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H. W. Zhao,48 S. Brunet,49 D. Côté,49 M. Simard,49 P. Taras,49 F. B. Viaud,49 H. Nicholson,50 G. De Nardo,51

L. Lista,51 D. Monorchio,51 C. Sciacca,51 M. A. Baak,52 G. Raven,52 H. L. Snoek,52 C. P. Jessop,53

K. J. Knoepfel,53 J. M. LoSecco,53 G. Benelli,54 L. A. Corwin,54 K. Honscheid,54 H. Kagan,54 R. Kass,54

J. P. Morris,54 A. M. Rahimi,54 J. J. Regensburger,54 S. J. Sekula,54 Q. K. Wong,54 N. L. Blount,55 J. Brau,55

R. Frey,55 O. Igonkina,55 J. A. Kolb,55 M. Lu,55 R. Rahmat,55 N. B. Sinev,55 D. Strom,55 J. Strube,55

E. Torrence,55 G. Castelli,56 N. Gagliardi,56 A. Gaz,56 M. Margoni,56 M. Morandin,56 M. Posocco,56 M. Rotondo,56

F. Simonetto,56 R. Stroili,56 C. Voci,56 P. del Amo Sanchez,57 E. Ben-Haim,57 H. Briand,57 G. Calderini,57

August 2008

Published in the Physical Review Letters

http://arXiv.org/abs/0805.4796v1


J. Chauveau,57 P. David,57 L. Del Buono,57 O. Hamon,57 Ph. Leruste,57 J. Malclès,57 J. Ocariz,57 A. Perez,57

J. Prendki,57 L. Gladney,58 M. Biasini,59 R. Covarelli,59 E. Manoni,59 C. Angelini,60 G. Batignani,60 S. Bettarini,60

M. Carpinelli,60, ¶ A. Cervelli,60 F. Forti,60 M. A. Giorgi,60 A. Lusiani,60 G. Marchiori,60 M. Morganti,60

N. Neri,60 E. Paoloni,60 G. Rizzo,60 J. J. Walsh,60 J. Biesiada,61 Y. P. Lau,61 D. Lopes Pegna,61 C. Lu,61

J. Olsen,61 A. J. S. Smith,61 A. V. Telnov,61 E. Baracchini,62 G. Cavoto,62 D. del Re,62 E. Di Marco,62

R. Faccini,62 F. Ferrarotto,62 F. Ferroni,62 M. Gaspero,62 P. D. Jackson,62 M. A. Mazzoni,62 S. Morganti,62

G. Piredda,62 F. Polci,62 F. Renga,62 C. Voena,62 M. Ebert,63 T. Hartmann,63 H. Schröder,63 R. Waldi,63
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56Università di Padova, Dipartimento di Fisica and INFN, I-35131 Padova, Italy
57Laboratoire de Physique Nucléaire et de Hautes Energies,
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We perform a measurement of the CP asymmetry in b → sγ decays using a sample of 383 × 106

BB events collected by the BABAR detector at the PEP-II asymmetric B factory. We reconstruct
sixteen flavor-specific B decay modes containing a high-energy photon and a hadronic system Xs

containing an s quark. We measure the CP asymmetry to be −0.011± 0.030(stat) ± 0.014(syst) for
a photon energy threshold at 1.6 GeV and the hadronic system mass between 0.6 and 2.8 GeV/c2.

PACS numbers: 13.20.-v, 13.25.Hw

∗Deceased †Now at Temple University, Philadelphia, Pennsylvania 19122,
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The decay b → sγ is a flavor-changing neutral cur-
rent process described by a radiative penguin diagram in
the Standard Model (SM). It is sensitive to new physics
which can appear in branching fraction or CP asymme-
try measurements. Recent experimental measurements
of the branching fraction [1, 2] are in good agreement
with SM predictions [3].

A CP asymmetry between b → sγ and b̄ → s̄γ decays
is predicted by the SM to be small (≤ 1%) [4] but could
be enhanced up to 15% [5, 6, 7] in models of physics
beyond the SM. Published experimental results are all
consistent with zero CP asymmetry, with a precision of
5% [8, 9]. The increased experimental precision obtained
by the measurement presented in this work allows us to
discriminate between various theoretical models [10].

We use a sample of 383 × 106 BB pairs collected at
the Υ (4S) resonance with the PEP-II B factory. An ad-
ditional 36.3 fb−1 of off-resonance data, taken at the
center-of-mass (CM) energy 40 MeV below the Υ (4S)
resonance, is used to study the background from non-B
decays.

A detailed description of the BABAR detector can be
found elsewhere [11]. Charged particles and their mo-
menta are reconstructed from tracks measured with a
five-layer silicon vertex tracker and a 40-layer drift cham-
ber inside a 1.5-T solenoidal magnet. An electromag-
netic calorimeter (EMC) consisting of 6580 CsI(Tl) crys-
tals is used to identify electrons and photons. A ring-
imaging Cherenkov detector (DIRC) is used to separate
charged pions from kaons. Resistive-plate chambers and
limited streamer tubes embedded in the flux return of
the solenoid are used to identify muons.

We reconstruct 16 exclusive b → sγ final states:

B− → K0
S
π−γ, K−π0γ, K−π+π−γ, K0

S
π−π0γ,

K−π0π0γ, K0
S
π+π−π−γ, K−π+π−π0γ,

K0
S
π−π0π0γ, K−ηγ, K+K−K−γ,

B0 → K−π+γ, K−π+π0γ, K−π+π−π+γ, K−π+π0π0γ,

K−π+ηγ, K+K−K−π+γ

and measure the yield asymmetry with respect to their
charge conjugate decays b̄ → s̄γ . These modes are se-
lected because the particles in the final state identify the
flavor of the B meson and they can be reconstructed with
high statistical significance.

The hadronic system Xs, formed from the kaons and
pions, is required to have an invariant mass MXs

between
0.6 and 2.8 GeV/c2 corresponding to a photon energy
threshold Eγ > 1.90 GeV in the B meson rest frame.

USA
‡Now at Tel Aviv University, Tel Aviv, 69978, Israel
§Also with Università di Perugia, Dipartimento di Fisica, Perugia,

Italy
¶Also with Universita’ di Sassari, Sassari, Italy

The high-energy photon from the B decay is recon-
structed from an isolated energy cluster in the calorime-
ter, with a shape consistent with the electromagnetic
shower produced by a single photon and an energy E∗

γ >
1.6 GeV in the Υ (4S) CM frame.

Charged kaons are identified by combining information
from the DIRC and the energy-loss measurements from
the tracking system. The remaining tracks are consid-
ered to be charged pions. The K0

S
candidates are re-

constructed by combining two oppositely charged pions.
These two pions are required to have an invariant mass
within 9 MeV/c2 of the nominal K0

S
mass [12] and a min-

imum flight distance of 2 mm from the primary event
vertex. Both charged and neutral kaons are required to
have a laboratory momenta greater than 800 MeV/c.

Neutral pions are reconstructed from pairs of photons
with energies above 50 MeV in the laboratory frame,
and a lateral moment [13] less than 0.8. Cutting on the
lateral moment, a measure of the spread of a shower in
the EMC, gives good separation between electromagnetic
and hadronic showers. The π0 candidate mass is required
to be between 115 and 150 MeV/c2. Charged and neutral
pions are required to have laboratory momenta greater
than 200 MeV/c.

We reconstruct η candidates by combining two pho-
tons, each with an energy above 50 MeV in the laboratory
reference frame, and a lateral moment less than 0.8. The
η candidates are required to have laboratory momenta
greater than 200 MeV/c, and their invariant masses are
required to be between 470 and 620 MeV/c2.

Monte Carlo (MC) samples based on EvtGen [14] and
GEANT4 [15] are used to simulate the signal and back-
ground processes and the detector response. The b → sγ
signal sample is generated with a photon spectrum de-
rived from Ref.[4] assuming mb = 4.65 GeV/c2. JETSET
[16] is used to model the fragmentation of the Xs sys-
tem in the signal MC. We correct it using the BABAR-
measured fragmentation as described later.

The background to the B reconstruction is dominated
by continuum processes (e+e− → qq̄, with q = u, d, s, c)
that produce a high-energy photon either by initial-state
radiation or from the decay of π0 and η mesons. Contin-
uum events tend to be less isotropic than B-decay events
since they result from hadronic fragmentation of high-
momentum quarks back-to-back in the CM frame. High-
energy photons in these events tend to be collinear with
the thrust axis formed from the rest of the event (ROE),
defined as those particles not used in reconstructing the
signal B candidate. We reject such backgrounds by re-
quiring that the cosine of the angle between the photon
and the thrust axis of the ROE (in the CM frame) be
less than 0.85. We further reject the continuum events
by requiring the ratio of the second (L2) and zeroth (L0)
Legendre moments for the ROE particles with respect to
the B flight direction of the event to be smaller than 0.46.
This is because the continuum events tend to have most
of the decay particles momenta aligned closely with the
ROE thrust axis, thus leading to larger values of L2/L0
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than the signal events.
Continuum events with high-energy photons from π0

and η decay are major backgrounds. In order to veto
those events, we associate each high-energy photon can-
didate γ with another photon candidate γ′ in the event.
For multiple γ′ candidate in an event, we choose the
γγ′ pairs whose invariant mass, determined from sim-
ply adding the four vectors, is closest to the nominal π0

mass (or η mass in case of η veto). Events are rejected if
the photon pairs are consistent with π0 or η decays based
on the output of a boosted decision tree (BDT) [17] con-
structed from the energy of the less energetic photon γ′

and mγγ′ .
We reject the remaining continuum events by con-

structing an additional BDT that combines information
from a number of variables related to the event shape,
the kinematic properties of the B meson, and the flavor-
tagging [18] properties of the other B meson in the event.
Examples of these variables are the Fox-Wolfram mo-
ments [19], and the cosine of the B flight direction com-
puted in the CM frame with respect to the beam axis.
Optimization of the selection criteria of the π0 veto, η
veto, and event selection BDTs is performed using an
iterative method which maximizes the statistical signal
significance. After the final event selection, we find that
we reject 97% of the continuum background while retain-
ing 55% of the signal events.

Fully reconstructed b → sγ decays are character-
ized by two kinematic variables: the beam-energy sub-

stituted mass mES =
√

s/4 − p∗B
2, and the energy dif-

ference between the B candidate and the beam energy
∆E = E∗

B −√
s/2, where E∗

B and p∗B are the energy and
momentum of the B candidate in the e+e− CM frame,
and

√
s is the total CM frame energy. Signal events are

expected to have a ∆E distribution centered near zero
and a mES distribution centered at the mass of the B
meson. For events with multiple B candidates, we select
the one with the smallest |∆E|.

We perform a one-dimensional fit of mES to the data
in five different regions of MXs

: [0.6, 1.1], [1.1, 1.5], [1.5,
2.0] and [2.0, 2.8] GeV/c2, as well as the entire MXs

region [0.6, 2.8] GeV/c2 to study whether the asymmetry
has significant mass dependence. Only candidates in the
range |∆E| < 0.10 GeV and 5.22 < mES < 5.29 GeV/c2

are considered. Probability density functions (PDFs) are
constructed for both signal and background in the five
MXs

regions. We use the charge of the reconstructed
final state (B−/B+) or the charge of the kaon (B0/B0) to
define two flavor categories, and perform a simultaneous
fit for the flavor asymmetry in each MXs

region.
The signal events are described by a function

f(mES) = exp[−(mES−µ0)
2/(2σ2

L,R+αL,R(mES−µ0)
2)]

where the parameters are determined by an unbinned fit
to the signal MC. In the above function, µ0 is the peak
position of the distribution, σL,R are the widths on the
left and right of the peak, and αL,R parameterize the tail
on the left and right of the peak, respectively.

The background surviving the final selection can be
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FIG. 1: Fits to the mES distribution in data for b → sγ events
in MXs

region (a) [0.6, 1.1], (b) [1.1, 1.5], (c) [1.5, 2.0], (d)
[2.0, 2.8], and b̄ → s̄γ events in MXs

region (e) [0.6, 1.1],
(f) [1.1, 1.5], (g) [1.5, 2.0], (h) [2.0, 2.8], The dashed line
shows the shape of the continuum, dotted-dashed line shows
the fitted signal shape and the dotted line shows the BB and
cross-feed shape.

attributed to one of three sources: continuum events, BB
events other than b → sγ decays, (referred to as generic
BB in the following), and “cross-feed events”, defined
as events containing a b → sγ decay, but in which the
true b → sγ decay was not correctly reconstructed. The
shape of the cross-feed background together with the BB
background is described by a binned PDF, determined
from MC with 1 MeV/c2 binning.

The continuum background is described by an ARGUS
function [20] determined from a fit to the off-resonance
data. In this fit, the mES distribution is shifted to have
the same end-point as that of the on-resonance data.

In the maximum-likelihood (ML) fit, all parameters are
fixed with the exception of µ0, which is determined from
fitting the data, since the peak position is not well mod-
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FIG. 2: Fits to the mES distribution in data for (a) b → sγ
events in and (b) b̄ → s̄γ events in the entire MXs

region.
The dashed line shows the shape of the continuum, dotted-
dashed line shows the fitted signal shape and the dotted line
shows the BB and cross-feed shape.

eled in the MC simulation. The signal, BB and cross-
feed shape are constrained by the MC, while the contin-
uum background shape is fixed to the off-resonance data
shape. The shapes of the distributions are assumed to
be the same for B and B candidates, with the exception
of the BB and cross-feed background, which are allowed
to vary between b and b in order to eliminate the pos-
sibility of a false CP asymmetry. In Figure 1 we present
the final fits to the mES distributions for b → sγ and
b̄ → s̄γ events for the four MXs

sub-regions. We observe
a significant drop of the signal to background ratio from
lower to higher MXs

regions. In Figure 2, we present the
final fits to the mES distribution for b → sγ and b̄ → s̄γ
events for the entire MXs

region.
The direct CP asymmetry is calculated as

ACP =
1

〈D〉

(

Nb − N
b

Nb + N
b

− ∆D

)

− Adet (1)

where Nb and N
b
are the yields of the b → sγ and b̄ → s̄γ

signals respectively. We assume the same selection effi-
ciency for each mode. Adet, described in details below, is
the flavor bias caused by the detector responses to posi-
tively and negatively charged particles. Table I presents
the fitted values for (Nb − N

b
)/(Nb + N

b
).

∆D = (ω̄ − ω) is the difference in the wrong-flavor
fraction between b and b decays, and 〈D〉 = 1 − (ω̄ +
ω) is the dilution factor from the average wrong-flavor
fraction. The small wrong-flavor fraction ω̄ (ω), defined
to be the fraction of b (b) reconstructed as the opposite
flavor, is due to charged pions misidentified as charged
kaons. We evaluate it using the particle misidentification
rate measured in control samples from the data. We find
∆D = (5 ± 4) × 10−5 and 1 − 〈D〉 = (5.4 ± 0.1) × 10−3,
which are negligibly small.

The flavor bias of the detector Adet is due to asymmet-
ric K+, K− interaction cross-sections in the detector at
low momenta. Such an asymmetry could produce a false
CP asymmetry in the signal events. We perform a mea-
surement of Adet in data using two independent methods.
The first approach is to determine this asymmetry from
events in the mES sideband, 5.22 < mES < 5.27 GeV/c2,

which is dominated by continuum background with no
expected CP asymmetry. The second approach is to con-
struct a control sample where we replace the high-energy
photon from the B decay with a high-energy π0, with
a minimum CM momentum of 1.6 GeV/c. We apply all
selection criteria identically to our signal selection, ex-
cept that we remove the π0 and η veto requirements,
and again measure the CP asymmetry in the mES side-
band. In both of these control samples, we apply ap-
propriate weights to the events to ensure that the frac-
tion of each reconstructed final state is identical to that
in the signal sample. We find the CP asymmetry mea-
sured using both of these approaches to be nearly identi-
cal: −0.006±0.006 (signal sideband) and −0.007±0.007
(control sample sideband) and average them to obtain
Adet = −0.007± 0.005. Its mean values are used to shift
(Nb − N

b
)/(Nb + N

b
) mean value, while the errors are

propagated in the systematic errors. We also calculate
Adet for each Xs mass region (Table I).

The shape of the BB and cross-feed background, de-
termined from MC, could also be a potential source of
flavor bias in the fit to the data. This background peaks
broadly in the signal region, and a small shape difference
as a function of flavor could create a false CP asym-
metry in the signal events. We measure the size of this
effect by correcting the BB and cross-feed shapes sep-
arately. The high-energy π0 control sample mentioned
above is used to study the uncertainty of the BB back-
ground shape. We use the differences found between the
data and MC mES shapes in this control sample to cor-
rect the nominal BB background shape built from the
MC. The biggest uncertainty in the cross-feed shape is
due to the fact that JETSET does not reproduce the ob-
served fragmentation structure of data. We thus correct
the simulation shape using the fragmentation previously
determined from BABAR data in Ref. [21]. We then con-
struct new b and b binned PDFs using these corrected
cross-feed and BB events and fit the data a second time
with them. The difference between the nominal ACP and
ACP from this fit, shown in Table I, is used as the sys-
tematic error from shape modeling of the B background.

The systematic error arising from the continuum back-
ground modeling is determined by varying the ARGUS
shape parameters within the experimental errors. The
effect on ACP from this variation is found to be 0.006 for
the combined MXs

region, shown in Table I.

We have checked that the signal shape is the same
for b and b events, and the effect on ACP by varying
the signal shape is minimal: -0.018% which is beyond
the sensitivity of this analysis. The dominant systematic
errors in our measurement are therefore the uncertainties
in the flavor bias of the detector and the background
shapes as described above. Total systematic errors are
calculated as the sum in quadrature of errors on Adet,
systematic errors arising from the continuum, BB and
cross-feed shape modeling. Contributions from 〈D〉, ∆D
and signal modeling are neglected due to the small impact
on ACP . The results as a spectrum of MXs

are shown in
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MXs Nb−N
b

Nb+N
b

Adet

BB and cross-feed Continuum
ACP

( GeV/c2) model syst model syst

0.6–1.1 0.015 ± 0.029 0.005 ± 0.014 0.002 0.004 0.010 ± 0.029 ± 0.015
1.1–1.5 −0.003 ± 0.049 −0.003 ± 0.015 0.003 0.004 0.000 ± 0.049 ± 0.016
1.5–2.0 −0.064 ± 0.077 −0.017 ± 0.010 0.010 0.002 −0.047 ± 0.077 ± 0.014
2.0–2.8 −0.097 ± 0.180 −0.002 ± 0.005 0.070 0.168 −0.077 ± 0.180 ± 0.182
0.6–2.8 −0.018 ± 0.030 −0.007 ± 0.005 0.012 0.006 −0.011 ± 0.030 ± 0.014

TABLE I: For each MXs
bin, we present the fitted CP asymmetry: (Nb − N

b
)/(Nb + N

b
), the flavor-bias of the detector:

Adet, the systematic error arising from the BB and cross-feed modeling and the systematic error arising from the continuum
background modeling. The last column shows the final results for the CP asymmetries.

Table I.
In summary, we measure the direct CP asymmetry in

b → sγ to be ACP = −0.011±0.030±0.014 in the region
0.6 < MXs

< 2.8 GeV/c2. This is the most accurate
measurement of this quantity to date. It is consistent
with zero CP asymmetry and the SM prediction. The
CP asymmetry in each MXs

region under our study is
also consistent with zero.

We are grateful for the excellent luminosity and ma-
chine conditions provided by our PEP-II colleagues, and

for the substantial dedicated effort from the comput-
ing organizations that support BABAR. The collaborat-
ing institutions wish to thank SLAC for its support and
kind hospitality. This work is supported by DOE and
NSF (USA), NSERC (Canada), CEA and CNRS-IN2P3
(France), BMBF and DFG (Germany), INFN (Italy),
FOM (The Netherlands), NFR (Norway), MES (Russia),
MEC (Spain), and STFC (United Kingdom). Individuals
have received support from the Marie Curie EIF (Euro-
pean Union) and the A. P. Sloan Foundation.

[1] BABAR Collaboration, B. Aubert et al., Phys. Rev. D72,
052004 (2005).

[2] BABAR Collaboration, B. Aubert et al., Phys. Rev. Lett.
97, 171803 (2006).

[3] M. Misiak et al., Phys. Rev. Lett. 98, 022002 (2007).
[4] A. L. Kagan and M. Neubert, Phys. Rev. D58, 094012

(1998).
[5] L. Wolfenstein and Y. L. Wu, Phys. Rev. Lett. 73, 2809

(1994).
[6] G. M. Asatrian and A. Ioannisian, Phys. Rev. D54, 5642

(1996).
[7] M. Ciuchini, E. Gabrielli, and G. F. Giudice, Phys. Lett.

B388, 353 (1996).
[8] BABAR Collaboration, B. Aubert et al., Phys. Rev. Lett.

93, 021804 (2004).
[9] Belle Collaboration, Nishida, S. et al., Phys. Rev. Lett.

93, 031803 (2004).
[10] T. Hurth, E. Lunghi, and W. Porod, Nucl. Phys. B704,

56 (2005).
[11] BABAR Collaboration, B. Aubert et al., Nucl. Instrum.

Methods A479, 1 (2002).

[12] W. M. Yao et al. (Particle Data Group), J. Phys. G33,
1 (2006).

[13] A. Drescher et al., Nucl. Instrum. Meth. A237, 464
(1985).

[14] D. J. Lange, Nucl. Instrum. Meth. A462, 152 (2001).
[15] GEANT4 Collaboration, S. Agostinelli et al., Nucl. In-

strum. Methods A506, 250 (2003).
[16] T. Sjostrand, Computer Phys. Commun. 82, 74 (1994).
[17] I. Narsky and J. Bunn, Proceedings of Computing for

High Energy Physics, Mumbai, India, February 13-17
(2006).

[18] BABAR Collaboration, B. Aubert et al., Phys. Rev. Lett.
89, 201802 (2002).

[19] G. C. Fox and S. Wolfram, Phys. Rev. Lett. 41, 1581
(1978).

[20] ARGUS Collaboration, Albrecht, H. el al., Phys. Lett.
B185, 218 (1987).

[21] BABAR Collaboration, B. Aubert et al., Phys. Rev. D72,
052004 (2005).


	References

