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M. Zito,68 X. R. Chen,69 H. Liu,69 W. Park,69 M. V. Purohit,69 R. M. White,69 J. R. Wilson,69 M. T. Allen,70

D. Aston,70 R. Bartoldus,70 P. Bechtle,70 J. F. Benitez,70 R. Cenci,70 J. P. Coleman,70 M. R. Convery,70

J. C. Dingfelder,70 J. Dorfan,70 G. P. Dubois-Felsmann,70 W. Dunwoodie,70 R. C. Field,70 A. M. Gabareen,70

S. J. Gowdy,70 M. T. Graham,70 P. Grenier,70 C. Hast,70 W. R. Innes,70 J. Kaminski,70 M. H. Kelsey,70 H. Kim,70

P. Kim,70 M. L. Kocian,70 D. W. G. S. Leith,70 S. Li,70 B. Lindquist,70 S. Luitz,70 V. Luth,70 H. L. Lynch,70

D. B. MacFarlane,70 H. Marsiske,70 R. Messner,70 D. R. Muller,70 H. Neal,70 S. Nelson,70 C. P. O’Grady,70

I. Ofte,70 A. Perazzo,70 M. Perl,70 B. N. Ratcliff,70 A. Roodman,70 A. A. Salnikov,70 R. H. Schindler,70

J. Schwiening,70 A. Snyder,70 D. Su,70 M. K. Sullivan,70 K. Suzuki,70 S. K. Swain,70 J. M. Thompson,70 J. Va’vra,70

A. P. Wagner,70 M. Weaver,70 C. A. West,70 W. J. Wisniewski,70 M. Wittgen,70 D. H. Wright,70 H. W. Wulsin,70

A. K. Yarritu,70 K. Yi,70 C. C. Young,70 V. Ziegler,70 P. R. Burchat,71 A. J. Edwards,71 S. A. Majewski,71

T. S. Miyashita,71 B. A. Petersen,71 L. Wilden,71 S. Ahmed,72 M. S. Alam,72 R. Bula,72 J. A. Ernst,72 B. Pan,72

M. A. Saeed,72 S. B. Zain,72 S. M. Spanier,73 B. J. Wogsland,73 R. Eckmann,74 J. L. Ritchie,74 A. M. Ruland,74

C. J. Schilling,74 R. F. Schwitters,74 B. W. Drummond,75 J. M. Izen,75 X. C. Lou,75 S. Ye,75 V. Azzolini,76

N. Lopez-March,76 F. Martinez-Vidal,76 D. A. Milanes,76 A. Oyanguren,76 J. Albert,77 Sw. Banerjee,77

B. Bhuyan,77 H. H. F. Choi,77 K. Hamano,77 R. Kowalewski,77 M. J. Lewczuk,77 I. M. Nugent,77 J. M. Roney,77

R. J. Sobie,77 T. J. Gershon,78 P. F. Harrison,78 J. Ilic,78 T. E. Latham,78 G. B. Mohanty,78 H. R. Band,79

X. Chen,79 S. Dasu,79 K. T. Flood,79 Y. Pan,79 M. Pierini,79 R. Prepost,79 C. O. Vuosalo,79 and S. L. Wu79

(The BABAR Collaboration)
1Laboratoire de Physique des Particules, IN2P3/CNRS et Université de Savoie, F-74941 Annecy-Le-Vieux, France

2Universitat de Barcelona, Facultat de Fisica, Departament ECM, E-08028 Barcelona, Spain
3University of Bergen, Institute of Physics, N-5007 Bergen, Norway

4Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720, USA
5University of Birmingham, Birmingham, B15 2TT, United Kingdom

6Ruhr Universität Bochum, Institut für Experimentalphysik 1, D-44780 Bochum, Germany
7University of Bristol, Bristol BS8 1TL, United Kingdom

8University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z1
9Brunel University, Uxbridge, Middlesex UB8 3PH, United Kingdom
10Budker Institute of Nuclear Physics, Novosibirsk 630090, Russia
11University of California at Irvine, Irvine, California 92697, USA

12University of California at Los Angeles, Los Angeles, California 90024, USA
13University of California at Riverside, Riverside, California 92521, USA
14University of California at San Diego, La Jolla, California 92093, USA

15University of California at Santa Barbara, Santa Barbara, California 93106, USA
16University of California at Santa Cruz, Institute for Particle Physics, Santa Cruz, California 95064, USA

17California Institute of Technology, Pasadena, California 91125, USA
18University of Cincinnati, Cincinnati, Ohio 45221, USA
19University of Colorado, Boulder, Colorado 80309, USA

20Colorado State University, Fort Collins, Colorado 80523, USA
21Technische Universität Dortmund, Fakultät Physik, D-44221 Dortmund, Germany

22Technische Universität Dresden, Institut für Kern- und Teilchenphysik, D-01062 Dresden, Germany
23Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, F-91128 Palaiseau, France

24University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom
25Harvard University, Cambridge, Massachusetts 02138, USA



3

26Universität Heidelberg, Physikalisches Institut, Philosophenweg 12, D-69120 Heidelberg, Germany
27Humboldt-Universität zu Berlin, Institut für Physik, Newtonstr. 15, D-12489 Berlin, Germany

28INFN Sezione di Baria; Dipartmento di Fisica, Università di Barib, I-70126 Bari, Italy
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We present measurements of the CP -violation parameters S and C for the radiative decay
B0 → ηK0

Sγ; for B → ηKγ we also measure the branching fractions and for B+ → ηK+γ the time-
integrated charge asymmetry Ach. The data, collected with the BABAR detector at the Stanford
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Linear Accelerator Center, represent 465 × 106 BB pairs produced in e+e− annihilation. The re-
sults are S = −0.18+0.49

−0.46 ± 0.12, C = −0.32+0.40
−0.39 ± 0.07, B(B0 → ηK0γ) = (7.1+2.1

−2.0 ± 0.4) × 10−6,

B(B+ → ηK+γ) = (7.7 ± 1.0 ± 0.4) × 10−6, and Ach = (−9.0+10.4
−9.8 ± 1.4) × 10−2. The first error

quoted is statistical and the second systematic.

PACS numbers: 13.25.Hw, 12.15.Hh, 11.30.Er

Radiative B meson decays have long been recognized
as a sensitive probe to test the standard model (SM) and
to look for new physics (NP) [1, 2]. In the SM, flavor-
changing neutral current processes, such as b → sγ, pro-
ceed via radiative loop diagrams. The loop diagrams
may also contain new heavy particles, and therefore are
sensitive to NP. The measured branching fractions of in-
clusive b → sγ and exclusive radiative B decays are in
agreement with SM predictions [2–4]. Recent estimates
of the branching fraction of the inclusive b → sγ decay
are affected by a theoretical uncertainties as large as the
experimental ones [5].

In the SM the photon polarization in radiative decays
is dominantly left (right) handed for b (b̄) decays, result-
ing in the suppression of mixing-induced [6] CP asym-
metries. Because we do not measure the photon helicity,
we sum the decay rates for the left-handed and right-
handed helicity states. Observation of significant CP -
violation in these radiative decay modes would provide
a clear sign of NP [7]. We search also for direct CP
asymmetry in charged B decays, measuring the charge
asymmetry Ach ≡ (Γ− − Γ+)/(Γ− + Γ+), where Γ is the
partial decay width of the B meson, and the superscript
corresponds to its charge. This asymmetry in the SM is
expected to be very small [8].

In this letter, we present the first measurement of
the mixing-induced CP violation in the decay mode
B0 → ηK0γ. Branching fractions for the decay modes
B0 → ηK0γ and B+ → ηK+γ [9] and time-integrated
charge-asymmetry for B+ → ηK+γ have been measured
previously by the Belle [10] and BABAR [11] Collabora-
tions. We update our previous measurements with a data
sample that is twice as large.

The results presented here are based on data collected
with the BABAR detector [12] at the PEP-II asymmetric-
energy e+e− collider [13] located at the Stanford Linear
Accelerator Center. We use an integrated luminosity of
423 fb−1, corresponding to 465 ± 5 million BB pairs,
recorded at the Υ(4S) resonance (at a center-of-mass en-
ergy of

√
s = 10.58 GeV).

Description of the BABAR detector and of the recon-
struction of charged and neutral particles can be found
elsewhere [14]. The B decay daughter candidates are re-
constructed through their decays π0 → γγ, η → γγ (ηγγ),
and η → π+π−π0 (η3π). Reconstruction and selection
criteria of charged and neutral mesons, and primary pho-
tons and the study of continuum and BB backgrounds
are described in our previous paper [11].

A B meson candidate is reconstructed by com-

bining an η candidate, a charged or neutral kaon
and a primary photon candidate. It is characterized
kinematically by the energy-substituted mass mES ≡√

(s/2 + p0 · pB)2/E2
0 − p2

B and energy difference ΔE ≡
E∗

B − 1
2

√
s, where the subscripts 0 and B refer to the ini-

tial Υ(4S) and to the B candidate in the lab-frame, re-
spectively, and the asterisk denotes the Υ(4S) rest frame.
We require 5.25 < mES < 5.29 GeV/c2 and |ΔE| < 0.2
GeV.

From a candidate BB pair we reconstruct a B0 de-
caying into ηK0

Sγ (Brec). We also reconstruct the decay
point of the other B meson (Btag) and identify its fla-
vor. The difference Δt ≡ trec − ttag of the proper de-
cay times trec and ttag of the reconstructed and tag B
mesons, respectively, is obtained from the measured dis-
tance between the Brec and Btag decay vertices and from
the boost (βγ = 0.56) of the e+e− system. The Δt dis-
tribution [15] is given by:

F (Δt) =
e−|Δt|/τ

4τ
[1 ∓ Δw ±

(1 − 2w) (S sin(ΔmdΔt) − C cos(ΔmdΔt))]. (1)

The upper (lower) sign denotes a decay accompanied by
a B0(B0) tag, τ is the mean B0 lifetime, Δmd is the
mixing frequency, and the mistag parameters w and Δw
are the average and difference, respectively, of the prob-
abilities that a true B0 is incorrectly tagged as a B0

or vice versa. In the flavor tagging algorithm [16] there
are six mutually exclusive tagging categories of different
response purities and untagged events with no tagging
informations. Tagging and Δt informations are used for
the measurement of the CP -violation parameters S and
C in the decay mode B0 → ηK0γ.

We use the same technique developed for B0 → π0K0
S
γ

decays [15] to reconstruct the B0 → ηγγK0
Sγ decay point,

using the knowledge of the K0
S

trajectory and the average
interaction point in a geometric fit. The extraction of Δt
has been extensively validated in data [17] and in a full
detector simulation. In about 70% of the selected events
the Δt resolution is sufficient for the time-dependent CP -
violation measurement. For the remaining events the Δt
information is not used. For both ηγγK0

S
γ and η3πK0

S
γ

modes we use the events which satisfy the requirements
|Δt| < 20 ps and σΔt < 2.5 ps, where σΔt is the per-event
error on Δt.

We obtain signal event yields and CP -violation param-
eters from unbinned extended maximum-likelihood (ML)
fits. We indicate with j the species of event: signal, qq̄
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continuum background, BB peaking background (BP ),
and BB non-peaking background (BNP ). The input ob-
servables are mES, ΔE, the output of a Neural Network
(NN), the η invariant mass mη, and Δt. The NN com-
bines four variables: the absolute values of the cosines of
the polar angles with respect to the beam axis in the
Υ(4S) frame of the B candidate momentum and the
B thrust axis, the ratio of the second and zeroth Fox-
Wolfram moments [18], and the absolute value of the
cosine of the angle θT between the thrust axis of the B
candidate and that of the rest of the tracks and neutral
clusters in the event, calculated in the Υ(4S) frame.

For each species j and tagging category c, we define a
total probability density function (PDF) for event i as

P i
j,c ≡ Pj(mES

i) · Pj(ΔEi) · Pj(NN i) ·
Pj(mi

η) · Pj(Δti, σi
Δt; c) . (2)

The factored form of the PDF is a good approximation
since correlations between input observables are small.
With nj defined to be the number of events of the species
j and fj,c the fraction of events of species j for each
category c, we write the extended likelihood function for
all events belonging to category c as

Lc = exp
(
−

∑
j

nj,c

) Nc∏
i

(nsigfsig,cP i
sig,c

+nqq̄fqq̄,cP i
qq̄ + nBNP fBNP,cP i

BNP

+nBP fBP,cP i
BP ), (3)

where nj,c is the yield of events of species j found by
the fitter in category c and Nc the number of events
of category c in the sample. We fix fsig,c, fBNP,c, and
fBP,c to fBflav,c, the values measured with a large sam-
ple of B-decays to fully reconstructed flavor eigenstates
(Bflav) [19]. The total likelihood function Ld for decay
mode d is given as the product over the seven tagging cat-
egories. Finally, when combining decay modes we form
the grand likelihood L =

∏Ld.
The PDF Psig(Δt, σΔt; c), for each category c, is the

convolution of F (Δt; c) (Eq. 1) with the signal res-
olution function (sum of three Gaussians) determined
from the Bflav sample. The other PDF forms are: the
sum of two Gaussians for Psig(mES), Psig(ΔE), and
Psig(mη); the sum of three Gaussians for Pqq̄ (Δt),
PBNP (Δt), and PBP (Δt); a non-parametric step func-
tion for Pj(NN) [20]; a linear dependence for Pqq̄ (ΔE),
PBNP (ΔE), and PBP (ΔE); a first-order polynomial plus
a Gaussian for Pqq̄ (mη), PBNP (mη), and PBP (mη); and
for Pqq̄ (mES), PBNP (mES), and PBP (mES), the func-
tion x

√
1 − x2 exp

[−ξ(1 − x2)
]
, with x ≡ 2mES/

√
s [21],

where for the BP PDFs we add a Gaussian. We allow
qq̄ background PDF parameters to vary in the fit.

We determine the PDF parameters from Monte Carlo
(MC) simulation for the signal and BB backgrounds,

while using sideband data (5.25 < mES < 5.27 GeV/c2;
0.1 < |ΔE| < 0.2 GeV) to model the PDFs of contin-
uum background. Large control samples of B decays to
charmed final states with similar topology and a smear-
ing procedure applied to photons during the event recon-
struction are used to verify the simulated resolutions in
mES and ΔE. Where the control data samples reveal dif-
ferences from the MC in mass resolution, we shift or scale
the resolution used in the likelihood fits. The largest shift
in mES is 0.6 MeV/c2. Any bias in the fit is determined
from a large set of simulated experiments in which the
qq̄ and BNP backgrounds are generated from the PDFs,
and into which we have embedded the expected num-
ber of BP and signal events chosen randomly from fully
simulated MC samples.

We compute the branching fractions and charge asym-
metry from fits made without Δt or flavor tagging. The
free parameters in the fit are: the signal, qq̄ , BNP
and BP background yields; the bin weights of the step
function for Pqq̄ (NN); the slopes of Pqq̄ (ΔE) and
Pqq̄ (mη); ξ; and for charged modes the signal and back-
ground Ach. We apply the same procedure to extract S
and C. In this case we add in the fit the Δt variable
and the flavor-tagging information. As free parameters
we have also S, C, and the parameters of the Pqq̄ (Δt)
PDF.

Table I lists the results of the fits. The corrected signal
yield is the fitted yield minus the fit bias which is in the
range 2 − 4%. The efficiency is calculated as the ratio
of the number of signal MC events entering the ML fit
to the total generated. We compute the branching frac-
tions from the corrected signal yields, reconstruction ef-
ficiencies, daughter branching fractions, and the number
of produced B mesons. We assume that the branching
fractions of the Υ(4S) to B+B− and B0B0 are each equal
to 50%. We combine results from different channels by
adding their likelihood functions, taking into account the
correlated and uncorrelated systematic errors.

The statistical error on the signal yield, S, C and the
signal charge asymmetry is taken as the change in the
central value when the quantity −2 lnL increases by one
unit from its minimum value. The significance S (σ) is
the square root of the difference between the value of
−2 lnL (with systematic uncertainties included) for zero
signal and the value at its minimum.

Figure 1 shows, as representative fits, the projections
onto mES and ΔE while Fig. 2 shows the projections onto
Δt and the raw asymmetry between B0 and B0 tags. In
these projections a subset of the data is used for which the
signal likelihood (computed without the variable plotted)
exceeds a threshold that optimizes the sensitivity.

Figure 3 shows the distribution of the ηK invariant
mass for signal events obtained by the event-weighting
technique (sPlot) described in Ref. [22]. We use the co-
variance matrix and PDFs from the ML fit to determine
a probability for each signal event. The resulting distri-
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TABLE I: Number of events N in the sample, corrected signal yield, detection efficiency ε, daughter branching fraction productQBi, significance S (σ) (including systematic uncertainties), and measured branching fraction B with statistical error for
each decay mode. For the combined measurements we give S (σ) and the branching fraction with statistical and systematic
uncertainty. For the neutral mode we give the S and C parameters for each decay mode and for their combination. For the
charged modes we also give the measured signal charge asymmetry Ach.

Mode N Yield ε (%)
QBi(%) S (σ) B(10−6) Ach (10−2) S C

ηγγK0γ 3690 58+19
−18 12 13.6 3.3 7.4+2.5

−2.3 −0.04 ± 0.62 −0.24 ± 0.44
η3πK0γ 2282 24+13

−12 10 7.8 2.1 6.6+3.6
−3.2 −0.45 ± 0.81 −0.71 ± 0.87

ηK0γ 3.9 7.1+2.1
−2.0 ± 0.4 −0.18+0.49

−0.46 ± 0.12 −0.32+0.40
−0.39 ± 0.07

ηγγK+γ 11620 266+37
−36 19 39.4 6.5 7.8+1.1

−1.0 −4 ± 12
η3πK+γ 10738 111+26

−24 14 22.4 4.5 7.4+1.7
−1.6 −24 ± 20

ηK+γ 8.0 7.7 ± 1.0 ± 0.4 −9.0+10.4
−9.8 ± 1.4
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FIG. 1: The B candidate mES and ΔE projections (see text)
for ηK+γ (a, b), ηK0γ (c, d). Points with error bars (statisti-
cal only) represent the data, the solid line the full fit function,
and the dashed line its background component.

t (ps)Δ
-5 0 5

A
sy

m
m

et
ry

-1

0

1 (c)

t (ps)Δ
-5 0 5

A
sy

m
m

et
ry

-1

0

1
-5 0 50

20

40

60 (b)

-5 0 50

20

40

60

-5 0 50

20

40

60 (a)

-5 0 50

20

40

60

E
ve

n
ts

 / 
2 

p
s

FIG. 2: Projections (see text) onto Δt of the data (points with
error bars), fit function (solid line), and background function
(dashed line), for (a) B0 and (b) B0 tagged events, and (c)
the raw asymmetry (NB0 − NB0)/(NB0 + NB0) between B0

and B0 tags.

butions (points with errors) are normalized to the signal
yield. This mass distribution is useful to compare with
theoretical predictions for radiative decays.

The main sources of systematic uncertainties for the
time-dependent measurements come from the variation
of the signal PDF shape parameters within their errors
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FIG. 3: Plot of ηK invariant mass for signal using the weight-
ing technique described in the text for the combined sub-decay
modes: (a) B+ → ηK+γ, (b) B0 → ηK0γ. Errors are statis-
tical only.

(0.08 for S, 0.04 for C), and from BB backgrounds (0.09
for S, 0.06 for C). Other minor sources are SVT align-
ment, beam spot position and size, and interference be-
tween the CKM-suppressed b̄ → ūcd̄ amplitude and the
favored b → cūd amplitude for some tag-side B decays
[23]. The Bflav sample is used to determine the errors as-
sociated with the signal Δt resolutions, tagging efficien-
cies, and mistag rates. Published measurements [4] for
τ and Δmd are used to determine the errors associated
with them. Summing all systematic errors in quadrature,
we obtain ±0.12 for S and ±0.07 for C.

The main sources of systematic uncertainties for the
branching fraction measurements include uncertainties in
the PDF parameterization and ML fit bias. For the sig-
nal, the uncertainties in PDF parameters are estimated
by comparing MC and data in control samples. Varying
the signal PDF parameters within these errors, we es-
timate yield uncertainties of 3–23 events, depending on
the mode. The uncertainty (1–3 events) from fit bias
is taken as half the correction itself. Systematic uncer-
tainties due to lack of knowledge of the primary photon
spectrum are estimated to be in the range 2–3% depend-
ing on the decay mode. Uncertainties in our knowledge
of the efficiency, found from auxiliary studies [14], in-
clude 0.4% × Nt and 1.8% × Nγ , where Nt and Nγ are
the numbers of tracks and photons, respectively, in the B
candidate. There is a systematic error of 2.1% in the effi-
ciency of K0

S
reconstruction. The uncertainty in the total
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number of BB pairs in the data sample is 1.1%. Pub-
lished data [4] provide the uncertainties in the B daugh-
ter branching fraction products (0.7–1.8%).

A systematic uncertainty of 0.014 is assigned to Ach.
This uncertainty is estimated from studies with signal
MC events and data control samples and from calcula-
tion of the asymmetry due to particles interacting in the
detector.

In conclusion, we measure the time-dependent CP vi-
olation parameters in the decay mode B0 → ηK0

Sγ:
S = −0.18+0.49

−0.46±0.12 and C = −0.32+0.40
−0.39±0.07. These

results are consistent with no CP -violation in this mode.
We also measure the branching fractions, in units of 10−6,
B(B0 → ηK0γ)= 7.1+2.1

−2.0 ± 0.4 and B(B+ → ηK+γ)=
7.7 ± 1.0 ± 0.4, in agreement with the results from
Belle [10] and the previous BABAR results [11]. The
measured charge asymmetry in the decay B+ → ηK+γ
is consistent with zero. Its confidence interval at 90%
confidence level is [−0.25, 0.08].
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