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1. Introduction

The decays B→ XSγ and B→ K(∗)`+`−, where `+`− is e+e− or µ+µ−, are flavor-changing
neutral-current processes that are forbidden in the Standard Model (SM) at tree level. They are de-
scribed by an effective Hamiltonian that factorizes short-distance contributions from long-distance
effects. The B→ XSγ decay proceeds via the electromagnetic penguin diagram in which the short-
distance part is determined by the effective Wilson coefficient Ce f f

7 . In B→ K(∗)`+`− modes,
the Z penguin and the box diagram also contribute whose short-distance parts are parametrized in
terms of the effective Wilson coefficients Ce f f

9 (vector part) and Ce f f
10 (axial-vector part). Physics

beyond the SM introduces new loops and box diagrams with new particles (e.g. charged Higgs
boson, supersymmetric particles) that may modify the effective Wilson coefficients. In addition,
scalar and pseudo scalar diagrams may contribute introducing new Wilson coefficients CS and CP,
respectively. To determine the Wilson coefficients precisely, we need to measure many observables
in different modes. These rare decays probe New Physics at a scale of a few TeV.

2. B→ Xsγ

BABAR has updated the B→ Xsγ measurements both in a fully inclusive and a semi-inclusive
analysis using 383× 106 BB̄ events [1] and 471× 106 BB̄ events [2], respectively. In the SM at
O(α2

s ), the branching fraction is predicted to be B(B→ XSγ) = (3.15± 0.23)× 10−4 for photon
energies in the B-rest frame, Eγ > 1.6 GeV [3]. The measurement of B(B → XSγ) provides
constraints on the charged Higgs mass mH± . The shape of the Eγ spectrum depends on the b quark
mass mb and its momentum inside the B meson. The shape function is expected to be similar to
that for B→ Xu`ν . Thus, precise measurements of the Eγ spectrum help us with extracting |Vub|.

In the fully inclusive analysis, we update total and partial branching fractions, photon energy
moments and the B→ Xs+dγ CP asymmetry [1]. To suppress e+e− → qq̄ (u,d,s,c) continuum
and BB̄ backgrounds, we tag the recoiling B in semileptonic decays and use optimized π0 and η

vetoes, missing energy requirements and the output of two neural networks. For a signal efficiency
of 2.5%, the efficiency for accepting continuum (BB̄) background is reduced to 5× 10−6 (1.3×
10−4). We estimate the residual continuum background by studying data taken 40 MeV below
the ϒ(4S) peak. Figure 1 (left) shows the B→ Xsγ partial branching fraction after background
subtraction and correcting for efficiency, resolution effects and Doppler smearing. For comparison,
we show the predicted Eγ spectrum in the kinetic scheme using HFAG world averages for the
shape function parameters [4]. For Eγ > 1.8 GeV, BABAR measures a total branching fraction
of B(B→ XSγ) = (3.21± 0.15stat ± 0.29sys± 0.08mod)× 10−4 where uncertainties are statistical,
systematic and model, respectively. This is in good agreement with previous measurements [5, 6,
7]. After extrapolation to Eγ > 1.6 GeV, the branching fraction increases to B(B→XSγ) = (3.31±
0.16stat±0.30sys±0.09mod)×10−4, in good agreement with the SM prediction. We use this result
to constrain new physics in the type II two-Higgs doublet model [8] excluding mH± < 327 GeV/c2

at 95% confidence level (CL) independent of tanβ .
For Eγ > 1.8 GeV, BABAR measures energy moments of 〈Eγ〉=(2.267±0.019stat±0.032sys±

0.003mod) GeV and 〈(Eγ −〈Eγ〉)2〉= (0.0484±0.0053stat±0.0077sys±0.0005mod) GeV2 that are
consistent with previous results [5, 6, 7]. Tagging the B flavor by the lepton charge, we define the CP
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TABLE I: The measured BF, first, and second moments (±stat± syst±model) for different ranges of Eγ in the B rest frame.
Correlations between the energy ranges are given in Ref. [26].

Eγ Range (GeV) B(B → Xsγ) (10
−4) 〈Eγ〉 (GeV) 〈(Eγ − 〈Eγ〉)2〉 (GeV2)

1.8 to 2.8 3.21± 0.15± 0.29± 0.08 2.267± 0.019± 0.032± 0.003 0.0484± 0.0053± 0.0077± 0.0005

1.9 to 2.8 3.00± 0.14± 0.19± 0.06 2.304± 0.014± 0.017± 0.004 0.0362± 0.0033± 0.0033± 0.0005

2.0 to 2.8 2.80± 0.12± 0.14± 0.04 2.342± 0.010± 0.008± 0.005 0.0251± 0.0021± 0.0013± 0.0009

quadrature, all energy-independent, arise from uncer-
tainties in the selection efficiency (3.1%), predominantly
due to the high-energy photon and NN selections, the
semileptonic BF for B meson decays, and the modeling of
theXs system. Correlations between the BB and the sig-
nal efficiency systematic errors contribute an additional
2.9% uncertainty. Finally, there is a 1.1% uncertainty in
NBB .
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FIG. 2: The Eγ photon energy spectrum corrected for effi-
ciency, resolution, and Doppler smearing, shown as a partial
branching fraction ∆B. The inner error bars are statistical
and the outer include systematic errors added in quadrature.
The vertical line shows the boundary between the lower con-
trol region and the signal region. The curve is the kinetic
scheme model using HFAG world average parameters, nor-
malized to data in the range 1.8 < EB

γ < 2.8GeV.

To obtain an Eγ spectrum in the B rest frame, the E∗
γ

spectrum shown in Fig. 1 is corrected for selection effi-
ciency, and the resolution smearing and Doppler smear-
ing are unfolded. A simplified version [35] of an itera-
tive unfolding technique [36] is used. The method starts
with an initial signal model that, when passed through
the detector simulation and event selection, closely re-
sembles the data (shape function scheme with mb =
4.51GeV, µ2

π = 0.46GeV2). This model is used to cor-
rect for efficiency and unfold the data. A fraction, de-
termined by a bin-dependent regularization function, of
the difference between the unfolded data and the initial
signal model is used to adjust the signal model, and the
process is iterated until it converges. Only one itera-

tion is necessary. The results are shown in Fig. 2. This
technique preserves fluctuations in the spectrum and re-
duces the model error. The model dependence uncer-
tainty is computed using an initial model that is approx-
imately 1σ lower than the data in Fig. 1 in the region
with significant BB background (1.8 < E∗

γ < 2.1GeV).
The error is the absolute value of the difference bin by
bin after unfolding. It is small except near the kine-
matic limit, Eγ ≈ mB/2, where the sharply falling edge
leads to strongly anti-correlated differences in adjacent
bins. To reduce this effect, the 100-MeV bins between
2.4 and 2.8GeV are combined into 200-MeV bins. The
spectral shape and the full covariance matrix, provided
in Ref. [26], are used to compute the first and second
moments in Table I. They can also be used to fit any
theoretical prediction for the spectral shape. The BF’s
computed from the sum of the ∆B in Fig. 2 are consistent
with the values given in Table I [26].
Finally the E∗

γ sample is divided into B and B decays,
using the charge of the lepton tag, to measure Ameas

CP (B →
Xs+dγ) = (N+ − N−)/(N+ + N−) where N+(−) are
the positively (negatively) tagged signal yields. ACP is
then given by ACP = Ameas

CP /(1 − 2ω) where ω is the
mistag fraction. To maximize the statistical precision
a requirement of 2.1 < E∗

γ < 2.8GeV is made. This
is determined from simulation and does not bias the
SM prediction for the asymmetry [37]. The yields are
N+ = 2620 ± 158(stat) and N− = 2389 ± 151(stat).
The bias on ACP due to charge asymmetry in the de-
tector response or BB background is measured to be
∆Ameas

CP (B → Xs+dγ) = −0.004 ± 0.013, using events
in the BB control region to check for a background
asymmetry, and using several event samples (e+e− →
e+e−γ, e+e− → µµγ and B → K(∗)J/ψ(ℓ+ℓ−)) to
check for a lepton tag asymmetry. The mistag frac-
tion ω = 0.133 ± 0.006 is dominated by B0B0 mixing,
which contributes 0.093 ± 0.001 [34], with an additional
0.040 ± 0.005 arising from wrong-sign leptons from the
B decay chain and from misidentifcation of hadrons as
leptons. After correcting for charge bias and mistagging
it is found

ACP = 0.057± 0.060(stat)± 0.018(syst).

The systematic error includes relative uncertainties from
the BB background subtraction (2.2%) and mistagging
(1.8%). The uncertainty due to differences in the B →
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FIG. 2: The partial branching fractions binned in (a) X s mass
and (b) the corresponding E γ bins, with the statistical and
systematic uncertainties added in quadrature. The current
results (solid lines) and former BABAR results [15] (dashed
lines) are shown.

onance, as the models assume quark-hadron duality in592

their spectra. Consequently, the models smooth over this593

resonance. We fit a relativistic Breit-Wigner [32] (RBW)594

to the K � (892) MC sample at the generator level to ex-595

tract the parameters of this curve. Fits to the transi-596

tion point between the RBW curve of the K � (892) reso-597

nance and the remaining spectrum indicate a value close598

to mX s
=1.17 GeV /c 2 , which we take to be the location599

of this transition. Furthermore, we require that the in-600

tegral of the RBW used to parameterize the K � (892)601

region (mX s < 1.17GeV/c 2 ) be equivalent to the in-602

tegral of this region in the spectrum models. For the603

hadronic mass bin containing the transition from the604

K � (892) resonance to the nonresonant-spectrum mod-605

els (1 .1 < m X s < 1.2GeV /c 2 ), we assign the value606

of the integral of the RBW up to the transition point607

(1 .10 < m X s
< 1.17GeV/c 2 ) plus the integral of the spec-608

trum model from the transition point to the bin boundary609

(1 .17 < m X s
< 1.20GeV/c 2 ).610

We perform a fit to the di�erent spectrum models by
minimizing the quantity

χ 2 =
�

i,j

(PBF th − PBF exp ) i C
− 1
ij (PBF th − PBF exp ) j

σi σj
,

(6)
where PBF th and PBF exp are the PBF predicted by the611

spectrum model in the mass bin and the PBF we mea-612

sured in the mass bin, respectively. The matrix C − 1
ij613

is the inverse of the matrix of correlation coe�cients614

between the uncertainties on bins i and j , reported in615

Appendix A, having taken the correlated systematic un-616

certainties and uncorrelated statistical uncertainties into617

account. The σi and σj are the total uncertainties (statis-618

tical and systematic added in quadrature) on the branch-619

ing fractions determined for bins i and j .620

We find the best HQET parameter values based on621

the measured hadronic mass spectrum for two quantities622

for each model we fit. For the kinetic model, we fix the623

chromomagnetic operator (µ2
G ) to 0.35 GeV 2 , and allow624

mb and µ2
π to take values between 4.45 and 4.75GeV /c 2

625

and 0.2 and 0.7 GeV 2 , respectively. We have points on the626

mb-µ
2
π plane at which the spectrum has been evaluated627

exactly. These points are spaced every 0.05GeV /c 2 for mb628

and every 0.05GeV 2 for µ2
π . We interpolate the spectrum629

mass bin predictions between these points using630

F (mb, µ
2
π ) = A + B × (mb − 4.45) + C × (µ2

π − 0.2) + D × (mb − 4.45)( µ2
π − 0.2) , (7)

where we solve this equation for [A, B, C, D ]. The val-631

ues 4.45 and 0.2 in Eq. (7) are changed to the di�erent632

values for which we have exact spectra provided. This633

strategy ensures continuity in the value of the spectrum634

predictions for each hadronic mass bin across the mb-µ
2
π635

plane.636

The shape function models use two variables to param-637

eterize the spectrum, band Λ [13], that may be converted638

to values of mb and µ2
π , evaluated at a single energy scale639

of 1.5GeV. Similar to the kinetic model fits, we interpo-640

late between points on the b-Λ plane at which we have641

exact spectrum predictions (for 2 .0 ≤ b ≤ 5.0 in incre-642

ments of 0.25, and 0 .4 ≤ Λ ≤ 0.9GeV in increments of643

0.05GeV).644

The best fit values for the HQET parameters are re-645

ported in Table VIII. The uncertainty reflects the values646

at which the value of χ 2 changes by one unit. The cor-647

responding best fit spectrum model and 1σ error ellipses648

are shown in Fig. 3 (kinetic model) and 4 (shape function649

model).650

We use the PBFs measured in each mass bin to cal-651

culate the mean and variance of the photon energy spec-652

trum. These quantities are spectrum-model independent,653

and may be used to constrain the parameters in other654

models. We evaluate the mean and variance for five dif-655

ferent minimum photon energies and report the values in656

Table IX.657

We determine the pair-wise correlation between the658

Figure 1: Partial branching fraction versus Eγ measured in a fully inclusive analysis (left) and for the sum
of exclusive modes (right). Error bars (left) show statistical and total uncertainties. The solid curve shows a
prediction for the kinetic scheme. The vertical bar separates signal from the control region.

Table 1: Determination of mb and µ2
π in the kinetic-scheme [12] and shape function scheme [13] using the

semi-inclusive analysis.
BABAR BABAR world average world average

kinetic scheme shape function scheme kinetic scheme shape function scheme
mb [GeV/c2] 4.568+0.038

−0.036 4.579+0.032
−0.029 4.591±0.031 4.620+0.039

−0.032
µ2

π [GeV2] 0.450±0.054 0.257+0.034
−0.039 0.454±0.038 0.288+0.054

−0.074

asymmetry ACP(B̄→ Xs+dγ)≡ (N (B̄→ Xs+dγ)−N (B→ Xs+dγ))/(N (B̄→ Xs+dγ)+N (B→
Xs+dγ)) in terms of event yields. After correcting for charge bias and mistagging, we obtain the
most precise measurement of ACP(B̄→ Xs+dγ) = 0.057±0.06stat ±0.018sys, which in agreement
with previous results [9, 10] results and the SM prediction of zero [11].

In the semi-inclusive analysis, we combine 38 exclusive B→ Xsγ final states [2]. We recon-

struct the hadronic mass mXs in 100 MeV/c2 bins and calculate the photon energy by Eγ =
m2

B−m2
Xs

2mB
.

Figure 1 (right) shows the partial branching fraction versus Eγ . Table 1 summarizes the fit results
of mb and the kinetic energy of the b quark, µ2

π , extracted from fits to the kinetic scheme [12] and
shape function scheme [13]. We measure energy moments of 〈Eγ〉 = (2.346± 0.018+0.027

−0.022) GeV
and 〈(Eγ − 〈Eγ〉)2〉 = (0.0211± 0.0057+0.0055

−0.0069) GeV2 for Eγ > 1.9 GeV. Summing the partial
branching fraction over all mXS bins yields B(B̄→ Xsγ) = (3.29± 0.19stat ± 0.48sys)× 10−4 for
Eγ > 1.9 GeV, which is in good agreement with the results of the inclusive analysis.

3. B→ K(∗)`+`− Rates and Rate asymmetries

Using the full BABAR data sample (471×106 BB̄ events), we reconstructs eight B→K(∗)`+`−

final states with K±,K0
S ,K

±π∓,K0
S π± recoiling against e+e− or µ+µ− [14]. We suppress combi-

natorial BB̄ and qq̄ backgrounds with two boosted decision trees and veto the J/ψ and ψ(2S) mass
regions. For B→ K(∗)`+`− modes, we perform one- (two-) dimensional fits of the beam energy-
constrained mass (and Kπ mass) to select signal yields. We use the vetoed J/ψ and ψ(2S) samples
and generated pseudo experiments to check the performance of our selection.

We measure partial branching fractions dB(B→K(∗)`+`−)/ds in six s = m2
`+`− bins. Figure 2

shows our results in comparison to the average over all dB(B→K(∗)`+`−)/ds measurements from
BABAR [14], Belle [15], CDF [16], and LHCb [17] and to the SM prediction[18, 19]. Table 2
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Table 2: BABAR results for B→ K(∗)`+`− modes on total branching fractions, CP asymmetries, lepton
flavor ratios, isospin asymmetries, the lepton forward-backward asymmetry and K∗ longitudinal polarization.
The first uncertainty is statistical, the second is systematic.

Mode B[10−7] ACP RK(∗) AI AFB FL

s [GeV2

c4 ] all s all s s> 0.1 GeV2/c4 0.1≤ s≤ 8.12 1.0≤ s≤ 6.0 1.0≤ s≤ 6.0
K`+`− 4.7+0.6+0.2

−0.6−0.2 −0.03+0.14+0.01
−0.14−0.01 1.00+0.31+0.07

−0.25−0.07 −0.58+0.29+0.02
−0.37−0.02 - -

K∗`+`− 10.2+1.4+0.05
−1.3−0.05 0.03+0.13+0.01

−0.13−0.01 1.13+0.34+0.10
−0.26−0.10 −0.25+0.17+0.03

−0.20−0.03 0.26+0.27+0.07
−0.30−0.07 0.25+0.09+0.03

−0.08−0.03

summarizes our total branching fraction and rate asymmetry measurements. We tag the flavor of
each B meson to determine the CP asymmetry

ACP =
B(B̄→ K̄(∗)`+`−)−B(B→ K(∗)`+`−)
B(B̄→ K̄(∗)`+`−)+B(B→ K(∗)`+`−)

(3.1)

that is expected to be very small in the SM [20, 21]. We extract the lepton flavor ratios

RK(∗) = B(B→ K(∗)
µ
+

µ
−)/B(B→ K(∗)e+e−) (3.2)

with the constraint s> 0.1 GeV2/c4 yielding the SM prediction RK(∗) = 1 [22]. Accounting for the
different B lifetimes rτ =

τB0

τ
±
B

, we define the isospin asymmetry

dAI/ds =
dB(B0→ K̄(∗)0`+`−)/ds− rτdB(B±→ K(∗)±`+`−)/ds
dB(B̄0→ K̄(∗)0`+`−)/ds+ rτdB(B±→ K(∗)±`+`−)/ds

. (3.3)
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Figure 2: dB/ds for B→K`+`− (left) and B→K∗`+`− (right) for BABAR data (squares), the experimental
average (points) and the SM prediction (grey curves). Vertical bands show the J/ψ and ψ(2S) vetoes.

Figure 3 shows the isospin asymmetry for B→ K(∗)`+`− modes in six s bins in comparison
to the average over all experiments [14, 15, 16, 17]. In the SM, AI is expected to be of the order
of O(1%) [23]. The AI measurements below the J/ψ are listed in Table 2. For B→ K`+`−,
consistency with the SM is at the 2.1σ level. All other measurements of branching fractions, CP
asymmetries and lepton flavor ratios are in good agreement with the SM prediction [?, ?, 18, 19].

4. B→ K(∗)`+`− Angular Analyses

The B→ K∗`+`− decay is characterized by three angles: θK the angle between the K and B
in the K∗ rest frame, θ` the angle between the `+ and the B in the `+`− rest frame and φ the angle

4
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Figure 3: Isospin asymmetry for B→ K`+`− (left) and B→ K∗`+`− (right) for BABAR data (squares) and
the experimental average (points). Vertical bands show the J/ψ and ψ(2S) vetoes.

between the K∗ and `+`− decay planes. The one-dimensional cosθK and cosθ` distributions depend
on the K∗ longitudinal polarization FL and the lepton forward-backward asymmetry AFB [22, 24]

W (cosθK) =
3
2
FL cos2

θK +
3
4
(1−FL)sin2

θK ,

W (cosθ`) =
3
4
FL sin2

θ`+
3
8
(1−FL)(1+ cos2

θ`)+AFB cosθ`. (4.1)

Using the full BABAR data sample, we reconstructs six B→ K∗`+`− final states with K∗ →
K±π∓,K0

S π±,K±π0. The event selection is similar to that for rate asymmetries. We extract FL and
AFB by performing a profile likelihood scan. Figure 4 shows our FL and AFB measurements in
six s bins in comparison to the average over all experiments, the SM predictions with uncertainties
and predictions for a model in which the sign of Wilson coefficient Ce f f

7 is flipped with respect to
the expected SM value [22, 20]. All results are consistent with the SM prediction. In the low s
region (1 < s < 6 GeV2/c4), the BABAR results are listed in Table 2. They are consistent with the
SM predictions of F SM

L = 0.73+0.13
−0.23 and A SM

FB = −0.05+0.03
−0.04 [18, 20, 22, 25] and with the world

averages of FWA
L = 0.41±0.06 and A WA

FB = 0.11+0.08
−0.09 [4].
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Figure 4: BABAR preliminary results (squares) for AFB (left) and FL (right) for B→ K∗`+`−modes com-
pared to the average over all experiments (points), the SM prediction (shaded curves) and a model for which
the sign of Ce f f

7 is flipped (blue curve). Vertical bands show the J/ψ and ψ(2S) vetoes.
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5. Conclusion

The BABAR B→ Xsγ results on branching fractions, photon energy moments, mb, µ2
π and the

CP asymmetry are in good agreement with the SM predictions. The charged Higgs mass is con-
strained to MH± > 327 GeV2/c2 at 95% CL independent of tanβ . For B→ K(∗)`+`−, the BABAR
results on partial branching fraction, isospin asymmetries, lepton flavor ratios, CP asymmetries,
K∗ longitudinal polarization, and lepton forward-backward asymmetry are consistent with the SM
predictions. Significant improvement on these measurements will come from LHCb and the Su-
per B-factories. The large data samples will permit to study several new angular observables that
provide higher discrimination power between the SM and new physics effects.
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