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1. B0 → invisible and B0 → invisible+ γ

The rate for invisible B decays is negligibly small within the Standard Model (SM), but can be
larger in several models of new physics NP. The SM decay B0 → νν̄ is strongly helicity-suppressed
by a factor of order (mν/mB0)2 [3] and the resulting branching fraction is well below the range
of present experimental observability. The SM expectation for the B0 → νν̄γ branching fraction
is predicted to be of order 10−9, with very little uncertainty from hadronic interactions [4]. An
experimental observation of an invisible (+ γ) decay of a B0 with current experimental sensitivity
would thus be a clear sign of physics beyond the SM.

The detection of invisible B decays uses the fact that B mesons are created in pairs, due to
flavor conservation in e+e− interactions. If one B is reconstructed in an event, one can thus infer
that another B has been produced. One approach is to reconstruct a B0 decay to D(∗)−`+ν (referred
to as the “tag side”), then look for consistency with an invisible decay or a decay to a single photon
of the other neutral B (referred to as the “signal side”). The choice of reconstructing semileptonic
B0 decays on the tag side, with respect to fully-reconstructed B0 hadronic final states, is motivated
by a higher reconstruction efficiency. A disadvantage is the presence of the invisible neutrino,
which prevents the exploitation of kinematic variables such as the reconstructed B0 mass. However,
the background contamination is offset by the presence of a high momentum lepton.

The D∗− mesons are reconstructed in the final states D0 π− or D− π0, with D0 decays to K+π−,
K+π−π0, or K+π−π+π−, and D− decays to K+π−π− or K0

S π−. The K0
S mesons are reconstructed

in the decay mode K0
S → π+π−, where the π+ π− invariant mass lies in a ±25 MeV/c2 window

around the nominal K0
S mass [5]. The π0 candidates are composed of pairs of photons. Each photon

must have a reconstructed energy above 30 MeV in the laboratory frame, the sum of their energies
must be greater than 200 MeV, and the π0 candidates must have an invariant mass between 115 and
150 MeV/c2. A mass-constrained fit is imposed on π0 candidates in order to improve the resolution
on the reconstructed invariant mass of the parent D meson.

Kaon and pion candidates are then combined to reconstruct D(∗) mesons. These are required
to have an invariant mass within 60 MeV/c2 of their nominal mass, except for D0 decays with a
π0 daughter, which must be within 100 MeV/c2 of the nominal D0 mass. Mass-constrained fits
are applied to D0 and D− candidates in order to improve the measurement of the momentum of
each D. The difference in reconstructed mass between D∗− decay candidates and their D daughters
must be between 137 MeV/c2 and 175 MeV/c2. All D(∗)− candidates must have a total momentum
between 0.5 and 2.5 GeV/c in the center-of-mass CM frame. Tracks selected as lepton candidates
must pass either electron or muon selection criteria.

To further select B0 → D(∗)−`+ν candidates, a D(∗)− candidate and a lepton candidate must
be consistent with production at a common point in space. The decay vertex is reconstructed from
a kinematic fit to all the candidate daughters, and a minimum χ2 vertex probability of 0.001 is
required. The cosine of the angle between the D(∗)−`+ and the hypothesized B0 candidate in the
CM frame is calculated, under the assumption that the only particle missing is a neutrino:

cosθB,D(∗)−`+ =
2EBED(∗)−`+ −m2

B−m2
D(∗)−`+

2 |~pB||~pD(∗)−`+ |
. (1.1)
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The energy in the CM frame ED(∗)−`+ and mass mD(∗)−`+ of the D(∗)−`+ combination are de-
termined from reconstructed momentum information, and mB is the nominal B0 mass [5]. The B0

momentum |~pB| and energy EB in the CM frame are determined from beam parameters. If the
assumption that only a neutrino is missing in the B0 decays is incorrect, then cosθB,D(∗)−`+ can
fall outside the region [−1,1]. The D(∗)−`+ combination must satisfy −5.5 < cosθB,D(∗)−`+ < 1.5;
this allows for non-physical cosθB,D(∗)−`+ values, accounting for detector energy and momentum
resolution.

In order to reject background events where one charged or neutral particle is lost along the
beam pipe, the cosine of the polar angle of the missing momentum in the CM frame is required to lie
in the [−0.9,0.9] range. The missing 4-momentum due to unreconstructed particles is defined as the
difference between theϒ (4S) and the reconstructed tag side 4-momentum. In the B0→ invisible+γ

channel, the signal-side photon 4-momentum is also subtracted from the ϒ (4S) one.
For the B0 → invisible decay, in events where the D meson on the tag side decays into

K−π+π−, two additional selection criteria are applied. The first concerns the sum of the cosine of
the angles between the kaon and two pions, cosθKπ1 +cosθKπ2 >−0.8, while the second concerns
the sum of the cosine of the angles between the lepton and the pions, cosθ`π1 +cosθ`π2 < 0.8. The
main effect of this selection is the reduction of the background from mis-reconstructed e+e− →
τ+τ− events.

To reconstruct B0 → invisible+ γ events, one remaining photon candidate with energy greater
than 1.2 GeV in the CM frame is also required. If the detected photon has an energy smaller than
1.2 GeV in the CM frame, the event falls in the B0 → invisible category and the neutral candidate
is considered as an extra photon in the event.

The signal region SR is defined as a ±15 MeV/c2 window around the nominal value for mD

for the B0 → D−`+ν sample, and as 0.139 < ∆m < 0.148 GeV/c2 for the B0 → D∗−`+ν sample.
The excluded regions are used as the side band SB region.

A neural network (NN) is used with up to six input observables to provide further discrimi-
nation between signal and background events [6]. The NN is trained using MC simulated signal
samples, weighted off-peak data and MC simulated BB events. The selection on the output of the
NN is optimized by minimizing the expected upper limit on the branching fraction, defined by a
Bayesian approach, under the hypothesis of observing zero signal events.

The total energy in the calorimeter computed in the CM frame and not associated with neutral
particles or charged tracks used in the D(∗)−`+ reconstruction is denoted as Eextra. For B0 →
invisible + γ , the energy of the highest-energy photon remaining in the event (the signal photon
candidate) is also removed from the Eextra computation. The Eextra signal region is defined by
imposing an upper bound at 1.2 GeV. In both B0 → invisible and B0 → invisible + γ samples,
this variable is strongly peaked near zero for signal, whereas for the background the distribution
increases uniformly in the chosen signal region. Background events can populate the low Eextra

region, when charged or neutral particles from the event are either outside the fiducial volume of the
detector or are unreconstructed due to detector inefficiencies. Contributions from mis-reconstructed
π0 decays usually populate the high Eextra region.

Using detailed Monte Carlo simulations of B0 → invisible and B0 → invisible + γ events, the
signal efficiency is determined to be (17.8±0.2)×10−4 for B0 → invisible and (16.0±0.2)×10−4

for B0 → invisible+ γ , where the uncertainties are statistical.
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The probability density functions (PDFs) are constructed for the Eextra distribution for signal
(Psig) and background (Pbkg) using detailed MC simulation for signal and data from the mD and
∆m sidebands for background. The two PDFs are combined into an extended maximum likelihood
function L , defined as a function of the number of signal Nsig and background events Nbkg.

The photon reconstruction has a detection lower energy bound of 30 MeV, and as a con-
sequence, the Eextra distribution is not continuous. To account for this effect, the likelihood is
composed of two distinct parts, one for Eextra > 30 MeV and one for Eextra = 0 MeV. The negative
log-likelihood is then minimized with respect to Nsig and Nbkg in the data sample. The fit returns
−22± 9 and −3.1± 5.2 signal events for B0 → invisible and B0 → invisible + γ , respectively.
Figure 1 shows the Eextra distributions for B0 → invisible and B0 → invisible+ γ with the fit super-
imposed. The fitted signal yields are used to determine the decay branching fractions B, which are
defined as B≡Nsig/(ε×NBB̄), where ε is the total signal efficiency, corrected for data-MC discrep-
ancies, and NBB̄ is the number of produced BB pairs. A Bayesian approach is used to set 90% confi-
dence level (CL) upper limits on the branching fractions for B0 → invisible and B0 → invisible+γ .
The resulting 90% upper limits on the branching fractions are B(B0 → invisible) < 2.4×10−5 and
B(B0 → invisible+ γ) < 1.7×10−5 [7].

Figure 1: Results of the ML fit of Eextra for B0 → invisible (left) and B0 → invisible+ γ (right) [7].

2. B → K(∗) `+ `−

The decays B → K(∗) `+ `− arise from flavor-changing neutral-current processes that are for-
bidden at tree level in the SM. The lowest-order SM processes contributing to these decays are the
γ/Z penguin loops and the W+W− box diagrams shown in Fig. 2. Their amplitudes are expressed
in terms of hadronic form factors and perturbatively-calculable effective Wilson coefficients, Ceff

7 ,
Ceff

9 and Ceff
10 , which represent the electromagnetic penguin diagram, and the vector part and the

axial-vector part of the linear combination of the Z penguin and W+W− box diagrams, respec-
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tively [8]. In next-to-next-to-leading order (NNLO) at a renormalization scale µ = 4.8 GeV, the
effective Wilson coefficients are Ceff

7 =−0.304, Ceff
9 = 4.211, and Ceff

10 =−4.103 [9].

Figure 2: Left: lowest-order Feynman diagrams for b → s`+`−; Right: examples of new physics loop
contributions to b → s`+`−: (a) charged Higgs (H−); (b) squark (t̃, c̃, ũ) and chargino (χ−); (c) squark
(b̃, s̃, d̃) and gluino (g̃)/neutralino (χ0).

New physics NP may add new penguin and box diagrams, which can contribute at the same or-
der as the SM diagrams, as shown in Fig. 2. These contributions can modify the Wilson coefficients
from their SM expectations. New contributions from scalar, pseudoscalar, and tensor currents may
arise that can modify, in particular, the lepton-flavor ratios.

The B→K`+`− and B→K∗`+`− total branching fractions are predicted to be (0.35±0.12)×
10−6 and (1.19± 0.39)× 10−6 (for s > 0.1GeV2/c4, where s in the invariant mass squared of the
dilepton system, m2

`+`−), respectively [10]. The ∼ 30% uncertainties are due to a lack of knowl-
edge about the form factors that model the hadronic effects in the B → K(∗) transitions. Thus,
measurements of decay rates to exclusive final states are less suited to searches for NP than rate
asymmetries, where many theory uncertainties cancel.

The direct CP asymmetry A K(∗)
CP for charged and neutral B decays flavor-tagged through K∗→

K+π− and the ratio of rates to dimuon and dielectron final states RK(∗) are defined as

A K(∗)
CP ≡ B(B→ K(∗)

`+`−)−B(B→ K(∗)`+`−)

B(B→ K(∗)
`+`−)+B(B→ K(∗)`+`−)

, RK(∗) ≡
B(B→ K(∗)µ+µ−)
B(B→ K(∗)e+e−)

. (2.1)

In the SM, A K(∗)
CP is expected to be O(10−3) while RK(∗) is expected to be unity to within a few

percent [12] for dilepton invariant masses above the dimuon kinematic threshold. However, A K(∗)
CP

may receive a significant enhancement from NP contributions at the electro-weak scale [11]. In
two-Higgs-doublet models, including supersymmetry, RK(∗) is sensitive to the presence of a neutral
Higgs boson. When the ratio of the neutral Higgs field vacuum expectation values tanβ is large,
RK(∗) might be increased by up to 10% [13].

The CP-averaged isospin asymmetry A K(∗)
I is defined as

A K(∗)
I ≡ B(B0 → K(∗)0`+`−)− rτB(B+ → K(∗)+`+`−)

B(B0 → K(∗)0`+`−)+ rτB(B+ → K(∗)+`+`−)
, (2.2)

where rτ ≡ τB0/τB+ = 1/(1.071±0.009) is the ratio of B0 and B+ lifetimes [5]. A K∗
I has a SM ex-

pectation of +6% to +13% as s→ 0 [14]. This is consistent with the measured asymmetry 3±3%
in B→ K∗γ [15]. A calculation of the predicted K∗+ and K∗0 rates integrated over the low s region
yields A K∗

I =−0.005±0.020 [16, 17]. In the high s region, contributions from charmonium states
are expected as an additional source of isospin asymmetry. However the measured asymmetries in
the J/ψ K(∗) and ψ(2S)K(∗) modes are all below 5% [5].

5



P
o
S
(
H
Q
L
 
2
0
1
2
)
0
3
0

Rare decay searches at BABAR and Belle Fergus WILSON

The longitudinal polarization FL and Forward-Backward asymmetry AFB are defined as

1
Γ(s)

d
d cosθK

=
3
2

FL(s)cos2
θK +

3
4
(1−FL(s))(1− cos2

θK)

1
Γ(s)

d
d cosθl

=
3
4

FL(s)(1− cos2
θl)+

3
8
(1−FL(s))(1+ cos2

θl)+AFB cosθl (2.3)

where θK is the angle of the K momentum relative to the B momentum in the K∗ rest frame and θl

is the angle between the `+(`−) and the B (B) momentum in the dilepton rest frame.
B→K(∗) `+ `− signal events are reconstructed in eight final states where ` = µ or e, and K(∗) is

a K0
S , K+, K∗0, or K∗+. The K0

S candidates are reconstructed in the π+π− final state. The K(∗)h±µ∓

final states, where h is a charged track with no particle identification requirement applied, are used
to characterize backgrounds from hadrons misidentified as muons. The K∗e±µ∓ sample is used
to model the random combinatorial mKπ background distributions. In each mode, the kinematic

variables mES =
√

E2
CM/4− p∗2

B and ∆E = E∗B−ECM/2 are utilized, where p∗B and E∗B are the B
momentum and energy in the ϒ (4S) CM frame, and ECM is the total CM energy. A fit region
mES > 5.2GeV/c2 is defined. The mass of the K∗, if present, must be in the region 0.72 < mKπ <

1.10 GeV/c2. The sideband 5.20 < mES < 5.27 GeV/c2 is used to characterize combinatorial
background shapes and normalizations. For both the e+e− and µ+µ− modes, the J/ψ (2.85 <

m`` < 3.18GeV/c2) and ψ(2S) (3.59 < m`` < 3.77 GeV/c2) mass regions are rejected. The vetoed
events provide high-statistics control samples that are used to validate the fit methodology.

The main backgrounds arise from random combinations of leptons from semileptonic B and D
decays. These combinatorial backgrounds from either BB events (referred to as “BB backgrounds”)
or continuum qq events (e+e−→ qq, q = u,d,s,c, referred to as “qq backgrounds”) are suppressed
using bagged decision trees (BDTs) [18]. A total of eight BDTs are trained in regions separated by
e+e−/µ+µ− mode, low/high s, and BB/qq backgrounds.

A significant source of background for µ+µ− final states arises from B → D(→ K(∗)π)π
decays if both pions are misidentified as muons. The misidentification rates for muons is much
higher than for electrons (∼ 3% and . 0.1% per lepton, respectively). For these events, the invariant
mass of the K(∗)π system must be outside the range 1.84− 1.90 GeV/c2 after assigning the pion
mass hypothesis to the muon candidates. Any remaining residual backgrounds from this type of
contribution are parameterized using control samples obtained from data.

After applying all selection criteria about 85% of signal events contain more than one B can-
didate. These candidates differ typically in one charged or neutral hadron. The average number of
candidates per signal event is about six. To choose the best candidate, the following ratio is defined

R ≡
PBB̄

sig +Pqq
sig

PBB̄
sig +Pqq

sig +PBB̄
bkg +Pqq

bkg

, (2.4)

where Psig and Pbkg are probabilities calculated from the corresponding BB and qq BDT output
distributions for signal and background, respectively. The candidate with the largest R is selected.
The probability for a correctly-reconstructed signal event to be selected as the best candidate is
mode-dependent and varies between about 80% and 95% for s bins below the J/ψ mass, while for
s bins above the ψ(2S) mass it varies between about 60% and 90%.
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One-dimensional maximum likelihood (ML) fits are performed in mES for K`+`− modes and
two-dimensional fits in mES and mKπ for K∗`+`− modes to extract the signal yields. Appropri-
ate PDFs are chosen to model the signal (using data from the vetoed J/ψ events); combinatoric
background; B→D(→ K(∗)π)π decays where both pions are misidentified as muons; signal cross-
feed events from mis-reconstructed signal events; exclusive B hadronic decays mis-reconstructed
as B → K(∗)`+`−; charmonium events that pass the veto; and peaking hadronic B → K∗π0 and
B→ K∗η decays. A simultaneous fits across different K(∗)`+`− modes in each s bin is performed.
Since efficiency-corrected signal yields are shared across various decay modes, rate asymmetries
can be extracted directly from the fits. The fitted signal yields in B+ modes are corrected by the
lifetime ratio τB0/τB+ . The fit methodology is validated with charmonium control samples ob-
tained from the dilepton mass regions around the J/ψ and ψ(2S) resonances that are vetoed in
the B → K(∗)`+`− analysis. The fitting procedure is also validated by applying it to charmonium
events to extract the rate asymmetries and angular observables. The measured CP asymmetries
ACP, lepton-flavor ratios RK(∗) and isospin asymmetries AI are in good agreement with SM expec-
tations or world averages for AI .

Figure 3 shows the BABAR [19] and Belle [20] results for the partial branching fractions of the
K`+`− and K∗`+`− modes in comparison to the results from the CDF Collaborations [21] and to
the prediction of the Ali et. al. model [10]. The results are seen to agree with each other and also
with recent partial branching fraction measurements of B0 → K∗0µ+µ− from LHCb [22].

Figure 3: Left: partial branching fractions for the (a) K`+`− and (b) K∗`+`− modes as a function of s
showing BABAR measurements [19] (red triangles), Belle [20] (open squares), CDF [21] (blue solid squares),
and the SM prediction from Ali et. al. [10] with B → K(∗) form factors [24] (magenta dashed lines). The
magenta solid lines show the theory uncertainties. The vertical yellow shaded bands show the vetoed s
regions around the J/ψ and ψ(2S). Right: total branching fractions for the K`+`− and K∗`+`− modes
compared with predictions from Ali et. al. [10] (light grey bands), and Zhong et. al. [23] (dark grey bands)
models.

BABAR measures the total branching fractions to be B(B→K`+`−) = (4.7±0.6±0.2)×10−7

and B(B → K∗`+`−) = (10.2+1.4
−1.3± 0.5)× 10−7. Here, the first uncertainties are statistical, and

the second are systematic. The total branching fractions are shown in Fig. 3 in comparison to
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measurements from Belle [20] and CDF [21] and predictions from Ali et. al. [10] and Zhong et.
al. [23].

To measure direct ACP, the B and B samples are fitted in the two K+ `+`− modes and the four
K∗ `+`− modes. The measurements are performed in the full s region, as well as in the low s and
high s regions separately. The results are consistent with the SM expectation of negligible direct
ACP.

The e+e− and µ+µ− samples are fitted in the four K`+`− modes and four K∗`+`− modes in
the low s and high s regions separately to measure the lepton-flavor ratios. Figure 4 show RK and
RK∗ for s > 0.1GeV2/c4. The BABAR results are consistent with unity as expected in the SM.

Figure 4: CP asymmetries ACP (left) and Lepton flavor ratios RK(∗) (right) from BABAR [19] for K`+`−

modes (red solid triangles) and K∗`+`− modes (red open circles) as a function of s. The vertical yellow
shaded bands show the vetoed s regions around the J/ψ and ψ(2S).

The data in each s bin is fitted separately to determine AI for the four combined K`+`− and
the four combined K∗`+`− modes. Figure 5 shows the BABAR and Belle [20] measurements as
a function of s. The two sets of results are seen to agree within the uncertainties. The BABAR

results [19] are also consistent with the SM prediction that AI is slightly negative (∼−1%) except
in bin s1, where it is predicted to have a value around +5% [14].

The BABAR AI measurements in the low s region (0.10 < s < 8.12 GeV2/c4) yield A low
I (B→

K`+`−) =−0.58+0.29
−0.37±0.02 [2.1σ ] and A low

I (B→ K∗`+`−) =−0.25+0.20
−0.17±0.03 [1.2σ ]. The AI

significances shown in the square brackets include all systematic uncertainties. The significance is
estimated by refitting the data with AI fixed to zero and computing the change in the log likelihood√

2∆ lnL between the nominal fit and the null hypothesis fit.
Figure 6 shows the longitudinal polarization FL and Forward-Backward asymmetry AFB results

as a function of s. A common value of FL is first extracted from a fit to the data (see Eq. 2.3); this
value is then used to extract A.

FB In both cases taking, the reconstruction efficiency as a function of
s and θ is taken into account. For FL, there is a tendency for all the measurements to fall below the
theory prediction.
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Figure 5: Isospin asymmetry AI for the (a) K`+`− and (b) K∗`+`− modes as a function of s for BABAR [19]
(red triangles) and Belle [20] (open squares). The vertical yellow shaded bands show the vetoed s regions
around the J/ψ and ψ(2S).

Figure 6: Longitudinal polarization FL (left) and Forward-Backward asymmetry AFB (right) results for B→
K∗`+`− as a function of s for preliminary BABAR measurements (also shown separately for K∗0`+`− and
K∗+`+`−), Belle [20] (stars), LHCb [22] (open squares), CDF [25] (full circles), and the central value of the
SM prediction (dotted line).
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