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ABSTRACT: We investigate the feasibility of the time-dependent CP violation measure-
ment of the rare Flavor-Changing Neutral Current decays, BY — ¢(— KTK )utu~ at
the FCC-ee. In the Standard Model (SM), CP violation is absent at the leading order and
only enters at loop-order. However, such rare processes are sensitive to interactions beyond
the SM referred to as New Physics (NP). Such a NP effect could introduce non-negligible
CP violation. The presence of CP violation would reveal the complex structure of NP.
This makes time-dependent CP violation in BY — ¢u™ ™ decays an attractive laboratory
to probe NP. Future Z-factories offer an ideal setting for measuring this decay due to the
large statistics, clean environment, particle identification, and excellent vertexing capabili-
ties, which are needed for establishing the precise location, and therefore the lifetime of the
decaying BY meson. Studies were conducted using the IDEA detector concept, PYTHIA
Monte Carlo, and DELPHES detector simulation and reconstruction. Our results indicate
that achieving a relative precision of < O(1%) on the branching ratio and a precision of
O(1072) on the time-integrated CP asymmetry is feasible. We seek to determine the sensi-
tiveity of an FCC-ee analysis to Dy, Sy and Cfy, three interdependent NP observables that
define the time-dependent CP violation. In the untagged time-dependent measurement, the
Dy precision of O(107!) can be reached. The precision on Cy and Sy are found to reach
the O(1072) level if the BY oscillation is resolved using a time-dependent measurement
of the decay. These precision measurements are interpreted using Weak Effective Theory,
providing a comprehensive understanding of the CP properties of the potential NP in these
rare decays. Note that the following results are preliminary.
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1 Introduction

The study of rare processes plays a crucial role in probing the limits of the Standard Model
(SM) and searching for potential New Physics (NP). One of the primary motivations for
studying rare decays is their sensitivity to NP. Any deviation from the SM predictions could
indicate the presence of new particles or interactions not accounted for in the SM. In this
study, we focus mainly on the rare b — s¢*¢~ decay, which is mediated by a flavor-changing
neutral current (FCNC). Such an FCNC decay is forbidden at tree-level in the SM and can

I which has a

only occur via loop corrections. Figure 1 shows the rare decay B? — ¢utu~
branching ratio of O(107%) at leading order in the SM. This process is sensitive to several
beyond the SM (BSM) models, like for example leptoquark- or Z’ models, which contribute

to this transition at tree-level [1-4].

"We take a notation including the charge-conjugation mode throughout this paper.
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Figure 1: Examples of leading-order B? — ¢u*y~ Feynman diagrams in the SM.

In addition to the search for NP, the study of CP violation is of significant importance.
CP violation is one of the Sakharov conditions to explain matter-antimatter asymmetry
in the universe within Baryogenesis [5]. The SM introduces CP violation through a single
complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which describes the
strength of the quark transitions [6, 7]. The amount of CP violation predicted by the SM
is insufficient to account for the observed dominance of matter over antimatter, suggesting
the presence of additional sources of CP violation [8, 9]. This discrepancy motivates search
for CP violation sources from NP.

W+

Figure 2: Example of leading order B? — B? — ¢uTpu~ Feynman diagram in the SM.

The rare BY — ¢(— KTK~)u*pu~ decay can give rise to the CP violation in inference
between decays with and without neutral meson mixing. For the mixing case, Figure 2
illustrates an example of an oscillating process, of a B?, which first oscillates into a BY
and then further decays to ¢u™p~. Measuring the CP properties of such rare processes
can provide information about the CP properties of potential NP, as even a small NP
contribution can be substantial with respect to the rarity of the SM process. The potential
NP effects which can be extracted using a model-independent Effective Field Theory (EFT)
approach to probe the imaginary part of the underlying Wilson coefficients responsible for
the decay. Additionally, most current CP violation searches focus on non-leptonic decays.
Hence, measuring semi-leptonic B-meson decays is important in order to comprehensively
test the SM. From the theory side there are several studies on extracting CP properties of
FCNC decays [10-15].

In this study, we interpret potential NP probes using the Weak Effective Theory (WET)
below the electroweak scale [16]. Specifically, this study focuses on probing the Wilson co-
efficients C7, Cg and C1g, considering both their real and imaginary parts. Their definitions



b-hadron Belle 11 LHCb FCC-ee
B° BY 53x10" 6x10¥ 7.2x10"
B+ 5.6 x 1019 6 x 1013 7.2 x 101!
BY BY  57x10% 2x10% 1.9x 101
B 4x 101 1.1 x10°
A9, AY 2x 103 1.5 x 10!

Table 1: Estimated yield of different b-hadrons procured at Belle II, LHCb and the FCC-
ee [26].

are given in Sec. 4.

To enable time-dependent measurements in the rare B? — ¢u*p~ decay, a substantial
and relatively background-free (to facilitate tagging) dataset is required. Collecting such
a dataset, however, is beyond the reach of current experimental facilities. This introduces
significant experimental challenges to current flavor experiments. Specifically, the collision
energies of SuperKEKB are not optimized for producing B? mesons. Therefore the BY
dataset at Belle II is statistically limited by special dataset campaigns. On the other hand,
while LHCb can produce a larger number of heavy hadrons, measuring time-dependent CP
violation is challenging due the high levels of QCD background at the LHC. This limits
achievable flavour tagging power, which refers to the ability to distinguish whether the decay
is initiated by B? or BY, and vertex reconstruction etc. In contrast, future Z-Factories like
the FCC-ee [17-19] and CEPC [20-22] provide an ideal environment for conducting such
measurements.

Such a challenging precision measurement is made possible in future Z-Factories by
several factors. Firstly, the Z-pole run of the FCC-ee is expected to produce ~ 6 x 10'?
on-shell Z bosons, resulting in up to 1.9 x 10 BY BY mesons, as detailed in Table 1 the
expected yield at Belle II [23], LHCb Upgrade II [24] and the FCC-ee. Secondly, due to
the leptonic nature, the FCC-ee provides a significantly cleaner experimental environment
compared to a hadronic machine. This not only enhances background suppression more
effectively but also improves the particle identification and flavor tagging power [25]. Ad-
ditionally, operating at /s = my ensures a high boost of the produced particles, thereby
enhancing tracking resolution. A good resolution in vertexing is crucial for accurate time-
dependent CP violation measurements. A more boosted displaced vertex, combined with
advanced detector design features such as a lower material budget, consequently improves
the resolution of reconstructing the b-hadron decay vertex. Recent studies exploring flavour
physics potential at future Z-Factories include, but not limited to, [26-41].

This paper is structured as follows. Section 2 discusses the strategies to simulate
the signal and background samples, and the selection cuts to identify signal-like samples.
Section 3 presents the interesting experimental observables and the expected uncertainties
of them by performing the untagged and tagged measurements. We then interpret the
result in the framework of the WET in Section 4.



2 Simulation and Event Selection

In this study, we use PYTHIAS [42] to simulate both signal and background samples with
process ete™ — Z at Z-pole. The signal samples are generated from Z — bb at the Z-pole,
with the exclusive decay of BY — ¢(— KTK~)utpu~. For the background, we simulate
the SM processes of Z — bb, where the signal mode is excluded in this sample, and Z — c¢
inclusively, as they were shown to be the dominant Z — ¢g background types in similar b-
physics studies [28]. The detector effects are included using DELPHES3 [43] with the IDEA
detector concept [44, 45]. In our study, the sub-detector of greatest concern is the vertex de-
tector. The IDEA vertex detector employs monolithic active pixel sensors (MAPS), which
surround the beam pipe that has an outer radius of 11.7 mm. The detector features three
inner barrel layers, each assumed to have a single-hit resolution of 3 pum, with the first layer
positioned at a radius of 1.37 cm. These are followed by two outer barrel layers, which have
an assumed single-hit resolution of 7 ym. Additionally, the forward and backward regions
are each covered by three disk layers, also with an assumed single-hit resolution of 7 pm.
To better understand the physics of the inclusive backgrounds, they can be classified into
three main categories: resonance, cascade and combinatoric mis-identified (mis-ID) back-
ground. Resonance backgrounds represents the physical decays where BS decays to only
K™K~ u*p~ final states, but with u* ™ originating from resonances like ¢, J/1 and 1(25).
An example of such resonance backgrounds is B? — ¢(— KT K~)J/¢(— putpu~). Cascade
and combinatoric background are defined similar to those in [26]. Specifically, cascade back-
ground refers to the case where the final states K™K~ pu* ™~ are produced via intermediate
particles decayed from the same b-hadron, that is not classified as resonance background.
One of the examples is the decay BY — D utv, followed by Dy — ¢(— KTK ™ )u~1,.
Combinatoric background represents cases where the final states KK ~pu*u~ are not pro-
duced from the same hadron. Instead, they are produced directly from fragmentation, or
decayed from products of fragmentation. Lastly, mis-ID background occurs when the pro-
duced final state particles are misidentified as our targeted final states (for instance 7% is
mis-identified as %) and then pass the selection cuts. However, we will neglect the effects
of this type of background in this study, due to the low mis-ID rate that future Z-factories
can achieve, as discussed in Appendix A.

We design the following set of selection criteria to reconstruct and select the signal-like
candidates, based on the characteristics of the signal and the backgrounds discussed above:

e Final States (FS) Selection: An event should have at least one pair of oppositely
charged K™K~ tracks and at least one pair of oppositely charged pu*u~ tracks. All
candidate tracks need to have pr > 0.1 GeV. Among these K™K~ u"p~ candidates,
we require at least one combination to be traveling in the same direction. Specifically,
we require that their pairwise dot products of their 3-momenta are positive: p;-p; > 0
fori,j € {K*, K, u",u~}. Next, we use the tracks of the KT K~ "~ candidate to
perform a vertex fit. If more than one combination satisfy the directional requirement,
we select the combination that gives the lowest vertex x? value.

e Vertex Fit 2 Cut: The selected KT K~ p~ candidate must have vertex fit with



x? < 15. The fitted vertex is expected to be the secondary vertex, denoted as 3,
which corresponds to the BY decay vertex. This is because ¢ is prompt, and hence
the decay vertex of ¢ is expected to be the same as that of BY.

e Momentum |p] Cut: Each of the selected K*K ™~ p*pu~ candidate must have mo-
mentum larger than 2 GeV.

¢ Reconstructed ¢ Mass mg Cut: We first define the reconstructed ¢ mass as the
invariant mass of the KK~ system: my = mp+x-. We then require the invariant
mass to fall within the range 1 GeV < mgy < 1.04 GeV.

e Squared Dimuon invariant mass ¢> Cut: We require that ¢ is not in the ¢,
J/1 and 9(2S) resonance regions. Namely, we select ranges ¢> ¢ [1,1.08] GeV?,
¢* ¢ 19,10.2] GeV? and ¢? ¢ [13,14.4] GeV?2.

e Reconstructed B! Mass mpo Cut: We define the reconstructed BY mass as the
invariant mass of the K™K~ pu*u~ system: mpo = mp+g—,+,-. We then require
5.35 GeV < mpo < 5.39 GeV (signal region).

The numbers of events at each selection stage is shown in Table 2. Distribution of the
corresponding observables, after the final states selection stage, are also shown in Figure 3, 4
and 5. The shaded region in the figures are excluded by the cut.

Channel BY — outp Z — bb Z — cc
Events at FCC-ee  7.82 x 10*  9.07 x 10'"  7.22 x 101
Nrs 7.30 x 10* 4.34 x 107 2.82 x 108
N2 719 x 10 215 x10%  7.25 x 107
Nz 4.61 x 10* 5.98 x 107 2.25 x 10°
N, 4.59 x 10* 3.21 x 107 3.64 x 10°
N2 3.97x 10 1.24x 107 3.13 x 10°
Ni o 3.93x10%  1.39x 103 2.13 x 10?

B

Table 2: Expected event yields at FCC-ee of different selection stages. The branching
ratio Br(B? — ¢utu~) uses the world averaged value from HFLAV [46]. Note that the
branching ratio Br(¢ — KK ™) is included in the estimated signal yield.

Figure 3 shows that the signal events are mostly concentrated in the low y? region.
The remaining events with relatively large y? are affected by detector effects. On the
other hand, the Z — bb (excluding signal) and Z — c¢ backgrounds exhibit a flat, long
tail extending to the large x? region. This feature can be explained by the cascade and
combinatoric types of backgrounds introduced above. In cascade background, the tracks
may undergo a cascade decay chain involving displaced intermediate particles (such as D
mesons), leading to spatially separated final state tracks. Additionally, in combinatoric
background, the final state particle(s) comes or decays from a fragmentation, resulting in
tracks that are spatially farther from the remaining final state tracks. Figure 3 also shows
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Figure 3: Left: Vertex fit y? distribution from the K+K~pu*pu~ tracks. Right: The
residual of the reconstructed secondary (B decay) vertex 5 after the x? cut. Different
colors represent the residual projected to the x, y and z axis, respectively.

the resolution of the reconstructed vertex in signal samples in x,y and z direction, which
suggests that the resolution of the vertexing is O(10 pum). Note that the resolutions in z
and y direction are similar, while that in z direction is larger. This is because firstly that
the uncertainty of the vertex is larger along the particle’s longitudinal direction, while bb
is produced more often along the beam direction at Z-factory. This is also affected by the
fact that the resolution on z direction is n-dependent, which relatively larger uncertainties
coming from the forward region.
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Figure 4: The distributions of the momentum of the K, K~ u* and pu~ candidates. Solid
lines represent K or u*, and dashed lines represent K~ or p~.

The momentum distributions of the four final state particles are shown in Figure 4.
The backgrounds are more concentrated in the low momentum region compared to the
signal, making momentum cuts useful in suppressing the backgrounds. Additionally, as
demonstrated in Appendix A, the particle identification (PID) performance is worse in the
low momentum region, further justifying the application of momentum cuts.

The reconstructed invariant mass information is shown in Figure 5 and 6. A clear ¢
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Figure 5: Left: The reconstructed ¢ mass distributions. Right: The squared dimuon
invariant mass distributions.

peak is visible in all samples. The tails are dominated by random combinatoric of kaons.
In the ¢? distribution, the backgrounds exhibit resonances around the m?] T and mi mass
regions 2. Note that the peaks are not solely contributed by the resonance background, but
also from other decays which have ¢, J/¢ or 1 produced, for instance ¢ can be a product
of Dy decay instead.
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Figure 6: Distributions of the reconstructed BY mass, fitted according to Appendix B.

Due to the limited number of simulated events and efficient selection cuts, only a few
events remain after applying the cuts. To avoid the effects of statistical fluctuations in
the simulation, we fit the mpo distribution using the samples after the ¢ cut. The fitted
results are shown in Figure 6, where the signal and backgrounds are fitted with double sided
crystal ball and exponential distribution respectively, with details on the fitting process can
be found in the Appendix B. The total estimated signal yield is 3.62 x 10%, and 1.39 x 103
and 2.13 x 10? for Z — bb and Z — c¢ background respectively (See Table 2).

*The resonance around m is not visible because the Br(¢ — p*p~) = 2.85 x 107 is small compared
to Br(J/v — pTp™) = 5.961% and Br(y) — pTp~) = 8.0 x 1073.



3 Results
The time-dependent differential decay rate can be written as:

dr(t) e 't , ATt .. (ATt
dq(2) = S| Cf cos (Amt) +C sin (Amt) +Cf cosh (=~ ) +C sinh (2)] L (3.1)

where Cf are functions of the helicity amplitudes, more details can be found in Section 4.
Due to the finite decay time resolution, the measured decay time is smeared. As a
consequence, the observed oscillations are diluted by a given factor [47]:

Dtime = eféAmgof ) (32)

where o; is the time resolution. This value is dominated by the vertex resolution. Con-
sidering the excellent vertexing capabilities of future detector concepts, we estimate the
secondary vertex resolution to be O(10 um), as shown in Figure 3. With the average decay
length of BY being roughly 2.8 mm at Z-pole, estimation gives a decay length resolution of
3.57 x 1072 approximately 3. Given the mean lifetime of B? of roughly 1.529 ps, we find
o; ~ 5.5 x 1073 ps. This results in a time dilution factor of Dime ~ 0.995. Due to the
excellent vertexing in the future Z-Factories, and Amg value (see Table 4), the time dilution
factor will only have < 1.5% degradation if the vertexing resolution is worsen by a factor
2. This supports the robustness of the following study on time-dependent measurements.
It is important to note that, in practice, time-dependent measurements are also influenced
by the detector acceptance, which varies with the decay length. However, in this study, we
focus exclusively on the region corresponding to a decay time between 1 and 8 ps.

Measurements on CP-asymmetry require knowledge of the initial flavour of the neutral
meson. Modern flavour tagging algorithms exploit the decay of the other b-quark from
Z — bb, or fragmentation of the signal b-quark, or event topology to identify the initial
flavour. Imperfect flavour tagging effectively reduces the sample size by the factor known
as tagging power (See Appendix C). Table 3 shows the tagging powers of different exper-
iments. Improvements in flavour tagging are crucial for the success of the CP-asymmetry
measurements in the future machines.

LEP Belle I BaBar LHCb CMS
Pag 25 —30% 30% 30% 6% 5—-10%

Table 3: Tagging power of experiments |31, 49, 50].

3The time resolution depends on both the decay length resolution and the momentum resolution, though
the momentum resolution is neglected here. For further discussion on the ECAL study, please refer to [48].
Additionally, the decay length resolution is influenced by both the primary and secondary vertex resolu-

tions, with the secondary vertex resolution being the dominant factor. Because e™

e~ colliders experience
significantly fewer pile-up events compared to hadronic machines, leading to decay length uncertainty being
primarily dominated by the decay vertex. As a result, we neglect the contribution of the primary vertex

resolution here.



In the following subsections, we will discuss the potential measurements, that include
BY — ¢utp~, which can be performed at future Z-factories. These measurements can
be divided into two major categories: untagged measurements, where tagging BY is not
necessary, and tagged measurements, where tagging is required. The relevant parameters
for these measurements are summarized in Table 4. As the ¢utp~ final state is a mix-
ture of CP-eigenstates, the final amplitudes are polarized and have different decay time
dependence. These polarization amplitudes have to be statistically separated to measure
the CP-violating parameters. This can be achieved by measuring the angular-dependent
decay rate. However, because the main advantages of FCC-ee lay in the time-dependent
part of the measurements rather than the angular, in the context of this analysis, we in-
tegrate over polarized final states. By doing so we lose the ability to unfold the measured
time-dependent asymmetry to extract the CP-violating parameters. Since the decay is
dominated by CP-even amplitude across the whole ¢? range[51], no cancellation between
CP-even and CP-odd amplitudes appears. This ensures that there is no danger of fully
canceling the potential CP-violating effects between the polarized states when only doing
the time-dependent measurements.

Parameter Amg AT, 1/T Diime  Prag
Value 17.765 ps—!1  0.084 ps~' 1.520 ps 0.995 30%

Table 4: Parameters used to perform the measurements in this study from [52].

3.1 Untagged Measurements

Here we discuss two untagged measurements. We start with projections on branching ratio,
which does not require knowledge of decay time. Then we show sensitivity of the untagged
time-dependent decay rate measurement.

Branching Ratio We estimate the statistical uncertainty of Br(B? — ¢u*u~) as /s + b/s,
where the signal (s) and background (b) yields can be extracted from Table 2. We esti-
mate that the branching ratio can be known with a relative precision of 0.515%, which
is roughly a factor of 5 better than the LHCb statistical uncertainty [53]. The low-¢?
(¢* € [1.1,6.0] GeV?) and high-¢* (¢> > 15 GeV?) ranges are sensitive to different EFT
operators. The relative precisions of these two regions are 0.810% and 1.577%, respectively.

Untagged Time-dependent Decay Rate According to Equation 3.1, one can write
the untagged time-dependent decay rate as:

_ 1 1
FBS—)(MAJF/A* (t) + FBg—ﬂmﬁpf (t) oc e Tt (COSh iAFSt + Df sinh 2AFSt> . (3.3)

Notably, unlike in B° studies where AT'y ~ 0, making D s immeasurable due to sinh %AI‘dt ~ 0,
in the case of the BY meson, which is the focus of our study, the fact that ATy ~ 0.085 ps™—*
makes the measurement of Dy is feasible. In Figure 7, we show the simulated untagged
decay time distribution. Our fit of Equation 3.3 gives us statistical uncertainty on Dy of



0.103 with Dy = —0.71. Given the absence of experimental measurements for D; and the
theoretical uncertainty in its calculation, we vary the value of Dy between —0.6 and —0.8,
with the uncertainty remaining within the range 0.103 to 0.104. Notably, the uncertainty
of Dy is not sensitive to the value of Dy.
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Figure 7: Distribution and fit of the untagged time-dependent decay rate.

3.2 Tagged Measurements

Similarly, there are also time-integrated and time-dependent measurements in the tagged
cases. Specifically, we can measure both the time-integrated and time-dependent CP asym-
metry: (Acp) and Acp(t), where CP asymmetry is defined by:

FBQ—)(;S;["M— (t) - FBQ—)@L*M* (t)

Acp(t) = (3.4)
FBQ—)(;S;["M— (t) + FBQ—)@L*M* (t)
Time-integrated CP-asymmetry The integrated CP-asymmetry is defined as,
Iosoutu- —LBo et
(Acp) = sout sput (3.5)

Pogsoptp= + TBosgurp-

The statistical uncertainty on (Acp) can be estimated by 1/y/Prag - s, where P,y is the
tagging power, and s is the total signal yield of B? — ¢uTu~. A conservative estimate
gives uncertainty o ((Acp)) = 9.21 x 1073 with tagging power P = 0.3, just as good
as Belle II or BaBar. Figure 8 shows the expected o ((Acp)) as a function of P,g, where
different benchmarks are also marked as a reference.

Time-dependent CP-asymmetry With tagging present, one can write the time-dependent
CP-asymmetry, using Equation 3.1, as:

Cycos Amgt — Sy sin Amgt
cosh %Afst + Dy sinh %Al“st '

Acp(t) = (3.6)

In addition to Dy, Cy and Sy become accessible in the full tagged time-dependent mea-
surement. This allows for directly fitting the Cy and Sy parameter from Acp(t) Here we

~10 -
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Figure 8: Absolute statistical uncertainty of time-integrated CP-asymmetry measurement
as a function of tagging power. On the right hand side, it is the relative change in statistical
uncertainty with respected to the best case scenario (Prag = 1).

fix Dy to the SM value in the fit. First, the SM predicts Cy = Sy = 0, leading to a degen-
eracy in the value of Dy in this context. Second, the Dy parameter is better constrained
in the untagged time-dependent decay rate measurement, where we expect the precision to
reach 0(0.1), as discussed above. Even if a small NP contribution with 5D?P ~ 0(0.1)
exists, such that it remains undetected in the untagged time-dependent decay rate mea-
surement, this small effect is neglectable here, as sinh%AI‘st < 0(0.1). Figure 9 shows
the decay rates of the BY — ¢u*pu~ and BY — ¢u™u~ distributions. Then by applying
Equation 3.4, we can produce Acp(t) as a function of time, as shown in Figure 9. Note that
the bin size of this measurement is smaller than that of the untagged measurement (see
Figure 7), and hence introduces a larger statistical fluctuation. This is necessary because
the sampling frequency needs to be larger than the double of oscillation frequency in order
to see the oscillation from data. The fit results show that we can achieve uncertainties of
o(Cy) = 0.0210 and o(S¢) = 0.0214, with a small correlation of p = —0.0118. To reduce
the statistical uncertainty of the bins, we can also reproduce a one-period oscillation with

a modified asymmetry function defined as:

/A(CP(t) = Acp(t) x (cosh %Afst + Dy sinh ;AFJ)
= Oy cos Amgt — Sysin Amyt | (3.7)

which is also shown in Figure 9, where the statistical fluctuation is significantly smaller.
Furthermore, we investigate the effects of NP on Acp(t). We examine cases where NP
introduces a phase, resulting in Cy = CJ%M + 6C’fNP and/or Sy = S]ScM + 55?“3. We select
(50?13,55}1513) = (0,0.03), (0,0.06), (0.03,0) and (0.03,0.03), as test cases for possible NP
contributions (see Figure 10).
Notably, based on Equation 3.5, the integration yields:

4T2 — A2 CfI's — SpAmg

3.8
I'2+Am2 AT, +2DsAT, ' (3.8)

(Acp) =

— 11 —
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Figure 9: Top: Distributions of the tagged time-dependent decay rate measurement of BY
and BY decays. Lower left: Time-dependent CP-asymmetry measurement. Lower right:
The modified CP-asymmetry measurement with fit.

which shows that the measurement of (Acp) can translated to the function of Cy and
S¢. Due to the fact that Amg > Ty, the the sensitivity to Sy will be better than that of
Cy¢. A summary of the sensitivities of the measurements in the Cf-S; plane is shown in
Figure 11, when fixing D; to the SM value. One can find that the time-dependent CP-
asymmetry measurement is better in measuring C'y and S from the tagged time-dependent
measurements, which are approximately an order of magnitude more precise than the time-
integrated measurement. This highlights the significance of performing such measurements
at the FCC-ee, which provide opportunity to directly measure C'y and S instead of inferring
from other measurements.

A summary of the measurements discussed in this section is presented in Table 5. The
precision for the branching ratio can reach ©0(0.1%), and for (Acp) it can reach O(1072).
The precision for D can reach O(107!), while for Cy and Sy it can reach O(1072).
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Figure 10: Two examples of NP scenarios. Upper Left: Modified CP-asymmetry
with (55’]151D = 0.03. Upper Right: Modified 55}@ = 0.06. Lower Left: Modified CP-
asymmetry with 5CJI?IP = 0.03. Lower Right: Modified (55]1513 = 0.03 and 6CfNP = 0.03.
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W 0.01 : @ ] Ace)
Y’ — Acp(t)
—0.11
_02_

Figure 11: Constraints on the S¢-C'y plane from various measurements, including the time-
dependent decay rate, time-integrated CP asymmetry, and time-dependent CP asymmetry.
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2 2
dBr §Brd €1-1,6]  spra~=15 5Dy 5{Acp) 5C; 58,

Br Bra2€ll.1,6] Bra2>15

0.515% 0.810% 1.577% 0.103 9.21 x 10~2 0.0210 0.0214

Table 5: Summary of the experimental precision of the observables.

4 Interpretation

4.1 Effective Field Theory

The b — sutu~ transition is described in the Weak Effective Theory (WET), after inte-
grating out heavy particles at the electroweak scale, by the Hamiltonian

eff 4GFthV;: ° 1y ! S 1 1 !
HE D~ > (G0 + Clo) +> (GO + CioY) | +hee. . (4.1)
=1 =9

Of the twenty operators in Eq. (4.1), six give direct contributions to the B? — ¢u*u~
decay, illustrated in Figure 12

2
e _ w e - )
07 = <47T)2mb[80“ PRb]Fm/, Og(lo) = W[S’YMPLZ?] [/VYM(’%)M] 7
) (4.2)
€ MY (& _ B
0/7 = me[sa"u PLb]FMVu Og(llo) = W[S’YMPRb] [HVM(’YB),U] ’

whereas the four-quark operators, Og/,)...,(aa enter through penguin diagrams (Figure 13) and

the chromomagnetic operator, (’)é/) enters via its mixing into (’)g). The effect of the former

is often absorbed into “effective” Wilson coefficients?

1 4 20 80
ot = 7 — 30— 50— Cs

5 Cs— 5 Co+ ACSE Ot = Cy + Y (%) + ACET | (4.3)

4We do not consider C?%’ since contributions to C} s in NP scenarios are either heavily constrained

.....

or very small [54].
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Figure 12: The leading order WET Feynman diagrams of B — ¢u*pu~. Left: Contribu-
tion from the radiative O7 operator, where v decays to . Right: Contribution from

Og and Oy operators.

Figure 13: Contribution to C’?fg from one-loop matrix elements of current-current opera-

tors, O1,. 6. In the diagram, ¢ = u,d, s, c,b.

where

4, 64, 64 1 4 64
Y(q2) :gcg + 305 + 27706 - §h(q2a 0) (CS + 504 + 1605 + 30(5)

+ h(q27 mc) (g;cl + CQ + 603 + 6005)

1 4 64
— ~h(g*,mp) | 703+ =Cy + 76C5 + —C |,

) == (e () =5 <)

1
vx — larctan r>1
4(2+ ) v Vi1
- — T ) %
9 1++v1— ) ’
m<log7+ x_g) <1
NZA 2

where © = 4m?/q¢?. The O(as) QCD contributions from the current-current and chromo-
magnetic matrix elements, given in Refs. [55, 56|, are contained in AC%.
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4.2 Formalism of Differential Measurement

The spin-summed differential decay of the BY — ¢(— K™K~ )utpu~ can be written as [54]:

d4FBO_>¢'u+“,
s Ji(q°) fi(Ok, 0y,
dq? dcos Ok dcosbydp Z ) fi(Ox, 00, 9)

9
= 3. (Jlssm Ok + Jiecos® O + Jog sin? O cos 26,

+ Joe cos? O cos 20 + J3 sin? O sin? 0y cos 2¢

+ Jy sin 20 sin 26, cos ¢ + J5 sin 20 sin 6y cos ¢

+ Jgs sin? O cos Oy + Jg. cos® O cos by

+ J7sin 20k sin 0y sin ¢ + Jg sin 20k sin 26, sin ¢

+ Jo sin? O sin® 0, sin 2¢)) |, (4.5)
which is expressed in terms of the angular coefficients .J;(¢?) and the angular variables 0,

0, and ¢. In our study, we do not consider the differential decay rate with respect to the
angles, so we integrate out all the angles, and the differential decay rate reduces to:

dl’ go +,,— 3 1
% = Z (2J15 + ch) — Z (2J25 =+ ch) R (4.6)
where the angular coefficients are given by:
(2+5;) 4m;;
i = (yA 2+ A2 + AR + AR >+?“§R(AﬁA + A AP ) o (4T)
L2 R | Am 2 L g Rx
= |Ag]" + |Ap " + 2 [|4:* + 2% (A7 Ag™)] (4.8)
/82
Jos =~ (AR + |Af2 + | AT + AF2) (4.9)
Jac = —53 (1452 + [AF%) (4.10)

with 8, = (/1 —4m2/q?. Here, Ax represent transversity amplitudes of BY — ¢(—
KTK™)u™p~ decay, which can be found in Appendix D.

The spin-summed differential decay rate of B? — ¢(— KK~ )u*u~ can be written
by replacing J; with jz = (;J; in Equation 4.5. The factor ¢; = 1 and hence jz = J; for
i = 1s,2c,2s, 2c in the scope of this study. To obtain .J;, one can consider A, by changing
the sign of all the weak phases. More details can be found in [14]. Hence, we can write:

drB;qﬁ*“* = 2071+ Tie) — (2os + Jar) (4.11)
which is the same as dl'go_, ¢+~ /dg* in the SM. This is because the angular coefficients
we are concerned with, shown in eq. (4.10), consist only of the magnitudes of Ax and the
real part of products of Ax and Aj.. Therefore, changing the sign of the weak phase in Ax
would result in J; = J;. This also suggests that there is no CP asymmetry in this decay, as

dFBO ¢+7 dFBO ¢+7
(Acp) :/dq2 ( SCZJQ“ £ Sd_(;QM = ) =0. (4.12)
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When also considering the time-dependent of the differential decay rate, the transversity
amplitudes are needed to be modified accordingly to:

Ax(t) = g4 () Ax + %g—(t)ﬁx , (4.13)
Ax(t) = gg, (t)Ax + g4 (t) Ax (4.14)

where Ax represent transversity amplitudes of B — ¢(— KTK~)utu~ decay and g (t)
are the time-evolution functions. Then, the angular coefficients are modified by changing
Ax — Ax(t). This leads to

~ 1 1
Ji(t) + Ji(t) = e~ 15! {(JZ + J;) cosh iAFSt — h;sinh QAFSt} , (4.15)

Ji(t) — Ji(t) = e Lot [(Ji — J;) cos Amit — s; sin Amst] . (4.16)

Then the time-dependent Acp(t) can be expressed by applying Equation 4.15 and 4.16 into
Equation 4.6 and 4.11, giving

[dg? Y, ki [(Ji(q2) - ji(q2)) cos (Amp,t) — s;sin (AmBSt)]

Acp(t) = - , o (4.17)
qu2 > Ki [(Ji(QQ) + Ji(q2)) cosh (AI‘BSt/2) — h;sinh (AFBSt/Q)}
where i = 1s, 1¢, 2s, 2¢, and the coefficients are given by
3 3 1 1
R1s = 57 Rle = Z) R2s = _57 R2c¢ = _Z . (418)
We can use Egs. (4.6) and (4.11) to give
/dq2 > k(i) + Ji(q%) =T(BY = ¢u™p™) + T(BY = ¢ptp™), (4.19)
Then, the coefficients in Eq. (3.6) are given by
o = [dq® > ki (Ji(q?) — Ji(q%)) S = _Jdg® Y ks
Hh r+T ’ ph r+r
* * (4.20)
Do [ d¢? 2 i hi
P r+T )

where we defined I' = I'go_, ¢,+,~ and r=r B Note that, in the following, we

—putu=:
consider complex new physics Wilson coefficients, ifluwlilich case J;(¢%) # Ji(q?).

We note that the numerators and denominators of the observables in Eq. (4.20) are
individually polynomial in the Wilson coefficients. Since the coefficients of these (at most
quadratic) polynomials are independent on the BSM WCs, it is simplest for our analysis to
extract these coefficients from the theory prediction. We therefore will be interested in the

following quantities

FR:/quzszi(qQ), FR:/quQZRiji(f), C’fw:FR—f‘R,

S = —/quZZniSi, D, = _/RdQQZHihia

(4.21)
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from which, it is straightforward to recover the observables in Eq. (4.20).

4.3 Constraints on Wilson Coefficients

We can now use the WET framework to express the observables introduced in Section 3 in

terms of the Wilson coefficients. Using the expected sensitivities at the FCC-ee, we can then

place constraints on these Wilson coefficients. The sensitivities of operators in the WET

are different between the high- and low-¢? regions. We therefore evaluate each obervable

in these regions as well as the full-g? range (neglecting J/1 and 1(2S) resonance effects).

Additionally, we separate the NP WCs into real and imaginary parts as 6Cy = 6Cpr+10C,J.
The flavor-specific decay rate in the respective ¢? regime, R, is then given as

T % 10" =T, x 10" + > " bfl6C), + > Bf6CrCy, (4.22)
k Kl
where k, ¢ € {TR,7I,9R,9I,10R, 10 }. Similar expressions for I' are found by taking b,; —
—ber, Baryr = —Baryr, and By yr — —Bgryr in Eq. (4.22), where z,y € {7,9,10}. We
note that T'® = T'® in the SM.

In order to evaluate constraints on Wilson coefficients using the measured branching
ratio at the FCC-ee, mixing effects must also be accounted for. To this end, we use the
time-averaged decay rate

1

(Chg—outu-) = 20— /qu2 Z fii(Jz’(q2) +Ji(g%) — yhz‘(qQ)) : (4.23)

where y = AT'/2T' = 0.06 and J; = J; for the all relevant values of i [14, 57]. Note that
we use the “Hadronic” form of the integrated observables given in Ref. [14] due to the fact
that the By and B, are produced incoherently at the Z-pole [58]. We again expand the
time-averaged decay rate as a quadratic in BSM Wilson coefficients

(D) 101 = ), < 10" +> ()T 6Ck + > (B, 6Ck6Cl | (4.24)
k 4

The coefficients in Eq. (4.21) can be written in an analogous way as

ClL, x 10 =" 3[6C,+ > G 6CsCy,
k ke

QR 19 R R

S, x 100 =" ofl6C, + > Sf 6Cr8C, (4.25)
k ke

Df,, x 10" = D, o x 10"+ " 67 6Ck + > A 6CL5C, .
k k¢

In order to avoid the theoretical challenges arising from computing in the intermediate-
q? region arising from narrow charmonium resonances, while still maximizing statistics, fits
are performed over the compound range R’ = [0.1 GeV?,8.0 GeV?|U[15.0 GeV?, ¢2,,.]. The
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SM values of the observables of interest in this range are
Ty = T&, = 3.30(16) x 1071 GeV,
(ME, =3.16(30) x 10719 GeV, (4.26)
D, s = —4.96(56) x 107" GeV,

and Sﬁ\//l = 051\//[ = 0°. Expansion coefficients for BSM WCs in this range are given in
App. E. Furthermore, we also include the more standard ranges of ¢* € [1.1,6.0] GeV? and
q® € [15.0 GeV?, @2...], denoted the low- and high-¢? regions, respectively, in our fit using
the time-averaged branching ratio. This is primarily due to the fact that the branching
ratio is sensitive to different values of BSM Wilson coeflicients in these two ranges and this
observable is not statistically limited by time-binning. The SM predictions of the decay
rate in these ranges are given by

(DS =1.16(13) x 1072 GeV,  (D)GE" = 1.00(11) x 1071 GeV. (4.27)

5 Conclusion

The 2-D constraints and 1-D likelihoods of the Wilson coefficients of all measurements are
shown in Figure 14. The zoomed in version is shown in Figure 15. Figure 16 is from
the branching ratio measurements of different bins. Note that, accrdoing to Figure 15, the
branching ratio and Sy measurements provide stronger constraint on the real and imaginary
part of the operators, respectively. By combining both measurements, we can remove the
flat directions, for instance in R(6C7)-J(6C1p) plane. Figure 17 suggests that we can learn
NP up to O(1 —10) TeV, where the running is done with the wilson python package [63].

®Standard model values have been checked using the open-source codes flavio [59] and EOS [60]. Percent-
level discrepancies arise in comparisons with flavio primarily due to different inputs and the fact that we
neglect two-loop QCD effects from up-quark loops which are included in flavio. Larger differences are
found in comparisons with EO0S, particularly in the low-¢? region, which we mostly attribute to the fact that
EOS includes contributions from non-local form factors [61]. As these contributions cannot be extended to
the high-¢? region, we do not include these effects.
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Figure 14: The 2D constraints on the real and imaginary parts of the Wilson coefficients
are shown in the off-diagonal plots. The diagonal ones show the 1D likelihood of the
corresponding Wilson coefficients. The shaded regions represent 1o contours, with different
colors indicating constraints from various measurements.
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Figure 15: The zoomed in version of the 2D constraints and the 1D likelihood of the cor-
responding Wilson coefficients. The shaded regions represent 1o contours and the dashed
lines represent 20 contours. The black color represents the combined contours of the mea-
surements. Upper right panel shows the comparison of the 1o constraints of the latest
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projection. This shows that the FCC-ee projection can reach ~ O(10) improvement with
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Figure 17: The probe of the NP energy scale, A, of different Wilson coefficients.
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A Mis-identified Background

We present a list of possible mis-ID backgrounds in Table 6. In this context, we use the
notation 4, to indicate that particle ¢ is mis-identified as particle j. The table shows the
expected events that will be produced in the FCC-ee, where ¢;; represents the probability
of particle 7 being mis-identified as particle j. The mis-ID rate is estimated for the cluster
counting dn/dxr method in the IDEA concept with a drift chamber filled with 90% He and

10% iC4H19. The mis-ID rates (eﬂ[
6

K] i Ep and 67r[_m]) as a function of the particle

momentum ° are shown in Figure 18, with the dashed lines represent the bencmark values
that are used to estimate the S/B in Table 6. The table also includes the expected signal-
to-background ratio. For channels involving a muon as one of the mis-identified particles,
we provide only a conservative estimate, excluding the information from the muon chamber.
In fact, a lepton identification performance study has estimate er, ~ 1% when the energy
of the pion is larger than 2 GeV [64].

Most of the entries have S/B > (O(10%), suggesting that they can be neglected in
the leading-order approximation. However, some channels have S/B < O(10%). These
channels are still negligible in our analysis, as they will be highly suppressed by the cuts
discussed in Section 2. Specifically, those with resonance intermediate states (¢, J/v, and
1)) will be suppressed by the ¢? cut. For example, BY — K*0(— K+7T[__>K,])J/¢(—> ptpT)
will be masked because of J/¢ — pu*u~. And, those with mis-identified K* not having
resonance at around mg will be suppressed by the mg cut. For instance, B’ - K*0(—
K+7T[__W,])J/w(—> ,u+,u[__>K,}) will be highly suppressed because KT K~ does not form

resonance around mg. Therefore, the mis-ID backgrounds will not be simulated explicitly
in this study.

Channel Br(Hp — inter.) Br(inter. — f)  Expected Events S/B
BY = ¢(— KK )t~ 8.38 x 1077 4.91 x 1071 7.82 x 10*
BY — K*0(— K et 9.04 x 1077 ~1 exre X 6.69 x 10° 0(10)
B® = K= K*m o ) /(= phuT) 1.27 x 1073 5.96 x 102 eric X 5.60 x 107 o)
B — K*0(— K e JU(= X +ptp7) 5.90 x 107* 4.47 x 1072 exi X 1.95 x 107 0(10)
BY - K*0(— KH e )é(= pw7) 1.00 x 1079 2.85 x 1074 exi X 2.11 x 10° 0(10%)
Ay = Kt p-ptu 2.60 x 1077 epic % 4.16 x 10* 0(10)
BY - K*0(— K i e 9.04 x 1077 ~1 Erp€uic X 6.69 x 10° > O(10)
BY - K*0(— Kﬂr@m).]/wm ;ﬁu[;m) 1.27 x 1073 5.96 x 1072 erueur X 5.60 x 107 > O(1071)
B — K*0(— Kfal, (= X+t ul, ) 590 x 1074 447x 1072 eppeur x 1.95x 107 > O(1)
BY - K*0(— Kt )o(— ,ﬁy[;K,]) 1.00 x 107° 2.85 x 1071 erueur x 2.11 x 100 > O(10%)
BY — ¢(— K+K[;,])u[+m]u* 8.38 x 1077 4.91 x 1071 20 X 7.82x 101 > O(10%)
BY — ¢(— KK )J/v(— u[}ﬂu’) 1.04 x 1073 2.93 x 1072 22 x 548 x 105 > O(10%)
BY — ¢(— KK, (= u[}ﬂu‘) 5.30 x 107* 2.19 x 1072 2% X 209 x 105 > O(10%)
BY — ¢(— KK, )o(— “’[tfﬂ’f) 1.85 x 107° 1.40 x 1074 2% x 4.66 x 10° > O(10°)

Table 6: Potential mis-ID backgrounds, where i|_, ;) denotes that particle ¢ is mid-identified
as particle j, with probability €;;. We also denote “inter.” as the intermediate particle(s) in
the decay chain.

5This part is done based on the work of Franco Grancagnolo and Margherita Primavera.
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Figure 18: The mis-ID rates as a function of momentum. The four panels show the mis-ID

of different particles as discussed in the text.

B Fitting mpo Distributions

We fit the signal mpo distribution as a double sided crystal ball, where the probability

density function is written as:

Ap - (BL _ ,u> it < —ay,
(o g
2
1/m—u ) _
f(m;p,0,ar,np, ar,ng) oc ¢ XP [—2 < > ] if —ap < <ar (B.1)
m—p\" L m—p
Ap- (i.lggjg + :) if > QR

where A; = (n;/|c;|)™ - exp (—|a;]?/2) and B; = (n;/|a;]) — |o;|. The parameters to be

fitted are u, o, ar,nr, AR, NR.

As for both Z — bb and Z — c¢ background, we model them as an exponential decay

function. The probability density function, with parameter A to be fitted, is given by:

f(m;\) oc e

(B.2)

The fitted results of the signal and backgrounds of are shown in Figure 19.
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Figure 19: The fitted distributions of reconstructed BY mass, from the MC samples after
the ¢? cut.

C Statistical Uncertainty of Acp Measurement

We denote the asymmetry by A = (n — 72)/(n + 1), where n and 7 represent the number
of P* — f and P° — f decays, respectively. Assuming the numbers follow Poisson distri-
butions with means A\ and A (n ~ Pois(\) and 7 ~ Pois())), the uncertainty of A can be
approximated by:

o(A)? =~ o(n)? oA + o (n)? %
an ()\,5\) 871 ()\7;\)
—ox 12 [ 2x 1P
AN | —2 AT
{mw] " LAH)?]
A\
~4—
(A+XN)3
42
LA (C.1)

N

Here, we define N = X\ + X, then we can rewrite A = N(1+ A)/2, A= N(1 — A)/2 and the
expected A = (X + A)/N. The measured number of P — f and P° — f decays can be
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expressed as:

Ameas = (1 = WA+ WA, Ameas = WA + (1 —w)A (C.2)

where w is the wrong tagging fraction. This implies that the measured asymmetry can be
expressed as

1
O'(A) = mU(Ameas)
~ 1 1- Algneas
Vel - 2w) N
1 1

~
~

N (C.3)

if we also take the tagging efficiency e into account, which says that only e N of the events are
tagged. Using the definition of the tagging power Pay = €(1— 2w)?, and the approximation
that Apeas < 1 in the channel that we are studying, we get the final form as shown in
Equation C.3.

D Expressions of Amplitudes, h; and s; Functions

They are given by (see also App. B in [10]):

V(g?) 2my
AVE = NVoX{ (Co ¥ C C: T (¢> D.1
n {( 9 F 10)mBg+m¢+ 2 711(q°) ¢ s (D.1)
Aq( 2) 2m

LR _ 2 2 1\q b 2

A” = N\/§ (mBg md)) {(Cg + Cl()) mBg —meg + q2 C7T2(q )} ; (D~2)
N AT3(q?)

AR — 2 JomC m%o + 3m2 — ¢%) To(¢? S A A

0 2 ?{ b7 ( B é Q> 2(Q) mQBg_mi

A (q?)

+ (Co F Cho)

} , (D.3)
mpo + mg

[ A
At =2N ?Clvo((_ﬂ) 5 (D4)

with

(mng —mg - q2> (mpg +mq) Ai(q”) —

GRa? Va2
N =V Vi AG*By D.
T3 % 2107T5m338 T Pn (D-5)

A= [m%g - (m¢ - \/(72)1 {ngg - (m¢> + @)2] : (D.6)

The functions Ag1.2(q?), V(¢?) and Ty 2 3(¢?) are form factors of B — ¢ transition, which
can be found in [65, 66].
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24 2 - -
s15 = 2“%(AﬁA + Af Al 4 AfAR ¢ AHAH)

4m f L L AR
M *
t (A ARy Abafr - AL AR - AL AR )
2

s1c = 29 (ALAL* + ARAR*) + = 8m (AtA* AL al - Aég(]]{*)

2

s2 = —282 (EOLAg* + ARAR )

24+
hls — ﬁ,u

R (ALA + Af Al + ARAR ¢ ARAR )
+ 4q2“9% (EﬁA + Af AR 1 AL AT 4 AL AT )
hie = 2R (AOLAg* + ,zg%A(?*) + i”’;fm (ﬁtA;‘ + AL AR 4 Aggg;*)
has = 2‘%% (ﬁﬁA + Af Al ARAR + ARAR )
hoe = =282 (25,45* + ARAR )

E Explicit Values of Observable Coefficients

(D.10)

(D.11)
(D.12)

(D.13)

(D.14)

In this appendix, we give the explicit values of the coefficients introduced in Egs. (4.22).

Since, in the fit, only experimental errors are considered, we do not report the ~ 10% theory

errors here. All coefficients are in units of 101? GeV.

The flavor-specific and time-averaged decay rate coefficients relevant to the ¢-region

of interest are given by’

bk:(—0.33 —0.544 0.651 —0.002 —0.828 O),

4.50 0 0.333 0 0 0
4.50 0 0.333 0 0
0.099 0 0 0
By = ,
0.099 0 0
0.099 0
0.099

<b>k:<—0.40 0 0617 0 —0.791 0),

"The B, ¥, A, and I matrices are symmetric, so we only report the upper-triangular parts.

— 98 -

(E.1)

(E.2)

(E.3)



4.51 0 0.325 0 0 0
4.54 0 0.343 0 0
(B),, — 0.095 0 0 0 (E.4)
0.104 0 0
0.095 0
0.104

The coeffieients corresponding to the observables relevant to the time-dependent CP asym-

metry are
e = (0 109 0 —0.004 0 0) , (E.5)
o = (o 227 0 118 0 —1.29) , (E.6)
5y = (—2.27 0 —1.18 0 1.29 0) : (E.7)
0 0512 0 0205 0 0
0 025 0 0 0
0 0154 0 0
Yo = , (E.8)
0 0 0
0 0.154
0
0542 0 —0295 0 0 0
0542 0 0295 0 0
R 0154 0 0 0 )
M 0.154 0 0 '
0154 0
0.154

Note that the I'yy coefficients are not included, as they vanish.
The corresponding coefficients for the time-averaged decay rate in the low- and high-¢?
regions are given by

<b>£°wz(o.169 0 0225 0 —0.326 0), (E.10)

<b>figh:(o.492 0 0237 0 —0.254 0), (E.11)
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173 0 0164 0 0 0
.75 0 0171 0 0
Byt 0.039 0 0 0 (E.12)
M 0.043 0 o |’ '
0.039 0
0.043
0134 0 0063 0 0 0
0145 0  0.069 0 0
. 0.030 0 0 0
B)Hish _ , E.13
(Bl 0.033 0 0 (E13)
0.030 0
0.033
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