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The rare b — svv decays are sensitive to contributions of new physics (NP) and are helpful to resolve the
puzzle of multiple B flavor anomalies. In this work, we propose to study the b — svv transition at a future
lepton collider operating at the Z pole through the B, — ¢vv decay. Using the B, — ¢ decay form factors
from lattice simulations, we first update the standard model (SM) prediction of BR(B; — ¢ui)gy =
(9.93 £ 0.72) x 107° and the corresponding ¢ longitudinal polarization fraction F; g\ = 0.53 & 0.04. Our
analysis uses the full Circular Electron-Positron Collider (CEPC) simulation samples with a net statistic of
0O(10%) Z decays. Precise ¢ and B, reconstructions are used to suppress backgrounds. The results show that
BR(B,; — ¢uw) can be measured with a statistical uncertainty of O(%) and an S/B ratio of O(1) at the
CEPC. The quality measures for the event reconstruction are also derived. By combining the measurement
of BR(B, — ¢vv) and F, the constraints on the effective theory couplings at low energy are given.

DOI: 10.1103/PhysRevD.105.114036

I. INTRODUCTION

The rare flavor-changing-neutral-current (FCNC) b —
svv decays are widely recognized as important flavor
probes. They are suppressed by the loop factor and the
masses of the heavy weak bosons, as shown in Fig. 1. The
inclusive BR(b — svp) is predicted to be (2.9 +0.3) x
107> according to Standard Model (SM) calculations [1].
The processes of this mode are one of the most promising
probes to test the SM. Even small contributions from
new physics (NP) could significantly alter their branching
fractions. They also offer the possibility to extract the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
and search for the origin of the CP and T violations. In
the absence of nonfactorizable corrections and photon-
mediated contributions [2], the theoretical predictions will
be much cleaner than b — s£7¢ transitions. Moreover, the
differential b — svv decay width becomes smooth without
large QCD loop and hadronic resonance corrections.
Table I summarizes the current experimental constraints
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and the corresponding theoretical predictions for various
exclusive b — svv decays.

Several anomalies are known to be found in other FCNC
decays, e.g., Ry anomalies in FCNC b — s£¢ transitions
[7-9]. Anomalies also occur in semileptonic b — cz(£)v
decays with flavor-changed-charged-current (FCCC), such
as Rp. or Ry, [10,11]. See also [12] for an updated
calculation of the FCNC B — K*vv decay rate by employ-
ing the soft-collinear effective theory (SCET) sum rule
predictions of the heavy-to-light B-meson decay form
factors. It is natural to look at the relationships between
b — ct(¢)v and b — s£¢ transitions via gauge invariance
to check these anomalies and solve the puzzle. NP models
can be constrained or investigated by b — suv7, including
the supersymmetry [13—15], leptoquark models [16-21],
compositeness [22-25], and gauge extensions [18,26-32].
Measuring b — svp transitions in multiple exclusive decay
channels is therefore crucial for investigating possible NP
models.

FIG. 1. The penguin and box diagrams of b — svv transition at
the leading order.
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TABLE 1.
calculation, details in Sec. II.

Constraints and predictions for various b — svv decays. The updated BR(B; — ¢pv) comes from our

Current limit

Detector SM prediction

R(B® - K%p)
R(B° — K*up)

( <2.6 x 107 [3]
(
BR(B* - K*up)
(
(

<1.8 x 1075 [3]
<1.6 x 107 [4]
<4.0 x 1075 [5]
<5.4 %1073 [6]

B+ > K*il/l_/)
B, — ¢up)

BELLE (3.69 £0.44) x 107° [1]
BELLE (9.19£0.99) x 1076 [1]
BABAR (3.98 +0.47) x 1076 [1]
BELLE (9.83 £1.06) x 1076 [1]
DELPHI (9.93 £0.72) x 1076

The Circular Electron-Positron Collider (CEPC) is a
double-ring e e~ collider with a circumference of 100 km
and two interaction points (IP), enabling precise measure-
ments of SM physics and searches for NP effects. It
operates at the Z pole (/s =91.2 GeV), at the W W~
threshold (y/s = 161 GeV), and in Higgs factory mode
(/s = 240 GeV) for electroweak and flavor physics with a
nominal integrated luminosity of 16, 2.6, and 5.6 ab!,
respectively. During the Z pole run [33], about 0.7 x 10'2
on-shell Z-bosons will be produced, which could further
increase in the future. This paper focuses on CEPC as a
Tera-Z factory (10'?e*e™ — Z events). Given the advan-
tages of the high luminosity and clean collision environ-
ment, we expect a significant improvement in the precision
of rare FCNC decays.

It turns out that the Z factory mode of CEPC is a great
new option for studying flavor physics because of its
relatively high production rates and high efficiency in
reconstructing heavy flavor hadrons. First, flavor studies
at the Z pole run benefit from the large b statistics. The
abundant energy at the Z pole allows b quarks to hadronize
into different hadrons. As Table II shows, the productions

of B°/B° and B* are comparable to those at Belle II, while
B, /B, is almost two orders of magnitude more. For even
heavier hadrons such as B, and A, the advantage of the Z
factories is even more pronounced. As an ete™ collider,
CEPC also benefits from negligible pileup, good geometric
coverage of the detector, and a fixed center-of-mass energy
that allows good precision of the missing momentum. The
advanced calorimetry [34-36] and state-of-the-art tracking
system [37] proposed for future detectors further improve
the performance in measuring the missing energy. Given
these advantages, accurate measurement of the missing
energy of neutrinos is very likely. The situation is quite
different for hadron collider detectors such as LHCb, where
the missing momentum of a given event cannot be
determined directly. In addition, compared to B factories
such as Belle II, the higher » hadron boost from Z decay
makes the tracking more accurate. Therefore, the measure-
ments in terms of energy/momentum [38] and direction/
displacement [33,39] are more precise and allow better
discrimination of signal and background events.

We focus on the exclusive process B,(B,) — ¢vi. The
current upper limit of the branching ratio of this channel is

about 5.4 x 1073, set by the DELPHI detector at LEP [6].
The threshold is much weaker than other » — svv channels
listed in Table I. Most b — svp processes are measured
by B factories, where B, production is limited. At the Z
pole run, extensive statistics of B, and the precise ¢ recon-
struction [41] are simultaneously fulfilled. Therefore, we
expect that the observation of this channel and the precise
measurements will be realized for the first time in Z
factories. The current projection of BR(B,; — ¢vv) at
CEPC comes from the luminosity re-projection of the
LEP study [33]. However, the background suppression &
at the LEP search is only O(107?) [6]. For CEPC, the same
strategy leads to a background size of =107, which makes
the analysis vulnerable to background uncertainties.
Therefore, we need to develop a new analysis framework
to reduce the SM backgrounds by more than O(107°) to
provide a healthy signal-to-background (S/B) ratio near
O(1). In such a case, the measurement of the rare B, —
¢vv achieves relative precision at the percentage level and
is robust to systematic uncertainties. We have set up another
benchmark for flavor physics at the Z pole with previous
phenomenological studies [40,42-48]. It is also true that
CEPC detector design shares many commonalities with
other proposals for future Z factories, such as the Tera-Z
mode of FCC-ee [49] and the Giga-Z mode of ILC [50].
Therefore, the methodology and results of this work will
also serve as references for these projects.

This paper is divided into five sections. Section II
introduces the physical background and interpretation of
the effective theory of B; — ¢pvv decay. Section III
describes the detector model, software framework, and

TABLE II. The number of b-hadrons expected to be produced
in Belle II, LHCb, and CEPC. Here, the Belle II column
corresponds to its 50 ab~! T(4S) run and its 5 ab-! Y(59)
run. For more details, see [40].

Hadrons Belle I LHCb (300 fb=')  CEPC (10'22)
BY, B® 5.4 %100 ~3x 101 1.2 x 10"
B* 5.7 x 10'0 ~3 x 1013 1.2 x 101
B,, B, 6.0 x 108 ~1x101 3.1 x 10%0
B ~2 x 10 1.8 x 108
Ay, Ay e ~2 x 1013 2.5 % 100
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the simulated samples used in this study. Section IV
presents the analysis of B; — ¢uvv at CEPC. Conclusions
are summarized in Sec. V.

II. PHYSICS OF B, — ¢wi

As discussed in the introduction, many NP scenarios
could lead to deviations of B, — ¢vv from the SM. This
section focuses on the model-independent approach, which
describes the contributions of SM and NP as Wilson
coefficients of the low-energy effective theory (LEFT). If
there are no BSM particles lighter than my , the low-energy
effective Hamiltonian of b — svv could be written as [1,51]

4Gy

Hegr = _thbvjs(CLOL + CrOg) +He., (1)
e? _
OL(R) = 872 (SY”PL(R)b)(nyyPLUf)' (2)

Only left-handed quarks interact with W bosons and C3M =
0 at leading order in the SM. The SM prediction of C}M ~
—6.47 come primarily from the top-loop diagrams and
preserves QCD and EW corrections [52]. Since the three
neutrino flavors are indistinguishable at the CEPC detector,
each contributes equally to the SM prediction, giving a total
of six Wilson coefficients. Here we assume for simplicity that
the lepton flavor violating (LFV) couplings are negligible.
Following the formalism in [ 1], we denote the dependence of
BR(B; — ¢vp) on the Wilson coefficients as:

BR(B,; — ¢vD)
BR(BS - ¢UD)SM

1
= 52(1 +Kye)e (€= e, 7), (3)
7

where k,, is the coefficient determined by the ratio between
different (axial)vector B; — ¢ form factors [1], and the two
real quantities are

Lo VICETIGE | ReCiCy)
] L +ICiP

By measuring BR(B; — ¢u0) at the Z pole, we can constrain
the NP-effects in C4N =7 — 7™M and CLN° = (7.
However, the coefficient «, is not given in the literature.
As a theoretical update, both BR(B; — ¢v0)gy; and «,, are
calculated using B; — ¢ form factors from lattice QCD
[53,54], including their uncertainties and correlations.
Finally, we have

BR(B, — dvi)gy = (9.93£0.72) x 1070, (5)
K, = 1.56 % 0.08. (6)

The differential decay width dI'/dg® is also calculated
using central values of the form factor, where the quantity

q* = (pp, — py)* = mZ; is the invariant mass squared of the
neutrino pair. In our prediction, the hadronic uncertainties
dominate both values. Constant factors such as C3™ and
|V, V| also contribute slightly to the decay rate uncertainty.

Besides the decay rate, there is also additional informa-
tion from B, — ¢uvv decays, such as the longitudinal
polarization fraction of the ¢ meson (F.). According
[1], the F; dependence of the LEFT Wilson coefficients
is as follows.

S (1+2n.)e2
S+ xymp)es

Using the same form factors and the method used
above, we get F gy = 0.53 - 0.04. In phenomenology,
F; determines the kinematic distribution of ¢ - K*K~
decays as [55]:

(7)

FL:FL,SM

dr 3 ) 3
dcosé?:é_L(l_FL)Sln26+§FLCOSZQ’ (8)

where 0 € [0, ) is the angle between K™ and B, flight
directions in the ¢ rest frame. The different dependences of
F; and BR(B; — ¢vi) on CY, () further constrain NP effects.

III. THE CEPC DETECTOR AND DATA SAMPLES

As shown in Table I, the value of the signal branching
ratio, i.e., BR(B; = ¢v) = 9.93 x 1075, Considering the
b-hadron fragmentation fractions measured in Z decays,
f(b = By) =0.101 [56], a signal of about 3.0 x 10° is
produced in CEPC. We focus on the exclusive mode
By(B;) = ¢(— K"K~ )ub, which accounts for 49.2% of
all signal events. Thus O(10°) signal events are generated
by combining PYTHIAS [57] and EvtGen [58] with the general
decay phase space model. All signal events are reweighted
according to the differential decay width (dT"/dgq?) calcu-
lated in Sec. II to obtain the correct g* distribution.

Only Z — qg(q = u,d, c,s,b) events are considered,
since leptonic Z decays make a negligible contribution.
Moreover, the SM background is dominated by heavy
quarks (b and c). All background samples in this work are
from O(10°) inclusive Z — gg events generated by
WHIZARD [59,60] and pYTHIA6 [57]. Because full simu-
lation of the detector effects is computationally expensive,
it is unrealistic to apply it to all background samples.
Instead, only two subsets of the above samples are run
through the full detector simulation to allocate finite
resources. In the first case, the original O(10°) inclusive
Z — qq events are refined to truth-level by three cuts:
(1) Heavy quarks must be produced. (2) At least one
neutrino must be produced. (3) At least one ¢ —» K™K~
decay must occur. The sample size reduces to O(107) after
the above refinement, making the full detector simulation
affordable. To validate the refined samples above, we also
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TABLE IIL

The cut chain for the signal and ¢g with full simulation samples and scaled to the integrated luminosity of the 10'2Z

bosons at CEPC. The cut chain before the cut of leading lepton energy uses the general inclusive samples with sizes of O(107). The
light-flavor contributes less than 3 to the total background after the b-tagging cut and is neglected in later steps. Starting from the leading
lepton energy cut, the truth-level refined background samples are used. The background loss due to the switch to refined samples is
<11%. This effect is compensated by multiplying the subsequent background yields by a factor of 1.11. The kaon PID are simulated
with 30K /7 separation power in the table, see Fig. 4 for the performance of the kaon PID.

Cuts B, = ¢vi uii + dd + s3 ce bb Total bkg VS+B/S (%)
CEPC events (10'22) 3.03 x 10° 4.28 x 10! 1.20 x 10" 1.51 x 10" 6.99 x 10! 276
Nyokig) >0 8.09 x 10* 1.09 x 10'° 4.04 x 10° 6.08 x10°  2.10 x 10" 179
*Signal” ¢ 5.38 x 10* 2.52 x 108 4.09 x 108 1.69 x 10° 2.35 % 10° 90.9
Energy asymmetry > 8 GeV 4.74 x 10* 6.25 x 107 9.76 x 107 4.93 x 103 6.53 x 103 53.9
EY > 28 GeV 4.06 x 10* 4.25 x 10° 9.59 x 10° 5.00 x 107 6.38 x 107 19.7
a<l1.1 3.03 x 10* 2.41 x 10° 3.10 x 10° 8.47 x 10° 1.40 x 107 12.4
b-tag > 0.6 2.33 x 10* <2.0x 10* 2.95 x 10° 5.97 x 10° 6.27 x 10° 10.77
E, and E, < 1.2 GeV 2.10 x 10* 5.85 x 10* 2.10 x 10° 2.16 x 10° 7.03
055 > 0.1 rad 1.77 x 10* 2.75 x 10* 1.38 x 10° 1.41 x 10° 6.75
g* < 14.0 GeV? 1.34 x 10* 2.02 x 10* 6.04 x 10° 6.24 x 10° 5.96
BDTG response> 0.89 0.75 x 10* <1x10? 1.03 x 10* 1.03 x 10* 1.78
Efficiency 2.40% 6.82 x 1078 1.47 x 1078

*The candidate ¢ here satisfy the following conditions: (1) In the signal hemisphere. (2) The impact parameters of both kaon pair
tracks are larger than 0.05 mm. (3) The distance between the decay point of ¢ and interact point(IP) is larger than 0.4 mm.

apply the full detector simulation to O(107) randomly
selected inclusive Z — ¢gg events without any cuts. In
practice, the unrefined backgrounds are used in the early
stages of the analysis, where light quarks and random
KtK~ combinations are still relevant. In later steps
(corresponding to those after the b-tag cut in Table III),
we turn to refined backgrounds to achieve better sampling
statistics and stability. The background loss from truth-level
refinement is less than 11% for 3¢ kaon PID when
matching the yields two methods. This effect is offset by
multiplying this factor to the background yields.

Detector performance for the full simulation follows the
CEPC baseline design [33]. MokkaPlus [61], a GEANT4
[62]-based simulation framework is used. The track
reconstruction is based on Clupatra [63], and the particle
flow reconstruction is based on the Arbor [64,65] algo-
rithm. Marlin [66] and LCIO [67] from ilcsoft are used for
data management and formatting.

Realistic particle identifications (PID) are also included.
The most important effect is the large number of charged
pions faking charged kaons. Even a low rate of K/x
misidentifications can yield many fake ¢. Other sources
of fake kaons, such as protons or muons, are neglected
because they are much rarer than pions in our samples.
Estimated from Monte Carlo (MC) sampling, the typical
multiplicities for K*, 7, and p in the event are about 2.1,
17.2, and 0.9, respectively. Their momentum distributions
above ~15 GeV range are highly suppressed. The kaon
PID is crucial for flavor physics because it could improve
the reconstruction accuracy of hadrons. According to

CEPC CDR [33], the K/z separation power [68,69] can

achieve 3¢ or higher if dE/dx,dN/dx and time of flight
information are included. For more details on PID tech-
niques, see also [70]. So a universal K/ separation power
230 at CEPC is a reasonable and conservative assumption.
As will be explained in the later section, to ensure a stable
and high accuracy for the reconstruction of hadrons
decaying to kaons, a 3 —oK/x separation would be
necessary. Therefore, we take the 36K /7 separation power
as the benchmark value for the rest of this paper. However,
since an authentic K/z PID algorithm is still under
development, the K/z separation is simulated using the
Gaussian approximation. Reconstructions of ¢ with alter-
native K /x separation powers are also analyzed. In addition
to fake ¢, backgrounds from semileptonic b-hadron decays
contribute significantly, see discussions in Sec. IV B. We
adopt the lepton PID algorithm and performance in [71] to
better represent the lepton information.

IV. ANALYSIS METHODS

Figure 2 shows the typical topology of the target process,
i.e., the charged kaon pair produced by the ¢ decay and the
neutrino-induced missing energy. The signal identification
consists of three steps. First, we reconstruct ¢p - K™K~
decay vertexes. Second, we use various features such as
the ¢ kinematics, missing momentum, lepton energy, and
b-tagging to separate the signal from backgrounds. Finally,
the boosted decision tree gradient (BDTG) method is
applied to classify the remaining events and optimize the
background reduction.

114036-4
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signal-hemisphere K+

b thrust

tag-hemisphere

FIG. 2. The topology of FCNC B, — ¢uvv decay at the Z pole.

A. ¢ reconstruction

As the only visible component in the B, — ¢ signal, ¢
plays a central role in our analysis. It has a narrow width
'y ~4.25 MeV) and a low inclusive production rate ~5%
in Z — gq events. The reconstruction chain of the ¢
candidate follows the steps listed below:

(1) We reconstruct all charged kaon tracks. With a finite
K /7 separation power, the reconstructed kaon tracks
also contain misidentified pions.

(2) Match all pairs of oppositely charged kaon tracks
and use the kinematic fitting package [72] to
reconstruct their vertex.

(3) Choose pairs of kaons
|mg+g- —my| <8.5 MeV.

(4) The value of the vertex y? is calculated by taking the
y? contribution from each relevant track using the
Minuit algorithm [73]:

A=y (MW

i=1

with invariant mass

where Vi, is the fitted vertex position, V; is the point
on one track that is closest to the other, and o; is the
uncertainty of the ith track. Only kaon pairs with
% < 8 are selected.
For more details on the algorithm and performance, see
[41]. The reconstructed ¢ mass distribution is shown in
Fig. 3.

_ Number of correctly reconstructed candidate ¢
N Number of ¢ — K+ K~decays '
_ Number of correctly reconstructed candidate ¢
pP= Number of candidate ¢

&

(10)

1.6 x10°

---- Bkg fit
---- Sig fit
— S+Bfit
Mass cut
t  Bkgdata
| Sigdata
S+B data

,_
i

Entries / 1 MeV
(]
o

0.41

.......
e v X v B v

pa
0.0 ===

1010

Tt e oy VY e X T oy By
Xy
~
~—
Ao

1030

1020
Mg +k- (MeV)

FIG. 3. Fitted candidate ¢ mass distributions in Z — gg
background samples, scaled to 10'? ete™ — Z events. Here
my = mg+g- distribution is fitted by the Crystal Ball function.
The K/z separation power used here is 30. The two vertical
dashed lines represent the optimized window of invariant mass.

The efficiency and purity of candidate ¢ are defined in
Eq. (10). Similar definitions apply to reconstructed kaon
tracks. The overall efficiency and purity for candidate ¢ are
48% and 76%, respectively. To better understand the
significance of PID, we also plot inclusive kaon and ¢
reconstruction performance with varying K/z separa-
tion power in Fig. 4. We parametrize the K and z PID
performance by two Gaussian distributions with average

1.0 —

. ~
0.8+ .7

7
/7
/!
/
0.6 y
0.4
0.2- —— ¢ reconstruction € X p
’ - - KaonPIDeXp

Benchmark point 30

0.0

00 1.0 20 30 40 50 6.0
K/ 1t PID separation power (O)

FIG. 4. Reconstruction performances for the inclusive charged
kaon and ¢ with varying K/z separation power in Z — qg
samples. To avoid degradation of the performance at low K/x
separations, the mg+ - mass window for ¢ reconstruction is also
optimized accordingly.
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values pg(,) and corresponding standard deviations o).
The separation power is defined as 2|u, — ux|/(c, + ox).
Without loss of generality, we set o, = ogx. Compared
to the near-perfect PID case with a K/z separation
power> 50, the &€ x p for the 36 benchmark decrease by
~30% for kaon and ~36% for ¢.

B. Events selection and results

From the kinematics shown in Fig. 2, it is clear that the ¢
decay vertex of the signal shall be in the hemisphere with
the lower visible energy (“signal hemisphere”) and have
a distance from the primary vertex (PV) comparable to
the b lifetime. On the other hand, the number of recon-
structed ¢ in each event may be zero, one, or even more.
It is necessary to identify these characteristic ¢ before
applying more sophisticated selection rules, since those
cuts may depend on the choice of ¢. We first divide the
space into two hemispheres by the plane perpendicular to
the thrust axis 7y [74]. Then we define the “signal ¢”
according to the following requirements: (1) Its momentum
direction must be in the less energetic hemisphere. (2) The
impact parameters of both kaon tracks are larger than
0.05 mm. (3) The distance of the ¢ vertex to the primary
vertex (PV) should be greater than 0.4 mm. (4) The ¢ has
the highest energy when multiple ¢ satisfy the conditions
above. The hemisphere with(without) the signal ¢ is then
called the signal(tag) hemisphere for convenience.

Figure 5 shows the energy distributions of the signal ¢
satisfying the above conditions. Note that both QCD
radiation and heavy quark decays contribute at this stage.
In the first case, the ¢ is produced at the PV, typical in
light quark events. Therefore, soft ¢ with higher impact

4 x10°
—— Total bkg fit
—— Sigx10*
N = bb
- cc
---- ul+dd+ss

Total bkg data

Events / 1 GeV
»

0 B S e T ¥
0 5 10 15 20 25 30
Ey (GeV)
FIG. 5. The fitted energy distributions of the leading candidate

¢ in the signal hemisphere for different processes. The samples
used correspond to the third row (“Signal ¢”) of the Table III and
are scaled to 10'? Z decays.

parameter uncertainty has a greater chance of getting
through all the cuts. The ¢ from the decay of heavy quarks
instead carries significant energy of the parent particle,
which is dominant in signal events. The bb and cc
backgrounds receive both contributions, leading to dou-
ble-peaked structures.

After selecting a signal ¢ for each event, we can further
suppress the SM background using various event features.
At this stage, the main SM backgrounds are semileptonic
heavy quark decays with the ¢ produced by D meson
decays. Therefore, we choose several variables and corre-
sponding cuts summarized:

(i) The energy asymmetry, defined as the total visible
energy difference between the tag and signal hemi-
sphere (E,, — Egg), should be larger than 8 GeV.

(i) The nominal energy of By, Ey = /s — Ey + E,
must be larger than 28 GeV. See as in Fig. 6

(iii) Three parameters, a;, @, and a are defined as

follows:
2
a = E¢ ) = ESig = “ = 7(E5ig) . (11)
Esig Epeam %] EbeamE¢

Considering the topology of the signal decay, most
of the energy of the signal hemisphere should come
from the ¢, i.e., correspond to a large ;. At the same
time, the missing energy from the B, meson should
also be significant, leading to a lower a,. We keep
only the events with a@ < 1.1, see as the Fig. 7.
Meanwhile, Fig. 9 shows the distributions in the
a; — a, plane for the signal and backgrounds.

(iv) The b-tagging score of events (ranging from O to 1)
must be greater than 0.6, using the same b-tagging
algorithm described in [75].

(v) The energy of the leading lepton (e or u) in the signal
hemisphere should be less than 1.2 GeV. The cut

0.12-{ —— Background
— Signal

0.101
0.08
0.06

0.041

Normalized events

0.02

00000 100 200 300 400 500 60.0

ES. (GeV)

FIG. 6. The nominal B, energy distributions. The samples used
here satisfy all conditions above this cut in Table 1.
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0.50
—— Background
— Signal
0.40-
g
5 0.301
=l
(0]
B
g 0.20-
g
=} -
Z
0.101
0.00 w ! .
0.0 3.0 6.0 9.0 12.0
a
FIG. 7. The nominal « distributions. The samples used here

satisfy all conditions above this cut in Table I.

suppresses backgrounds considerably, with the re-
maining ones containing leptons softer than 1.2 GeV
or hadronic 7. Figure 8 shows the energy distribution
of the corresponding leading lepton.

(vi) The angle between the missing momentum and the ¢

momentum (9?“3) must be larger than 0.1.

We list the cut flow of the above selection rules
corresponding to the second block in Table IIL. It is
noteworthy that the b-tagging score > 0.6 requirement
suppresses the light flavor backgrounds by more than
two orders of magnitude. Even under the conservative
assumption that the remaining light flavor events have
similar efficiencies to bb in the rest of the analysis, they
contribute at most O(1072) to the total background and can
be safely ignored.

0
10" =
|| —— Background muon
— Signal muon
" —— Background electron
g 4 —— Signal electron
510
(5
=l
s
N
=
-2
g 10
Z
-3
10 T T T T
0 2 4 6 8 10
E(GeV)
FIG. 8. The leading lepton energy distributions in the signal

hemisphere. The samples used here satisfy all conditions above
this cut in Table I.

After the above cuts, the remaining backgrounds are still
an order of magnitude larger than the signal. It is then
necessary to perform a thorough event reconstruction to
better separate them from our signal. The primary goal is to
reproduce the correct B, energy and missing mass squared
g* for the signal events using a rational algorithm.

The reconstruction starts with an updated estimate of E .
In the previously defined nominal Efl}" =+/s—Ey+E,

we use global energy conservation to estimate the missing
momentum. However, the calculation involves the energy
measurement errors and neutrino(s) impact in the tag hemi-
sphere. To reduce the noise in the tag hemisphere, we define a
better approximation of the truth-level Ej as

0 N
Ey = % — Eg, + E,, (12)

is the total visible energy in the signal hemisphere.

sig
By this definition, the value EE;OX) is less affected by the tag

where E.

hemisphere measurements than E% . We then assign the p B,

direction the same as the displacement of the ¢ decay vertex
from the PV. Since B, energy and momentum direction are

(0)

known, we calculate the four-momentum pj " after setting

the B, on-shell condition. The value of ¢? is then calculated
by definition as ( pg)‘) —py)’

However, the estimate of Ep in Eq. (12) can still be
improved. Since Z hadronic decays are not perfectly
symmetric, the total energies at truth-level in the two
hemispheres will not be exactly /s/2. An energy imbal-
ance leads to corrections on top of Eq. (12). Therefore, we
introduce the following relations:

My = (Z png)

2
M) \/(Z P+ ply —p¢> :

i-1
i) s+ (Miig ))2 Mtzag

(i) _
EBl_Y - 2/s — Egy + Ey,
(@) = (py " = py)* (13)
where le';(t ag) A€ the four-momenta of the visible particles

in the signal (tag) hemisphere. The third equation above
encodes the imbalance of Z decay products in the two
hemispheres. Starting with the initial value Egl) in Eq. (12),
we solve Eq. (13) iteratively to obtain a self-consistent
signal reconstruction. It turns out that Eq. (13) converges
quickly, leaving little room for improvement after the
first iteration. Therefore, we choose the values of the
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1 T ‘ L ‘ T 7T ‘ L

OO

x10°
4

=

FIG. 9. Event distributions in the a; — @, plane. The signal (left) and ¢g background (right) samples are the same as in Fig. 5 and are
scaled to 10'> Z decays. Signal features such as significant missing energy and an energetic ¢ in the signal hemisphere are correctly

reflected in the low-a, and high-a; region.

first iteration (MS; , Eg_)_), and (¢*)V) as our event

reconstruction results and BDTG inputs.

In Fig. 10 we show the reconstructed Ep and q*
distributions for samples passing all cuts in Sec. IV B
to compare the truth-level distribution. The apparent
differences between the signal and the backgrounds can
serve as the input for later analysis. The typical ¢> and E B,
reconstruction errors of signal events, which are defined
as the difference between reconstruction and truth-level
values, are 2.5 GeV? and 1.7 GeV, respectively. The
complicated and asymmetric response of the detector
causes the overall Ep and g* distributions to deviate
slightly from the truth, which could be partially recovered
with a better understanding of the detector system. For
comparison, the error between the nominal Egv and the

0.20
—— Background
— Signal
0.161 ---- Signal truth
012
=
<
0.08
0.04
0. L ‘ ‘
085.0 30.0 35.0 40.0 45.0 50.0
Es, (GeV)

truth-level Ep is 5.1 GeV, three times worse than the
algorithm output. The nominal ¢ derived from Ejl\?/‘, is even
further from the truth and therefore useless. The accuracy
of the reconstructed Ep and g* thus provides us a simple
way to evaluate the overall CEPC detector performance.
In particular, the neutral hadron/photon momenta suffer
larger uncertainties than track momenta. They contribute
significantly to the errors of Ep and ¢*. The displacement
of ¢ decay vertex is another source of error since the
reconstruction algorithm relies on the direction of B;.
Finally, to further suppress the background, a cut of
g*> < 14.0 GeV? is imposed based on the above results.
Besides, the complex relationship among multiple
observables is not captured by simple cuts. As a final step
in the analysis, we use the BDTG method of the TMvA

0.20
—— Background
— Signal
0.16 ---- Signal truth
- 0.12]
-
<
0.08
0.04
.0 \ ‘ ‘
0 00.0 5.0 10.0 15.0 20.0
g% (GeV?)

FIG. 10.  The reconstructed E_(left) and q? (right) distributions of the signal and backgrounds before the BDTG cut. For comparison,

we also show the signal distributions at the truth-level.
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[ Background
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Events / bin

10
-1.0
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—-0.5 0.5 1.0

FIG. 11. BDTG output distributions for signal and background
events, ranging from —1 to 1. The samples used here passed all
the cuts introduced above and are scaled to 10'? Z decays.

package [76] to train binary event classifiers to optimize

measurement accuracy. The training considers multiple

inputs, which are summarized below:

(i) General event-shape variables: energy asymmetry
and E} .

(ii) The largest impact parameter of all tracks.

(iii) Parameters @; and a, in Eq. (11).

(iv) The angle Hgiss.

(v) The invariant mass of all visible particles, as well as
the visible particle invariant masses in the tag/signal
hemisphere.

(vi) Reconstructed Ep and ¢*.

(vii) The leading electron and muon energies in the signal
hemisphere.

(viii) The largest track impact parameter in the signal
hemisphere, excluding kaons from any recon-
structed ¢.

(ix) Kaon tracks’ impact parameters from the signal ¢.

(x) The signal ¢ invariant mass.

Figure 11 shows the BDTG responses to the test
samples, with the signal and background distributions
peaking at —1.0 and 1.0, respectively. With the optimized
cut of the BDTG response at 0.75, we reject over 98% of bb
and c¢ backgrounds at the cost of a 44% signal loss. As
summarized in Table III, the S/B ratio reaches 77% after
the BDTG cut. The 1o Tera-Z sensitivity of the signal

strength is estimated by @, which corresponds to about
1.78%. We also evaluate the sensitivity and S/ B ratio with a
perfect kaon PID to motivate better future PID perfor-
mance. Without any fake kaon tracks and a comparable
S/B > 70%, the sensitivity of BR(B; — ¢vv) is 1.52%.
The sensitivity of the branching ratio as a function of the
kaon PID is shown in Fig. 12, which shows stable
performance in a wide range of K/z separation power.
Besides, taking the benchmark 36K/7z separation power,

5.0

— Branch ratio sensitivity
Benchmark point 30

4.0

3.01

2.01

S+ B/S (%)

1.0

00 10 20 30 40 50 60
K/ 11 separation power (O)

FIG. 12. The sensitivity of BR(B; — ¢ur) as a function of
kaon PID, parametrized by the K/z separation power.

Fig. 13 shows the projected sensitivity as a function of
BR(B; — ¢vi). Multiple signal features included in the
analysis allow for high sensitivities even in the no kaon
PID case.

C. Constraints on Wilson coefficients

The event reconstruction is also effective when meas-
uring the ¢ longitudinal polarization fraction F; . Figure 14
shows the distribution of cosé, where € is the angle
between B; and K* (or K7) in the ¢ rest frame. Here
the truth-level distribution of signal events is reweighed
according to the SM prediction F; gy ~ 0.53. However, the
background statistics after the BDTG cut is insufficient for
a good background fit. Instead, we use the background

10.0 ;
] —— Sensitivity (CEPC) |
---= Upper limit (LEP) |
8.0 I SM prediction i
S !
& 6.0 i
S~ 1
m i
+ i
0 4.0 i
2.0 i
0.0+ 1 3 = i _
10° 10° 10" 10° 10°
BR (Bs—¢vv)
FIG. 13. Projected experimental sensitivity at CEPC (10'> Z

decays) as a function of BR(B,; — ¢v), shown as the red curve.
The current upper limit from LEP for BR(B, — ¢vv) is indicated
by green dashed line. The prediction of SM corresponds to the
blue line used in Table III.
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FIG. 14. Fitted cos@ distributions for the signal and back-
grounds in total, scaled to 10'> Z decays. The background
samples used here are before the BDTG cut to ensure sufficient
statistics. The error bars shown are determined by the sample size
before scaling.

cos @ distribution before the BDTG cut and scale the yields
according to the Tera-Z luminosity. The pp_reconstruction
error dominates the oy between reconstructed and the truth
values, which is about 0.047. Such a 0 reconstruction error
corresponds to a difference ~0.04 between our F; fit and
the truth-value. The estimated statistical uncertainty of F
18 0.008 at CEPC, which is subdominant. Since it is not our
goal to thoroughly estimate the differential measurement of
F; in this work, discussions of other systematics are
reserved for future work.

1.0
I Branch ratio 68% CL allowed
F, 68% CL allowed

0.51

o e
S
<

-0.51
-1.0 \ \ :
-1.0 -0.5 0.0 0.5 1.0
C[VP/CLSM
FIG. 15. Projected 16 constraints on C}¥ and C}F from B, —

¢vv measurements at CEPC. The narrow green band comes from
measuring BR(B,; — ¢uvi), while the orange band corresponds to
the suggestive F; uncertainty. Both values are normalized
according to C3M ~ —6.47. Theoretical uncertainties are ignored
to better demonstrate experimental precision.

In Fig. 15, we plot the 68% C.L. constraints on the NP
contributions to the LEFT couplings CY* and C}¥ at CEPC.
We assume that the Wilson coefficients are a real number
and satisfy the LFU, i.e., CZ(’ 1’;) = Cyg) for simplicity. The
BR(B, — ¢vi) measurement with a relative accuracy of
1.78% places tight constraints in the CY? — CX? plane. We
show the regions that F;, = F; g\ & 0.04 as a suggestive
value for the F; measurement. As can be seen in Fig. 15,
|CN%| are limited to <0.2C3™ after combining the branch-
ing ratio and differential F; measurements. All theoretical
uncertainties are ignored in Fig. 15 to directly illustrate the
CEPC flavor physics potential.

V. CONCLUSION

In this paper, we study the phenomenology of the
rare FCNC decay By — ¢vv at the Z pole with the full
simulated samples of the CEPC detector profile. The large
B, statistic (~3 x 10'° from 10'? Z decays) enables precise
measurement of such a rare decay.

We calculated the SM prediction that BR(B; — ¢uv)gy =
(9.934+0.72) x 10 with the lattice By — ¢ form
factors. The hadronic form factors are also the major
contributors to the theoretical uncertainty. The results also
predict the ¢ longitudinal polarization fraction F; g\ to be
0.53 +0.04. In this analysis, ¢) - K"K~ vertexes are
primarily reconstructed, with their integrated efficiency
and purity reaching about 48% and 76% under a realistic
kaon PID assumption. After a series of cuts and optimi-
zation of the BDTG method, the dominant backgrounds
Z — qq are suppressed by a factor of O(107%). The
remaining backgrounds are mainly Z — bb events. The
final signal efficiency is 3%, resulting in a relative
sensitivity of BR(B; — ¢uv) as low as 1.78%. The high
S/B ratio ~77% makes the measurement robust against
potential systematic uncertainties.

The integrated and differential measurements of this
channel are sensitive to the six dim-6 LEFT operators.
The constraints will further contribute to the global deter-
mination of the NP effects behind the B anomalies and
allow discrimination between NP models. We also esti-
mated the F; uncertainty using the angular distribution of
the signal events.

We expect other b — svv measurements at CEPC, e.g.,
B — pseudoscalar transition B* > K*up, can further
improve the NP limit. By studying the specific mode
B, — ¢up, there is an opportunity to resolve multiple
anomalies in the measurements of B-meson decays. The
result also allows us to test BSM models and update our
knowledge of QCD.
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