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V. Lepeltier,35 A. M. Lutz,35 T. C. Petersen,35 S. Plaszczynski,35 M. H. Schune,35 L. Tantot,35 G. Wormser,35

C. H. Cheng,36 D. J. Lange,36 M. C. Simani,36 D. M. Wright,36 A. J. Bevan,37 C. A. Chavez,37 J. P. Coleman,37

I. J. Forster,37 J. R. Fry,37 E. Gabathuler,37 R. Gamet,37 D. E. Hutchcroft,37 R. J. Parry,37 D. J. Payne,37

R. J. Sloane,37 C. Touramanis,37 J. J. Back,38, ∗ C. M. Cormack,38 P. F. Harrison,38, ∗ F. Di Lodovico,38

G. B. Mohanty,38, ∗ C. L. Brown,39 G. Cowan,39 R. L. Flack,39 H. U. Flaecher,39 M. G. Green,39 P. S. Jackson,39

T. R. McMahon,39 S. Ricciardi,39 F. Salvatore,39 M. A. Winter,39 D. Brown,40 C. L. Davis,40 J. Allison,41

N. R. Barlow,41 R. J. Barlow,41 P. A. Hart,41 M. C. Hodgkinson,41 G. D. Lafferty,41 A. J. Lyon,41 J. C. Williams,41

A. Farbin,42 W. D. Hulsbergen,42 A. Jawahery,42 D. Kovalskyi,42 C. K. Lae,42 V. Lillard,42 D. A. Roberts,42

G. Blaylock,43 C. Dallapiccola,43 K. T. Flood,43 S. S. Hertzbach,43 R. Kofler,43 V. B. Koptchev,43 T. B. Moore,43

S. Saremi,43 H. Staengle,43 S. Willocq,43 R. Cowan,44 G. Sciolla,44 S. J. Sekula,44 F. Taylor,44 R. K. Yamamoto,44

D. J. J. Mangeol,45 P. M. Patel,45 S. H. Robertson,45 A. Lazzaro,46 V. Lombardo,46 F. Palombo,46

Revised
January 2005

Work supported in part by the Department of Energy Contract DE-AC02-76SF00515

Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309

Contributed to the 32nd International Conference on High-Energy Physics (ICHEP 04),
August 16-22, 2004, Beijing, China



2

J. M. Bauer,47 L. Cremaldi,47 V. Eschenburg,47 R. Godang,47 R. Kroeger,47 J. Reidy,47 D. A. Sanders,47

D. J. Summers,47 H. W. Zhao,47 S. Brunet,48 D. Côté,48 P. Taras,48 H. Nicholson,49 N. Cavallo,50, † F. Fabozzi,50, †

C. Gatto,50 L. Lista,50 D. Monorchio,50 P. Paolucci,50 D. Piccolo,50 C. Sciacca,50 M. Baak,51 H. Bulten,51

G. Raven,51 H. L. Snoek,51 L. Wilden,51 C. P. Jessop,52 J. M. LoSecco,52 T. Allmendinger,53 K. K. Gan,53

K. Honscheid,53 D. Hufnagel,53 H. Kagan,53 R. Kass,53 T. Pulliam,53 A. M. Rahimi,53 R. Ter-Antonyan,53

Q. K. Wong,53 J. Brau,54 R. Frey,54 O. Igonkina,54 C. T. Potter,54 N. B. Sinev,54 D. Strom,54 E. Torrence,54

F. Colecchia,55 A. Dorigo,55 F. Galeazzi,55 M. Margoni,55 M. Morandin,55 M. Posocco,55 M. Rotondo,55

F. Simonetto,55 R. Stroili,55 G. Tiozzo,55 C. Voci,55 M. Benayoun,56 H. Briand,56 J. Chauveau,56 P. David,56

Ch. de la Vaissière,56 L. Del Buono,56 O. Hamon,56 M. J. J. John,56 Ph. Leruste,56 J. Malcles,56 J. Ocariz,56

M. Pivk,56 L. Roos,56 S. T’Jampens,56 G. Therin,56 P. F. Manfredi,57 V. Re,57 P. K. Behera,58 L. Gladney,58

Q. H. Guo,58 J. Panetta,58 C. Angelini,59 G. Batignani,59 S. Bettarini,59 M. Bondioli,59 F. Bucci,59 G. Calderini,59

M. Carpinelli,59 F. Forti,59 M. A. Giorgi,59 A. Lusiani,59 G. Marchiori,59 F. Martinez-Vidal,59, ‡ M. Morganti,59

N. Neri,59 E. Paoloni,59 M. Rama,59 G. Rizzo,59 F. Sandrelli,59 J. Walsh,59 M. Haire,60 D. Judd,60

K. Paick,60 D. E. Wagoner,60 N. Danielson,61 P. Elmer,61 Y. P. Lau,61 C. Lu,61 V. Miftakov,61 J. Olsen,61

A. J. S. Smith,61 A. V. Telnov,61 F. Bellini,62 G. Cavoto,61, 62 R. Faccini,62 F. Ferrarotto,62 F. Ferroni,62

M. Gaspero,62 L. Li Gioi,62 M. A. Mazzoni,62 S. Morganti,62 M. Pierini,62 G. Piredda,62 F. Safai Tehrani,62

C. Voena,62 S. Christ,63 G. Wagner,63 R. Waldi,63 T. Adye,64 N. De Groot,64 B. Franek,64 N. I. Geddes,64

G. P. Gopal,64 E. O. Olaiya,64 R. Aleksan,65 S. Emery,65 A. Gaidot,65 S. F. Ganzhur,65 P.-F. Giraud,65

G. Hamel de Monchenault,65 W. Kozanecki,65 M. Legendre,65 G. W. London,65 B. Mayer,65 G. Schott,65
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A search for the decays B → ρ(770)γ and B0 → ω(782)γ is performed on a sample of 211 million
Υ (4S) → BB events collected by the BABAR detector at the PEP-II asymmetric-energy e+e− storage
ring. No evidence for the decays is seen. We set the following limits on the individual branching
fractions B(B+ → ρ+γ) < 1.8× 10−6 , B(B0 → ρ0γ) < 0.4× 10−6 , and B(B0 → ωγ) < 1.0× 10−6 at
the 90% confidence level (C.L.). We use the quark model to limit the combined branching fraction
B[B → (ρ/ω)γ] < 1.2 × 10−6, from which we determine a constraint on the ratio of CKM matrix
elements |Vtd|/|Vts|.

PACS numbers: 12.15.Hh, 13.25.Hw

Within the Standard Model (SM), the decays
B → ργ and B0 → ωγ proceed primarily through
a b → dγ electromagnetic penguin process that con-
tains a top quark within the loop [1]. The rates
for B+ → ρ+γ, B0 → ρ0γ, and B0 → ωγ [2] are
related by the spectator-quark model, and we define
the average branching fraction [3], B[B → (ρ/ω)γ] =
1
2

{
B(B+ → ρ+γ) + τB+

τB0
[B(B0 → ρ0γ) + B(B0 → ωγ)]

}
,

where τB+

τB0
is the ratio of B-meson lifetimes. Recent

calculations of B[B → (ρ/ω)γ] in the SM indicate a
range of (0.9 − 1.8) × 10−6 [3, 4]. There may also
be contributions resulting from physics beyond the
SM [5]. The ratio between the branching fractions
for B → (ρ/ω)γ and B → K∗γ is related in the SM
to the ratio of Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements |Vtd|/|Vts| [3, 6]. Previous searches by
BABAR [7] and CLEO [8] have found no evidence for
B → (ρ/ω)γ decays.

We search for B → ργ and B0 → ωγ decays in a
data sample containing 211± 2 million Υ (4S) → BB de-
cays, collected by the BABAR detector [9] at the PEP-II
asymmetric-energy e+e− storage ring. The data corre-
spond to an integrated luminosity of 191 fb−1.

The decay B → ργ is reconstructed with ρ0 → π+π−

and ρ+ → π+π0, while B0 → ωγ is reconstructed
with ω → π+π−π0. Background comes primarily from
e+e− → qq̄ continuum events, where q = u, d, s, c, in
which a high-energy photon is produced through π0/η →
γγ decays or via initial-state radiation (ISR). There are
also significant BB backgrounds: B → K∗γ, K∗ → Kπ,
where a K± is misidentified as a π±; B → (ρ/ω)π0 and
B → (ρ/ω)η, where a high-energy photon comes from
the π0 or η decay; and combinatorial background, mostly
from high multiplicity b → sγ decays.

We select π± candidates from tracks with a momentum
transverse to the beam direction greater than 100 MeV/c.
The π± selection algorithm combines measurements of
energy loss in the tracking system with any associ-
ated Cherenkov photons measured by the ring imaging
Cherenkov detector. The algorithm is optimized to re-
duce backgrounds from K± produced in b → sγ processes
[7].

Neutral pion candidates are identified as pairs of neu-
tral energy-deposits reconstructed in the CsI crystal
calorimeter, each with an energy greater than 50 MeV

in the laboratory frame. For B0 → ωγ (B+ → ρ+γ) de-
cays, the invariant mass of the pair is required to satisfy
110 < mγγ < 150 MeV/c2 (117 < mγγ < 145 MeV/c2).
To reduce combinatorial background, we require the co-
sine of the opening angle between the daughter photons
in the laboratory frame be greater than 0.6; this selection
retains 98% of π0 from signal decays.

A ρ0 candidate is reconstructed by selecting two iden-
tified pions that have opposite charge and a common
vertex. We obtain ρ+ candidates by pairing π0 candi-
dates with an identified π+. The ω candidates are re-
constructed by combining a π0 candidate with pairs of
oppositely charged pion candidates that originate from
a common vertex; the charged pion pair must be con-
sistent with originating from the interaction region to
suppress K0

S
decays. We select ρ (ω) candidates with

an invariant mass satisfying 630 < mππ < 940 MeV/c2

(764 < mπ+π−π0 < 795 MeV/c2).
The high-energy photon from the signal B decay is

identified as a neutral energy-deposit in the calorimeter.
We require that the deposit meets a number of criteria
designed to eliminate background from charged particles
and hadronic showers [10]. We veto photons from π0(η)
decay by requiring that the invariant mass of the candi-
date combined with any other photon of laboratory en-
ergy greater than 30 (250) MeV not to be within the
range 105 to 155 MeV/c2 (500 to 590 MeV/c2).

The photon and ρ/ω candidates are combined to form
the B-meson candidates. We define ∆E∗ ≡ E∗

B −E∗
beam,

where E∗
B is the center-of-mass (CM) energy of the B-

meson candidate and E∗
beam is the CM beam energy. The

∆E∗ distribution of Monte Carlo (MC) simulated signal
events is centered at zero, with a resolution of about
50 MeV. We also define the beam-energy-substituted
mass mES ≡ √

E∗2
beam − p∗2

B , where p∗
B is the CM mo-

mentum of the B candidate. Signal MC events peak
in mES at the mass of the B-meson, mB, with a res-
olution of 3 MeV/c2. The distribution of continuum
and combinatorial BB background peaks in neither mES

nor ∆E∗; the background distributions of B → K∗γ,
B → (ρ/ω)π0 and B → (ρ/ω)η peak at mB in mES and
between -190 MeV and -60 MeV in ∆E∗. We consider
candidates in the ranges −0.3 < ∆E∗ < 0.3 GeV and
5.20 < mES < 5.29 GeV/c2 to incorporate sidebands
that allow the combinatorial background yields to be ex-
tracted from a fit to the data.
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Several variables that distinguish between signal and
continuum events are combined in a neural network [11].
The input variables depend mainly on the rest of the
event (ROE), defined to be all charged tracks and neu-
tral energy deposits in the calorimeter not used to re-
construct the B candidate. To reject ISR events, we
compute the ratio of second-to-zeroth order Fox-Wolfram
moments [12] for the ROE and the ρ/ω candidate, in
the frame recoiling against the photon momentum. To
discriminate between the jet-like continuum background
and the more spherically-symmetric signal events, we
compute the angle between the photon and the thrust
axis of the ROE in the CM frame and the moments
Li ≡ ∑

j p∗j · | cos θ∗j |i/
∑

j p∗j , where p∗j and θ∗j are the
momentum and angle with respect to an axis, respec-
tively, for each particle j in the ROE. We use L1, L2,
and L3 with respect to the thrust axis of the ROE, as
well as L1 with respect to the photon direction. Differ-
ences in lepton and kaon production between background
and B decays are exploited by including BABAR flavor
tagging variables [13] as well as the maximum CM mo-
mentum and number of K± and K0

S
in the ROE. For the

B0 → (ρ0/ω)γ modes, we also use the separation along
the beam axis of the B-meson candidate and ROE ver-
tices; to remove poorly reconstructed events we require
the separation be less than 4 mm. A separate neural
network is trained for each mode. We make a loose selec-
tion on the output of the neural network, N , that retains
around 80% of the signal events.

To suppress background, we combine a number of
signal-decay variables in a Fisher discriminant [14], F ,
separately for each mode. We calculate the B-meson
production angle θ∗B , the ρ/ω helicity angle θH , which is
defined with respect to the normal of the decay plane
for ω candidates, and the ω Dalitz angle θD [7]. To
reject B → ρ(π0/η) and B → ω(π0/η) events in the
B+ → ρ+γ and B0 → ωγ (B0 → ρ0γ) selection, we
require | cos θH | < 0.70 (0.75).

After applying the N and | cos θH | criteria the expected
average candidate multiplicity in signal events is 1.15,
1.03 and 1.14 for B+ → ρ+γ, B0 → ρ0γ and B0 → ωγ,
respectively; in events with multiple candidates the one
with the smallest value of |∆E∗| is retained.

The signal yield is determined from an extended max-
imum likelihood fit to the selected data. We fit the
four-dimensional distribution of mES, ∆E∗, F and N .
For the B → ργ fits, five event hypotheses are con-
sidered: signal, continuum background, combinatorial
B-background, peaking B → ρ(π0/η) background and
peaking B → K∗γ background. For the B0 → ωγ fit we
consider only signal, continuum background, and peak-
ing B → ω(π0/η) background. The correlations among
the observables are small; therefore, we assume that the
probability density function (PDF) P( �xj ; �αi) for each hy-
pothesis is the product of individual PDFs for the vari-
ables �xj = {mES, ∆E∗,F ,N} given the set of parameters

�αi. The likelihood function is a product over all Nk can-
didate events of the sum of the PDFs,

Lk = exp

⎛
⎝−

Nhyp∑
i=1

ni

⎞
⎠ ·

⎡
⎣Nk∏

j=1

⎛
⎝Nhyp∑

i=1

niPi(�xj ; �αi)

⎞
⎠
⎤
⎦ ,

where ni is the yield of each hypothesis, k is the B →
(ρ/ω)γ mode, and Nhyp = 5(3) for B → ργ (B → ωγ).

The mES and ∆E∗ PDFs are parameterized by a Crys-
tal Ball function [15] for both the signal and peaking
background. The parameterization is determined from
signal MC samples, except the mean of the ∆E∗ dis-
tribution, which is offset by the observed difference be-
tween data and MC samples of B → K∗γ decays. The
continuum background mES and ∆E∗ distributions are
parameterized by an ARGUS threshold function [16] and
a second-order polynomial, respectively. The combinato-
rial B background is described by a smoothed distribu-
tion [17] determined from MC events in both mES and
∆E∗. The distribution of N for signal and BB back-
ground is parameterized by a Crystal Ball function. The
N distribution for continuum is determined from side-
band data, and a histogram is used as the PDF. The dis-
tribution of F is parameterized by smoothed histograms
of sideband data for the continuum background and MC
events for all other hypotheses.

The fit to the data determines the shape parameters
of the continuum background mES and ∆E∗ PDFs, as
well as the signal, continuum background and combina-
torial BB background yields. All other parameters are
fixed, including the peaking BB background yields. A
combined fit is also performed relating the modes using
the definition of B[B → (ρ/ω)γ] to determine an effective
yield (neff) assuming n(B+ → ρ+γ) = neff ·ε(B+ → ρ+γ)
and n(B0 → (ρ0/ω)γ) = 1

2

τB0

τB+
neff · ε(B0 → (ρ0/ω)γ)

where n and ε are the yields and reconstruction efficien-
cies of each mode; the efficiencies include the daughter
branching fractions. We take τB+

τB0
= 1.086 ± 0.017 [18].

Fig. 1 shows the projections of the combined fit results
compared to the data. The results for the individual
mode signal yields and neff are given in Table I. The
significance is computed as

√
2∆ logL where ∆ logL is

the log likelihood difference between the best fit and the
null-signal hypothesis. No significant signal is observed.

The most important systematic uncertainties are asso-
ciated with the modeling of BB backgrounds, the fixed
parameters of the PDFs used in the fit, and the signal
reconstruction efficiency. The first two contribute to the
uncertainties on the signal yields.

The uncertainty on the peaking B → K∗γ back-
ground is dominated by the K± misidentification rate;
the rate is corrected by the difference in K± misiden-
tification between data and MC samples of D∗ decays,
with the whole correction taken as the uncertainty. For
the B+ → ρ+(π0/η), B0 → ρ0η and B0 → ω(π0/η)



6

TABLE I: The signal yield (nsig), continuum background yield (ncont), peaking background (npeak), significance in standard
deviations σ, efficiency (ε), and branching fraction (B) central value and upper limit at the 90% C.L for each mode. The results
of the combined fit are shown in the bottom row where nsig is equal to neff , which is described in the text. When two errors
are quoted, the first is statistical and the second is systematic.

Mode nsig ncont npeak Significance (σ) ε(%) B(10−6) B(10−6) 90% C.L.

B+ → ρ+γ 26+15 +2
−14 −2 6850 ± 90 18 ± 4 1.9 13.2 ± 1.4 0.9 + 0.6

− 0.5 ± 0.1 < 1.8

B0 → ρ0γ 0.3+7.2+1.7
−5.4−1.6 4269 ± 73 18 ± 7 0.0 15.8 ± 1.9 0.0 ± 0.2 ± 0.1 < 0.4

B0 → ωγ 8.3+5.7+1.3
−4.5−1.9 1378 ± 37 2.6+0.8

−1.2 1.5 8.6 ± 0.9 0.5 ± 0.3 ± 0.1 < 1.0

Combined 269+126+40
−120−45 — — 2.1 — 0.6 ± 0.3 ± 0.1 < 1.2
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FIG. 1: Projections of the combined fit to B → ργ and B0 →
ωγ in the four discriminating variables: (a) mES, (b) ∆E∗,
(c) N , and (d) F . The points are data, the solid line is the
total PDF and the dashed line is the background only PDF.
The selections applied, unless the variable is projected, are:
5.272 < mES < 5.286 GeV/c2, −0.10 < ∆E∗ < 0.05 GeV
and N > 0.9; the selection efficiencies for signal events are
45%, 57%, 70%, and 44% for the mES, ∆E∗, N and F pro-
jections, respectively.

peaking background decays, we vary the branching frac-
tions by either one standard deviation from the measured
values or between zero and the measured upper limit if
the decay has not been observed [19, 20]; the value of the
B0 → ρ0π0 branching fraction is varied between zero and
5.1×10−6 [20, 21]. The uncertainty on the peaking back-
ground of each mode is shown in Table I. We find the bias
from neglecting the B → K∗γ background and combina-
torial BB background in the fit to B0 → ωγ candidates
is 1.1+1.9

−1.1 events; the corrected yield is given in Table I.
To estimate the uncertainty related to the extraction of
the signal mES and ∆E∗ PDFs from MC distributions,
we vary the parameters within their errors. The variation
in the fitted signal yield is taken as a systematic uncer-
tainty. The uncertainty related to the statistics of the

histogram PDF that describes the continuum N distri-
bution is evaluated by varying the binning and by using a
fifth-order polynomial as an alternative PDF. Several dif-
ferent control samples of data and MC events were used
to determine alternative PDFs for the different hypothe-
ses; none of these resulted in a significant change to the
fitted signal yield.

The signal efficiency systematic error contains uncer-
tainties from tracking, particle identification, photon/π0

reconstruction, photon selection and the neural network
selection that are determined as in Ref. [22]. We deter-
mine the effect of correlations among the fit variables by
using an ensemble of MC experiments of parameterized
continuum background simulations embedded in samples
of fully simulated signal and BB background events. No
bias is observed within the statistical error on the mean
yields from this ensemble, which is taken as a multi-
plicative systematic uncertainty. The total multiplica-
tive systematic error values are 11%, 13% and 10% for
B+ → ρ+γ, B0 → ρ0γ and B0 → ωγ, respectively. The
corrected signal efficiencies and their uncertainties are
shown in Table I.

In calculating branching fractions, we assume
B(Υ (4S) → B0B0) = B(Υ (4S) → B+B−) = 0.5. The
90% C.L. is taken as the largest value of the efficiency-
corrected signal yield at which 2∆ logL = 1.282. We
include systematic uncertainties by increasing the effi-
ciency corrected signal yield by 1.28 times its systematic
uncertainty. Table I shows the resulting upper limits on
the branching fractions.

Using the measured value of B(B → K∗γ) [22], we cal-
culate a limit of B[B → (ρ/ω)γ]/B(B → K∗γ) < 0.029
at 90% C.L. This limit is used to constrain the ratio of
CKM elements |Vtd/Vts| by means of the equation [3, 6]:

B[B → (ρ/ω)γ]
B(B → K∗γ)

=
∣∣∣∣Vtd

Vts

∣∣∣∣
2
(

1 − m2
ρ/M

2
B

1 − m2
K∗/M2

B

)3

ζ2[1 + ∆R],

where ζ describes the flavor-SU(3) breaking between ρ/ω
and K∗, and ∆R accounts for annihilation diagrams.
Both ζ and ∆R must be taken from theory [3, 6, 23].
Following [3], we choose the values ζ = 0.85 ± 0.10,
and ∆R = 0.10 ± 0.10, which is the average over the
values given for the three modes. We find the limit
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|Vtd|/|Vts| < 0.19 at 90% C.L, ignoring the theoreti-
cal uncertainties. Our upper limit on |Vtd|/|Vts| con-
strains |Vtd| < 0.008 at 90% C.L. assuming |Vts| = |Vcb|
[18]; this lies within the current 90% confidence interval
0.005 < |Vtd| < 0.014, which is obtained from a fit to
experimental results on the CKM matrix elements [18].
Varying the values of ζ and ∆R within their uncertain-
ties leads to changes in the limits by ±0.03 and ±0.001
for |Vtd|/|Vts| and |Vtd|, respectively.

In conclusion, we have found no evidence for the ex-
clusive b → dγ transitions B → ργ and B0 → ωγ in 211
million Υ (4S) → BB decays studied with the BABAR

detector. The 90% C.L. upper limits on the branching
fractions and |Vtd|/|Vts| are significantly lower than our
previous values [7] and restrict the range indicated by
SM predictions [3, 4].
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