresponding mixing-
induced asymmetry of B; — Kgse*e™, we can use the method presented in [12] to determine the
complex value of CgNeP. Then, we would know whether or not electron—muon universality holds in
these decays. Considering the significant room left for CP-violating couplings that violate electron—
muon universality, we encourage the experimental community to perform detailed feasibility studies
of the corresponding measurements.

We stress that these results are robust with respect to the specific benchmark value chosen for
Cgf and the particular NP scenario considered. To show this, in Fig. 8 we show the same plots as

in Fig. 7 but for the NP scenario of C} = —C}{}, and red diamond benchmark point given by

Chy = —Ciyy, = 0.40|CgM]e™" (17)

We observe that also in this scenario, a large parameter space opens up for electron—-muon non-
universality that is consistent with the latest data on Rg.
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Figure 8: Same as Fig. 7 but for the NP scenario C}} = ~CN\. (From [31].)

5. Conclusions

In studies of rare B-meson decays, new sources of CP violation are often neglected. We have
included the effects of such new sources and presented two phenomena that arise in the process.
First, we have shown how measurements of direct and mixing-induced CP violation in B — K{*¢~
decays can be used to extract the complex values of the Wilson coefficients Co, and Cys. Second,
we have demonstrated how new sources of CP violation open up a new parameter space for lepton
flavour universality violation, allowing for significant violations of universality even with a value
of Rk in agreement with the SM prediction. These studies provide exciting new opportunities to

reveal New Physics effects in the coming high-precision era.
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