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Connection: B Physics ⇒ Dark Matter ?

Dark Matter detection problematic 
Direct Detection

B meson mass = 5.28 GeV
produce two B’s:  
Over 20% of B decays have a ν
Detectors are not fully hermetic

e+e! " !(4S)" BB

e+e! ! !(4S) ! BB

!(" (4S)) = 1.08nb

! 370" 106BB pairs
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Invisible decays
ϒ(1S)

!( f f̄ ! "") " !("" ! f f̄ )
!("(1S)! ##) = f 2

"(1S)M"(1S)!(bb̄! ##)

!("(1S)! ##) " 0.41%

McElrath, Phys.Rev.D72:103508,2005.

B(!(1S)! invisible) < 0.25%
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FIG. 3: M recoil
!+!!

distribution for the control sample !(3S) !
!+!!!(1S), !(1S) ! µ+µ! decay candidates. The solid
curve shows the fit results.

select only one muon and two pions, we can calculate the
momentum of the other muon track. We compare the
data and corresponding MC. The amount of the peaking
background di!ers by 3.5% between data and MC. The
peaking background due to "(1S) ! e+e! is somewhat
lower than that due to "(1S) ! µ+µ!. This is due to the
fact that the polar angle acceptance of the ECL (12.4" –
155.1") is larger than that of the CDC (17.0" – 150.0")
and large ECL energy deposits from an electrons can be
present in the event, and can veto the event. Other two-
body decays, such as "(1S) ! !+!! and pp̄, are not
observed, and their contributions are included system-
atic error using upper limits from the PDG [12]. We do
not observe any background contribution in MC for other
"(1S), "(3S) decays, or modes originating from initial
state radiation. The upper limits corresponding to MC
statistics are assigned as uncertainties.

The signal extraction is performed by an unbinned ex-
tended maximum likelihood fit to the M recoil

!+!!
distribu-

tion in the range 9.40 GeV/c2 < M recoil
!+!!

< 9.52 GeV/c2.
The signal shape is modeled with a double Gaussian that
is calibrated using the control sample shown in Fig. 3.
In the fit, the amount of peaking background is fixed
at the estimated value and the same shape as the sig-
nal is used. The shape of the combinatorial background
is modeled with a first order polynomial whose slope is
floated. Figure 4 shows the M recoil

!+!!
distribution. The

extracted signal yield, 38 ± 39 events, is consistent with
zero observed events. A "2 test is performed for the
M recoil

!+!!
distribution; we obtain "2/ndf = 23.4/27. The

upper limit for the branching fraction is determined by
the Feldman-Cousins frequentist approach [13], taking
into account both statistical and systematic uncertain-
ties. We obtain B("(1S) ! invisible) < 2.5 " 10!3 at
the 90% confidence level.

In summary, a search for the invisible decay of the
"(1S) was performed via the "(3S) ! !+!!"(1S) tran-
sition. In a 2.9 fb!1 data sample taken at the "(3S)
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FIG. 4: Recoil mass distribution against two pions, M recoil
!+!!

.
The solid curve shows the result of the fit to signal plus back-
ground distributions, shaded area shows the total background
contribution, dashed line shows the combinatorial background
contribution, and the dot-dashed line shows the expected sig-
nal for B(!(1S) ! "") = 6 " 10!3.

resonance, no signals were found. We obtain an up-
per limit of 2.5 " 10!3 at the 90% confidence level for
B("(1S) ! invisible). This result disfavors the predic-
tion in Ref. [3] for the "(1S) decay to a pair of dark
matter particles that are lighter than the b quark.
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38± 39 events

e+e! " !(3S)" !(1S)"+"!

B

B ! D(")n(!) m(K)
recoil B reconstructed

other B: B! KX

B(B ! invisible) < 2.2" 10#4
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FIG. 1: The mES distribution of all Brecon after the NN1
selection. The solid line represents a fit described in the text;
cumulative background contributions from e+e! ! qq̄ where
q is u, d, s or c (dashed line), B0 (dotted line), B± (dash-dot
line) events are shown. The arrows indicate the cuts used in
the analysis (see text).

Brecon. Most K± produced in B± decays originate from
D mesons and their spectrum, although broad, peaks at
low pK . In the B± rest frame, these K± are embedded
in a “minijet” of D decay products, while signal K± re-
coil against a massive (3–4 GeV/c2) state and therefore
tend to be more isolated. A second neural network (NN2)
rejects background from secondary K±, by using fifteen
input variables describing the energy and track multi-
plicities measured in the K± hemisphere, the sphericity
of the recoil system, and the angular correlations be-
tween the K± and the recoil system. These variables
have been chosen to be independent of the particular de-
cay topology of the recoil system. Since the topology of
the event changes with the recoil mass, we have consid-
ered separately two recoil mass regions in the training
of this neural network: the “high-mass” region, corre-
sponding to 1.0< pK <1.5 GeV/c and the “low-mass”
region, for 1.5< pK <2.0 GeV/c. The signal training
sample is B± ! K±Xcc̄ MC simulation while the back-
ground sample consists of simulated K± from D meson
decays in the same momentum range. The chosen cuts
on the NN2 outputs correspond to 85% signal e!ciency;
the background rejection factor varies between 2.5 in the
X(3872) and !! region and 1.5 in the J/! region. The
selection criteria are optimized for MC signal significance
with the high-mass region blinded.

The kaon momentum distribution shows a series of
peaks due to the two-body decays B± ! K±Xcc̄ cor-
responding to the di"erent Xcc̄ masses, superimposed
on a smooth spectrum due to K± coming from multi-
body B± decays, or non-B± background. The mass
of the Xcc̄ state (mX) can be calculated directly from
pK using mX =

!

m2
B + m2

K " 2EKmB, where mB and
mK are the B± and K± masses and EK is the K± en-
ergy. The resonance width #X can be obtained from
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FIG. 2: Kaon momentum spectrum for the (a) low-mass and
(b) high-mass regions. The lines represent the fit described in
the text. Arrows show the the expected positions of known
charmonium states.

the Breit-Wigner width of the peak in the pKspectrum
#K , obtained after deconvolution with the momentum
resolution function, using #X = #K"KmB/mX , where
"K = pK/EK .

We determine the number of B± ! K±Xcc̄ events
(NX) from a fit to the pK distribution. The branching
fraction for the decay channel is calculated as:

B(B±
! K±Xcc̄) =

NX

#X · NB
,

where #X is the e!ciency determined from the MC and
NB the number of B± mesons in the sample. An alter-
native method, which we use to improve the branching
fraction measurement in the case of $c , is to normalize
to the channel B± ! K±J/!, which is well-measured in
the literature [11], according to:

B(B±
! K±Xcc̄) =

NX

NJ/!
·
#J/!

#X
· B(B±

! K±J/!).

In this relative measurement, the systematic errors that
are common to both resonances cancel in the ratio. The
two methods are combined to extract B(B± ! K±$c),
taking into account the correlations between them.

We fit the pK spectrum using an unbinned maximum
likelihood method. The background is well modeled by a
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FIG. 1: The mES distribution of all Brecon after the NN1
selection. The solid line represents a fit described in the text;
cumulative background contributions from e+e! ! qq̄ where
q is u, d, s or c (dashed line), B0 (dotted line), B± (dash-dot
line) events are shown. The arrows indicate the cuts used in
the analysis (see text).

Brecon. Most K± produced in B± decays originate from
D mesons and their spectrum, although broad, peaks at
low pK . In the B± rest frame, these K± are embedded
in a “minijet” of D decay products, while signal K± re-
coil against a massive (3–4 GeV/c2) state and therefore
tend to be more isolated. A second neural network (NN2)
rejects background from secondary K±, by using fifteen
input variables describing the energy and track multi-
plicities measured in the K± hemisphere, the sphericity
of the recoil system, and the angular correlations be-
tween the K± and the recoil system. These variables
have been chosen to be independent of the particular de-
cay topology of the recoil system. Since the topology of
the event changes with the recoil mass, we have consid-
ered separately two recoil mass regions in the training
of this neural network: the “high-mass” region, corre-
sponding to 1.0< pK <1.5 GeV/c and the “low-mass”
region, for 1.5< pK <2.0 GeV/c. The signal training
sample is B± ! K±Xcc̄ MC simulation while the back-
ground sample consists of simulated K± from D meson
decays in the same momentum range. The chosen cuts
on the NN2 outputs correspond to 85% signal e!ciency;
the background rejection factor varies between 2.5 in the
X(3872) and !! region and 1.5 in the J/! region. The
selection criteria are optimized for MC signal significance
with the high-mass region blinded.

The kaon momentum distribution shows a series of
peaks due to the two-body decays B± ! K±Xcc̄ cor-
responding to the di"erent Xcc̄ masses, superimposed
on a smooth spectrum due to K± coming from multi-
body B± decays, or non-B± background. The mass
of the Xcc̄ state (mX) can be calculated directly from
pK using mX =

!

m2
B + m2

K " 2EKmB, where mB and
mK are the B± and K± masses and EK is the K± en-
ergy. The resonance width #X can be obtained from
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FIG. 2: Kaon momentum spectrum for the (a) low-mass and
(b) high-mass regions. The lines represent the fit described in
the text. Arrows show the the expected positions of known
charmonium states.

the Breit-Wigner width of the peak in the pKspectrum
#K , obtained after deconvolution with the momentum
resolution function, using #X = #K"KmB/mX , where
"K = pK/EK .

We determine the number of B± ! K±Xcc̄ events
(NX) from a fit to the pK distribution. The branching
fraction for the decay channel is calculated as:

B(B±
! K±Xcc̄) =

NX

#X · NB
,

where #X is the e!ciency determined from the MC and
NB the number of B± mesons in the sample. An alter-
native method, which we use to improve the branching
fraction measurement in the case of $c , is to normalize
to the channel B± ! K±J/!, which is well-measured in
the literature [11], according to:

B(B±
! K±Xcc̄) =

NX

NJ/!
·
#J/!

#X
· B(B±

! K±J/!).

In this relative measurement, the systematic errors that
are common to both resonances cancel in the ratio. The
two methods are combined to extract B(B± ! K±$c),
taking into account the correlations between them.

We fit the pK spectrum using an unbinned maximum
likelihood method. The background is well modeled by a

Phys.Rev.Lett.96:052002,2006. 

Kaon momentum

Using detailed Monte Carlo simulation of B0 !
invisible and ! !!" events, we determine our signal effi-
ciency to be !16:7" 1:0# $ 10%4 for B0 ! invisible and
!14:4" 1:0# $ 10%4 for B0 ! ! !!", where the errors are
again statistical. For the B0 ! ! !!" channel, we assume a
photon momentum distribution predicted by the constitu-
ent quark model for B0 ! ! !!" decay, as given in Ref. [3].
Of signal events that contain a reconstructed B0 !
D!&#%‘'!, approximately 46% (30%) of B0 ! invisible
(B0 ! ! !!") events pass the signal selection.

We consider systematic uncertainties on the signal
reconstruction efficiency and also the uncertainty on the
ratio of background to signal determined in the fit.
Systematic uncertainties on the signal efficiency are
dominated by the statistical size of the signal Monte
Carlo sample (resulting in relative uncertainties of 6.5%
and 6.8% for B0 ! invisible and B0 ! ! !!", respectively)
and by uncertainty on the efficiency for determining the
particle type of charged tracks (5.4% for both channels).
Systematic uncertainty on the number of signal events,
due to uncertainty on the ratio of background to signal in
the fit, is dominated by the parametrization of the back-
ground and signal shapes (resulting in uncertainties on the
number of signal events of 6.1 and 0.5 events for B0 !
invisible and B0 ! ! !!", respectively) and by the energy
resolution for reconstructing neutral clusters in the EMC
(3.2 and 3.4 events, respectively). Other systematic un-
certainties include the efficiency for reconstructing the
charged tracks in the B0 ! D!&#%‘'! decay, the charged
track momentum resolution, and the total number of BB
events in the data sample. The total systematic uncertain-
ties on the efficiency are 10:9% and 11:1% and on the
fitted number of signal events are 7.4 and 4.3 events for
B0 ! invisible and B0 ! ! !!", respectively.

To determine 90% confidence level (C.L.) upper limits
on the branching fractions of B0 ! invisible and B0 !
! !!", we generate 8000 Monte Carlo experiments, each
parametrized by the fitted numbers of signal and back-
ground events, the efficiency, and the number of BB events
in the data sample. Errors are incorporated into the
simulated experiments via a convolution of the systematic
effects (treated as Gaussian distributions) and the statis-
tical error (taken from the non-Gaussian likelihood func-
tion from the fit).

The resulting upper limits on the branching fractions
are

B!B0 ! invisible#< 22$ 10%5

and B!B0 ! ! !!"#< 4:7$ 10%5 at 90% C:L:

If the B0 ! invisible branching fraction were zero, the
probability of observing an equal or larger signal yield
would be 6%.

We perform validation cross-checks on the results of
this analysis. To check the measurement of the efficiency
for reconstructing B0 ! D!&#%‘'! decays (which was
determined using Monte Carlo simulation), we select a
data sample in which a B0 and a B0 are both reconstructed
as decays to D!&#‘! in the same event. Using the ratio of
such ‘‘double tag’’data events to events where just a single
D!&#‘! is reconstructed and the number of B0B0 events in
the full data sample, we determine the efficiency for
B0 ! D!&#%‘'! reconstruction in data. The result is con-
sistent with that obtained from Monte Carlo simulation.

We also search for the unphysical modes B0 !
invisible and B" ! ! !!" (which would violate charge
conservation) to check that their resulting signal is
consistent with zero. For these modes, we reconstruct
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Using detailed Monte Carlo simulation of B0 !
invisible and ! !!" events, we determine our signal effi-
ciency to be !16:7" 1:0# $ 10%4 for B0 ! invisible and
!14:4" 1:0# $ 10%4 for B0 ! ! !!", where the errors are
again statistical. For the B0 ! ! !!" channel, we assume a
photon momentum distribution predicted by the constitu-
ent quark model for B0 ! ! !!" decay, as given in Ref. [3].
Of signal events that contain a reconstructed B0 !
D!&#%‘'!, approximately 46% (30%) of B0 ! invisible
(B0 ! ! !!") events pass the signal selection.

We consider systematic uncertainties on the signal
reconstruction efficiency and also the uncertainty on the
ratio of background to signal determined in the fit.
Systematic uncertainties on the signal efficiency are
dominated by the statistical size of the signal Monte
Carlo sample (resulting in relative uncertainties of 6.5%
and 6.8% for B0 ! invisible and B0 ! ! !!", respectively)
and by uncertainty on the efficiency for determining the
particle type of charged tracks (5.4% for both channels).
Systematic uncertainty on the number of signal events,
due to uncertainty on the ratio of background to signal in
the fit, is dominated by the parametrization of the back-
ground and signal shapes (resulting in uncertainties on the
number of signal events of 6.1 and 0.5 events for B0 !
invisible and B0 ! ! !!", respectively) and by the energy
resolution for reconstructing neutral clusters in the EMC
(3.2 and 3.4 events, respectively). Other systematic un-
certainties include the efficiency for reconstructing the
charged tracks in the B0 ! D!&#%‘'! decay, the charged
track momentum resolution, and the total number of BB
events in the data sample. The total systematic uncertain-
ties on the efficiency are 10:9% and 11:1% and on the
fitted number of signal events are 7.4 and 4.3 events for
B0 ! invisible and B0 ! ! !!", respectively.

To determine 90% confidence level (C.L.) upper limits
on the branching fractions of B0 ! invisible and B0 !
! !!", we generate 8000 Monte Carlo experiments, each
parametrized by the fitted numbers of signal and back-
ground events, the efficiency, and the number of BB events
in the data sample. Errors are incorporated into the
simulated experiments via a convolution of the systematic
effects (treated as Gaussian distributions) and the statis-
tical error (taken from the non-Gaussian likelihood func-
tion from the fit).

The resulting upper limits on the branching fractions
are

B!B0 ! invisible#< 22$ 10%5

and B!B0 ! ! !!"#< 4:7$ 10%5 at 90% C:L:

If the B0 ! invisible branching fraction were zero, the
probability of observing an equal or larger signal yield
would be 6%.

We perform validation cross-checks on the results of
this analysis. To check the measurement of the efficiency
for reconstructing B0 ! D!&#%‘'! decays (which was
determined using Monte Carlo simulation), we select a
data sample in which a B0 and a B0 are both reconstructed
as decays to D!&#‘! in the same event. Using the ratio of
such ‘‘double tag’’data events to events where just a single
D!&#‘! is reconstructed and the number of B0B0 events in
the full data sample, we determine the efficiency for
B0 ! D!&#%‘'! reconstruction in data. The result is con-
sistent with that obtained from Monte Carlo simulation.

We also search for the unphysical modes B0 !
invisible and B" ! ! !!" (which would violate charge
conservation) to check that their resulting signal is
consistent with zero. For these modes, we reconstruct
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cumulatively. No background from e'e% ! u !u, d !d, s!s, or #'#% is seen in the Monte Carlo sample. For both of the modes, signal
would tend to peak strongly in the horizontally shaded region.
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Measurements sensitive to SUSY or New Physics

 

 

 

b! s!
B! !"
B ! D(")!"

D0 ! D0 mixing

Connection: B Physics ⇒ Dark Matter ?

Indirect Means

Dark Matter

SUSY

B decays
D mixing

b! s Penguin CP violation 
 
 
 

!ms

B(s) ! µ+µ"

I will not cover:

! ! µ"
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Flavor Changing Neutral Currents

Flavor

Charged Current

W+

u

d̄

Neutral Current

Z0

u

ū

Flavor Changing
Neutral Current
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Penguin Diagrams

Standard Model has FCNC
at the one-loop level

b
t, c, u

W! s

!

t, c, u

b s

t, c, u
!

H! b s

!

!!

t̃

Charged Higgs and Charginos also yield
FCNC at the one-loop level
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BABAR Schematic
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e±
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K0
L



Aaron Roodman     Stanford Linear Accelerator Center B Physics and Dark Matter

Inclusive vs. Exclusive decays

b! s!

B0 ! K"0!

Xs represents hadronic final states other than K!. If one or
more particles escape detection, Xs may be incorrectly
reconstructed as K!, leading to a value of mES near the
B-meson mass, but with !E! distinctly negative.

For each decay mode, the signal yield and asymmetry
A (except for the Ks!0 mode) are simultaneously ex-
tracted using an extended unbinned maximum likelihood
fit,

L " exp
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to the two-dimensional distribution of mES and !E! with
three hypotheses (index i): signal, continuum background,
and B background. The probability density function (PDF)
P $ ~xj; ~"i% for each of the three hypotheses is the product of
individual PDFs of the fit variables ~xj " $mES;!E!%. ~"i

are the shape parameters for the PDFs described below. In
the three self-flavor-tagged modes (K&!#, K&!0, and
Ks!&), Ni " 1

2 $1#FAi%ni, where ni and Ai stand for
the total yield and CP asymmetry of signal, continuum
background, and B background, while in the Ks!0 decay
mode, Ni " ni. The bottom-quark flavor F is defined as
#1 for b quarks and &1 for b quarks. In the K&!# mode,
mistagging is possible if both the pion and kaon are mis-
identified, but this probability is negligibly small. We
assume that the CP asymmetry of the B background and
that of the continuum background are the same.

To reduce systematic errors, most of the fit parameters
for the signal and for the continuum background are de-
termined by a fit to data. For continuum background, the
!E! distribution is modeled by a first-order polynomial

function with the exception of Ks!&, where a second-order
polynomial is used. The mES distribution for continuum
background is modeled with an ARGUS function [13]. In
the K&!0 decay mode, the continuum background shape is
simultaneously fit to the off-resonance data to obtain a
stabler fit. For the B background, the Gaussian distribution
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FIG. 1 (color online). mES and !E!distributions for the B ! K!# candidates. The points are data, and the solid and dashed curves
show the projections of the complete fit and the background component alone, respectively. The fits used to extract the signal yields are
described in the text.
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FIG. 2 (color online). mK! spectra for the different decay
modes for events in the signal region after background subtrac-
tion using sidebands in mES and !E!. The points are data and
solid curves represent relativistic p-wave Breit-Wigner line
shapes with masses and widths of K! taken from Ref. [17].
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TABLE I: The measured partial branching fraction, first and second moment (±stat. ± syst. ± model) for di!erent ranges of
E! in the B rest frame.

E! (GeV) "B(B ! Xs!) (10!4) "E!# (GeV) "E2
!# $ "E!#2 (GeV2)

1.9 to 2.7 3.67 ± 0.29 ± 0.34 ± 0.29 2.288 ± 0.025 ± 0.017 ± 0.015 0.0328 ± 0.0040 ± 0.0023 ± 0.0036
2.0 to 2.7 3.41 ± 0.27 ± 0.29 ± 0.23 2.316 ± 0.016 ± 0.010 ± 0.013 0.0266 ± 0.0026 ± 0.0010 ± 0.0020
2.1 to 2.7 2.97 ± 0.24 ± 0.25 ± 0.17 2.355 ± 0.014 ± 0.007 ± 0.011 0.0191 ± 0.0019 ± 0.0006 ± 0.0015
2.2 to 2.7 2.42 ± 0.21 ± 0.20 ± 0.13 2.407 ± 0.012 ± 0.005 ± 0.008 0.0116 ± 0.0014 ± 0.0004 ± 0.0005
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FIG. 1: The photon energy spectrum after background sub-
traction, uncorrected for e#ciency. The inner error bars are
statistical and the outer include systematic errors added in
quadrature. The histograms show the spectra for values of
mb and µ2

" from the best fits to the moments in the kinetic
scheme (dashed) and shape function scheme (dotted), nor-
malized to the data in the signal region.

small multiplicative correction to the PBF and small ad-
ditive corrections to the first and second moments are
computed using the nominal signal model, and an un-
certainty assigned based on a conservative range of mod-
els. The model-dependence uncertainty from the smear-
ing correction is fully correlated with the corresponding
uncertainty of the e!ciency correction.

The results for four energy ranges are given in Ta-
ble 1 along with the statistical, systematic and model
errors. The PBFs have been corrected to exclude a
(4.0 ± 0.4)% [2, 18] contribution from b ! d!. The sys-
tematic errors are described below and the associated
correlation matrices are given in the appendix.

The most significant systematic uncertainty in the
measurement of the spectrum is from the uncertainty
in the corrections to the BB background simulation. It
is due mostly to the statistical uncertainty on the cor-
rection factors derived from the "0(#) control sample.
The BB corrections depend on E!

! ; the resulting corre-
lations between the 100 MeV E!

! bins have been taken
into account in the computation of the total systematic
uncertainty in the PBFs and moments. For example,
for 2.0 GeV < E! < 2.7 GeV, the BB corrections con-

tribute 5.5% to a total systematic uncertainty of 8.5% of
the PBF, and 0.008 GeV and 0.0009 GeV2 of the total
systematic uncertainty of the first and second moments,
respectively. Additional contributions to the PBF un-
certainty (added in quadrature), all energy-independent,
come from the photon selection (3.3%) due to the pho-
ton e!ciency, determined with "0’s from $ decay, and the
isolation requirement, calorimeter energy scale and reso-
lution, determined from B ! K!! decays and photons
from virtual Compton scattering; e!ciency of the event
shape variable selection (3%), determined from a "0 con-
trol sample; the semi-leptonic corrections (3%); lepton
identification (2%) and the modeling of the Xs fragmen-
tation (1.5%). Additional uncertainties to the first and
second moment, added in quadrature, come from the un-
certainty in the calorimeter energy scale (0.006 GeV) and
resolution (0.0004 GeV2), respectively.

The parameters mb and µ2
" , which are defined di"er-

ently in the kinetic (K) and shape function (SF) schemes,
can be extracted by fitting theoretical predictions to the
measured moments. The first moments for E! > 1.9 and
2.0 GeV and the second moment for E! > 2.0 GeV are
fitted, taking into account the correlations between the
measured moments. As the moments are dependent on
the assumed signal model due to the e!ciency and res-
olution smearing corrections, the signal model and the
model-dependence errors are adjusted based on the re-
sults of the fit and the moments are recomputed and refit.
Only a few iterations are required until the result is sta-
ble. In the kinetic scheme mb(K) = 4.44+0.08+0.12

"0.07"0.14 GeV/c2

and µ2
"(K) = 0.64+0.13+0.23

"0.12"0.24 GeV2, with a correlation of
"0.93. The first error is due to the uncertainty in
the measured moments and the second error is due to
uncertainty in the theoretical calculations [5]. In the
shape function scheme, using the exponential shape func-
tion form [6], mb(SF ) = 4.43+0.07

"0.08 GeV/c2 and µ2
"(SF ) =

0.44+0.06
"0.07 GeV2, with a correlation of "0.63. If the Gaus-

sian shape function form were used, mb(SF ) and µ2
"(SF )

would increase by 0.13 GeV/c2 and 0.01 GeV2, respec-
tively. The spectra with the fitted parameters are com-
pared to data in figure 1. These results (without theory
error) are then used to extrapolate the measured par-
tial branching fraction from E! > 1.9 GeV to 1.6 GeV
to allow comparisons to theoretical predictions. In the
kinetic scheme B(B ! Xs!, E! > 1.6 GeV) = (3.94 ±
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sum 38 different
hadronic states XS 

model efficiencies, and we take the difference between
them as an additional fragmentation systematic of 12.8%
in this bin.

The estimation of the missing fractions is the largest
systematic error. It is determined by varying the missing
fractions within the ranges shown in Fig. 4. We vary all the
uncertainties in the missing fractions together, either in-
creasing them all or decreasing them all. When we do this
we adjust the sum of the reconstructed final states so that
the total B ! Xs! rate is unchanged, i.e. we actually adjust
the relative proportions of reconstructed and missing final
states.

IX. BRANCHING FRACTION RESULTS

The branching fractions in each hadronic mass bin are
obtained using the signal efficiencies shown in Fig. 1, the
signal yields given in Table I, the fraction of reconstructed
final states (which is 1 minus the fraction of missing final
states shown in Fig. 4), and the total number of BB pairs in
the sample. The systematic studies which affect each of
these quantities were discussed in Sec. VIII.

Table IV shows the results for the branching fraction in
each hadronic mass bin, as well as the result for the whole
mass range. Table V shows the corresponding branching
fractions in bins of the photon energy using Eq. (1) to
translate between hadronic mass and photon energy. We
have taken into account the different bin sizes in trans-

forming between B!M!Xs"" and B!E!". The corresponding
hadronic mass and photon energy spectra are shown in
Fig. 5, where theoretical predictions are shown which
will be discussed in Sec. XI. The hadronic mass resolution

TABLE V. Branching fractions in bins of photon energy with
statistical and systematic errors.

E! (GeV) B!E!"=100 MeV (10#6"
2.593–2.606 3:3$ 4:0%0:8

#0:8
2.579–2.593 1:9$ 4:9%0:6

#0:8
2.563–2.579 129:2$ 7:2%8:1

#8:1
2.545–2.563 108:9$ 7:6%6:6

#6:6
2.525–2.545 16:7$ 6:2%3:2

#3:2
2.503–2.525 28:6$ 11:1%4:1

#4:1
2.480–2.503 76:3$ 14:4%8:0

#7:8
2.454–2.480 107:8$ 17:9%10:8

#10:6
2.427–2.454 82:4$ 18:1%9:2

#8:9
2.397–2.427 101:6$ 20:3%10:6

#10:1
2.366–2.397 89:5$ 22:9%10:7

#9:9
2.333–2.366 81:3$ 24:6%10:3

#9:1
2.298–2.333 115:8$ 27:6%17:4

#14:1
2.261–2.298 21:8$ 31:6%8:3

#7:8
2.181–2.261 52:7$ 24:2%14:9

#10:1
2.094–2.181 60:0$ 27:6%24:1

#15:5
1.999–2.094 59:0$ 33:8%34:3

#20:5
1.897–1.999 #7:1$ 36:7%8:5

#8:8

TABLE IV. Branching fractions in bins of hadronic mass with
statistical and systematic errors. The bottom line shows the total
branching fraction obtained from the separate fit to the data over
the full M!Xs" range, and not from the sum of the individual bins.

M!Xs" (GeV) B!M!Xs""=100 MeV !10#6"
0.6–0.7 0:4$ 0:5%0:1

#0:1
0.7–0.8 0:3$ 0:7%0:1

#0:1
0.8–0.9 20:8$ 1:2%1:3

#1:3
0.9–1.0 19:6$ 1:4%1:2

#1:2
1.0–1.1 3:3$ 1:2%0:6

#0:6
1.1–1.2 6:2$ 2:4%0:9

#0:9
1.2–1.3 18:1$ 3:4%1:9

#1:9
1.3–1.4 27:6$ 4:6%2:8

#2:7
1.4–1.5 22:6$ 5:0%2:5

#2:5
1.5–1.6 29:8$ 6:0%3:1

#3:0
1.6–1.7 28:0$ 7:2%3:3

#3:1
1.7–1.8 26:9$ 8:1%3:4

#3:0
1.8–1.9 40:6$ 9:7%6:1

#5:0
1.9–2.0 8:0$ 11:7%3:1

#2:9
2.0–2.2 21:0$ 9:6%5:9

#4:0
2.2–2.4 26:1$ 12:0%10:5

#6:7
2.4–2.6 28:0$ 16:0%16:2

#9:7
2.6–2.8 #3:7$ 18:8%4:4

#4:5

B!10#6"
0.6–2.8 327:0$ 18:0%55:0

#40:0
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FIG. 5. The hadronic mass spectrum (a), and the photon energy
spectrum (b). The data points are compared to theoretical
predictions (histograms) obtained using the shape function (solid
line) and kinetic (dashed line) schemes.
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mc(mc) and the semileptonic phase-space factor

C =

!

!

!

!

Vub

Vcb

!

!

!

!

2 ![B̄ ! Xce!̄]

![B̄ ! Xue!̄]
. (3)

The factor C has been determined in Ref. [16] together
with mc(mc) from a global fit to the semileptonic data.
If the normalization to B(B̄ ! Xce!̄) was not applied in
the B̄ ! Xs" calculation, the error due to mc(mc) would
amount to ±2.8%. At the same time, one would need to
take into account uncertainties in m5

b and the Cabibbo-
Kobayashi-Maskawa factor |V !

tsVtb|2, each of which ex-
ceeds ±3%.

The nonperturbative uncertainty in Eq. (2) is due to
matrix elements of the four-quark operators in the pres-
ence of one gluon that is not soft (Q2 " m2

b , mb", where
" " "QCD). Unknown nonperturbative corrections to
them scale like #s"/mb in the limit mc # mb/2 and like
#s"2/m2

c in the limit mc $ mb/2. Because mc < mb/2
in reality, #s"/mb should be considered as the quan-
tity that sets the size of such e#ects. Consequently, a
±5% nonperturbative uncertainty has been assigned to
the result in Eq. (2). This is the dominant uncertainty at
present. Thus, a detailed analysis of such e#ects would
be more than welcome. So far, no published results on
this issue exist. Even lacking a trustworthy method for
calculating such e#ects, it might be possible to put rough
upper bounds on them that could supersede the current
guess-estimate of ±5%. Nonperturbative corrections to
inclusive B̄ ! Xd,s" decays that scale like "/mb may
arise when the b-quark annihilation vertex does not co-
incide with the hard photon emission vertex; see, e.g.,
Ref. [6] or comments on B̄ ! Xd" in Sec. 2 of Ref. [5].

The NNLO central value in Eq. (2) di#ers from some
of the previous NLO predictions by between 1 and 2 error
bars of the NLO results. Because those error bars were
obtained by adding various theoretical uncertainties in
quadrature, such a shift is not improbable, similarly to
shifts by less than 2$ in experimental results. The shift
from the NLO to the NNLO level diminishes with low-
ering the value of µc, which has motivated us to use the
relatively low µc = 1.5 GeV as a reference value here.

The NNLO results turn out to be only marginally de-
pendent on whether one follows (or not) the approach
of Ref. [17] where the top-quark contribution to the de-
cay amplitude was calculated separately and rescaled by
quark mass ratios to improve convergence of the pertur-
bation series. Although the top contribution alone in-
deed behaves better also at the NNLO level when such
an approach is used, the charm quark contribution (to
which no rescaling has been applied in Ref. [17]) does
not turn out to be particularly stable beyond the NLO.
Consequently, in the derivation of Eq. (2) and Fig. 2, we
have used the simpler method of treating charm and top
sectors together.

Our result in Eq. (2) has been obtained under the as-
sumption that the photonic dipole operator contribution
to the integrated E" spectrum below 1.6 GeV is well ap-
proximated by a fixed-order perturbative calculation (see
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FIG. 3: B(B̄ " Xs!) as a function of the charged Higgs boson
mass in the THDM II for tan " = 2 (solid lines). The dashed and
dotted lines show the SM and experimental results, respectively
(see the text).

Note added). For lower values of the photon energy cut,
the following numerical fit can be used:

"

B(E" > E0)

B(E" > 1.6 GeV)

#

fixed
order

% 1 + 0.15x & 0.14x2, (4)

where x = 1&E0/(1.6 GeV). This formula coincides with
our NNLO results up to ±0.1% for E0 ' [1.0, 1.6] GeV.
The error is practically E0-independent in this range.

In the remainder of this Letter, we shall update the
B̄ ! Xs" constraints on the charged Higgs boson mass
in the two-Higgs-doublet-model II (THDM II) [18]. The
solid lines in Fig. 3 show the dependence of B(B̄ ! Xs")
on this mass when the ratio of the two vacuum expecta-
tion values, tan%, is equal to 2. The dashed and dotted
lines show the SM (NNLO) and the experimental results,
respectively. In each case, the middle line is the cen-
tral value, while the other two lines indicate uncertainties
that one obtains by adding all the errors in quadrature.

In our THDM calculation, matching of the Wilson co-
e$cients at the electroweak scale is complete up to the
NLO [19], but the NNLO terms contain only the SM con-
tributions (the THDM ones remain unknown). In conse-
quence, the higher-order uncertainty becomes somewhat
larger. This e#ect is estimated by varying the matching
scale µ0 from half to twice its central value. It does not
exceed ±1% for the MH+ range in Fig. 3.

Even though the experimental result is above the SM
one, the lower bound on MH+ for a generic value of
tan % remains stronger than what one can derive from
any other currently available measurement. If all the
uncertainties are treated as Gaussian and combined in
quadrature, the 95% (99%) CL bound amounts to around
295 (230)GeV. It is found for tan% ! ( but stays prac-
tically constant down to tan% % 2. For smaller tan%,
the branching ratio and the bound on MH+ increase.

The contour plot in Fig. 4 shows the dependence of
the MH+ bound on the experimental central value and
error. The current experimental result (1) is indicated by
the black square. Consequences of the future upgrades in
the measurements will easily be read out from the plot,
so long as no progress on the theoretical side is made. Of
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The factor C has been determined in Ref. [16] together
with mc(mc) from a global fit to the semileptonic data.
If the normalization to B(B̄ ! Xce!̄) was not applied in
the B̄ ! Xs" calculation, the error due to mc(mc) would
amount to ±2.8%. At the same time, one would need to
take into account uncertainties in m5

b and the Cabibbo-
Kobayashi-Maskawa factor |V !

tsVtb|2, each of which ex-
ceeds ±3%.

The nonperturbative uncertainty in Eq. (2) is due to
matrix elements of the four-quark operators in the pres-
ence of one gluon that is not soft (Q2 " m2

b , mb", where
" " "QCD). Unknown nonperturbative corrections to
them scale like #s"/mb in the limit mc # mb/2 and like
#s"2/m2

c in the limit mc $ mb/2. Because mc < mb/2
in reality, #s"/mb should be considered as the quan-
tity that sets the size of such e#ects. Consequently, a
±5% nonperturbative uncertainty has been assigned to
the result in Eq. (2). This is the dominant uncertainty at
present. Thus, a detailed analysis of such e#ects would
be more than welcome. So far, no published results on
this issue exist. Even lacking a trustworthy method for
calculating such e#ects, it might be possible to put rough
upper bounds on them that could supersede the current
guess-estimate of ±5%. Nonperturbative corrections to
inclusive B̄ ! Xd,s" decays that scale like "/mb may
arise when the b-quark annihilation vertex does not co-
incide with the hard photon emission vertex; see, e.g.,
Ref. [6] or comments on B̄ ! Xd" in Sec. 2 of Ref. [5].

The NNLO central value in Eq. (2) di#ers from some
of the previous NLO predictions by between 1 and 2 error
bars of the NLO results. Because those error bars were
obtained by adding various theoretical uncertainties in
quadrature, such a shift is not improbable, similarly to
shifts by less than 2$ in experimental results. The shift
from the NLO to the NNLO level diminishes with low-
ering the value of µc, which has motivated us to use the
relatively low µc = 1.5 GeV as a reference value here.

The NNLO results turn out to be only marginally de-
pendent on whether one follows (or not) the approach
of Ref. [17] where the top-quark contribution to the de-
cay amplitude was calculated separately and rescaled by
quark mass ratios to improve convergence of the pertur-
bation series. Although the top contribution alone in-
deed behaves better also at the NNLO level when such
an approach is used, the charm quark contribution (to
which no rescaling has been applied in Ref. [17]) does
not turn out to be particularly stable beyond the NLO.
Consequently, in the derivation of Eq. (2) and Fig. 2, we
have used the simpler method of treating charm and top
sectors together.

Our result in Eq. (2) has been obtained under the as-
sumption that the photonic dipole operator contribution
to the integrated E" spectrum below 1.6 GeV is well ap-
proximated by a fixed-order perturbative calculation (see
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FIG. 3: B(B̄ " Xs!) as a function of the charged Higgs boson
mass in the THDM II for tan " = 2 (solid lines). The dashed and
dotted lines show the SM and experimental results, respectively
(see the text).

Note added). For lower values of the photon energy cut,
the following numerical fit can be used:
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B(E" > E0)

B(E" > 1.6 GeV)
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fixed
order

% 1 + 0.15x & 0.14x2, (4)

where x = 1&E0/(1.6 GeV). This formula coincides with
our NNLO results up to ±0.1% for E0 ' [1.0, 1.6] GeV.
The error is practically E0-independent in this range.

In the remainder of this Letter, we shall update the
B̄ ! Xs" constraints on the charged Higgs boson mass
in the two-Higgs-doublet-model II (THDM II) [18]. The
solid lines in Fig. 3 show the dependence of B(B̄ ! Xs")
on this mass when the ratio of the two vacuum expecta-
tion values, tan%, is equal to 2. The dashed and dotted
lines show the SM (NNLO) and the experimental results,
respectively. In each case, the middle line is the cen-
tral value, while the other two lines indicate uncertainties
that one obtains by adding all the errors in quadrature.

In our THDM calculation, matching of the Wilson co-
e$cients at the electroweak scale is complete up to the
NLO [19], but the NNLO terms contain only the SM con-
tributions (the THDM ones remain unknown). In conse-
quence, the higher-order uncertainty becomes somewhat
larger. This e#ect is estimated by varying the matching
scale µ0 from half to twice its central value. It does not
exceed ±1% for the MH+ range in Fig. 3.

Even though the experimental result is above the SM
one, the lower bound on MH+ for a generic value of
tan % remains stronger than what one can derive from
any other currently available measurement. If all the
uncertainties are treated as Gaussian and combined in
quadrature, the 95% (99%) CL bound amounts to around
295 (230)GeV. It is found for tan% ! ( but stays prac-
tically constant down to tan% % 2. For smaller tan%,
the branching ratio and the bound on MH+ increase.

The contour plot in Fig. 4 shows the dependence of
the MH+ bound on the experimental central value and
error. The current experimental result (1) is indicated by
the black square. Consequences of the future upgrades in
the measurements will easily be read out from the plot,
so long as no progress on the theoretical side is made. Of
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results from each of our four signal decay channels (nch)
are combined using the estimator Q = L(s + b)/L(b),
where L(s + b) and L(b) are the likelihood functions for
signal plus background and background-only hypotheses,
respectively:

L(s + b) !
nch
!

i=1

e!(si+bi)(si + bi)ni

ni!
, L(b) !

nch
!

i=1

e!bibni

i

ni!
.

(9)
We include the systematic uncertainties, including those
of a statistical nature, on the expected background (bi)
in the likelihood definition by convolving it with a Gaus-
sian function. The mean of the Gaussian is bi, and the
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esis and (b) the upper limit as a function of signal branching
fraction hypothesis (where the horizontal and vertical inter-
secting lines indicate the 90% CL limit).

standard deviation (!bi
) of the Gaussian is the error on

bi [16].
We calculate the branching fraction central value (in-

cluding statistical uncertainty and uncertainty from the
background) by scanning over signal branching frac-
tion hypotheses between 0.0 and 3.0 " 10!4 in steps of
0.025 " 10!4 and computing the value of L(s + b)/L(b)
for each hypothesis (Fig. 7a). The branching fraction
is the hypothesis which minimizes #2 log(L(s+ b)/L(b)),
and the statistical uncertainty is determined by finding
the points on the likelihood scan that occur at one unit
above the minimum. The systematic error is determined
as detailed in section IV and computed for the branching
fraction as a fraction of the central value.

The upper limit at the 90% CL, including both sta-
tistical and systematic uncertainties, is determined by
generating 5000 experiments for each of the aforemen-
tioned signal branching fraction hypotheses. Each gen-
erated experiment also includes the expected number of
background events, and varies the generated number of
background in each channel according to its uncertainty.
The total number of events is allowed to vary according
to Poisson statistics, and systematics are incorporated
in the e!ciency for each channel and the number of B
mesons originally produced by the collider. The number
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experimental results on both B(Bu ! !") [1] and !MBs [2], we present here a correlated
analysis of all these observables within the large tan # limit of the MSSM.

Because of the e"ective non-holomorphic terms which break the Peccei-Quinn sym-
metry of the tree-level Yukawa interaction [5, 6], the phenomenology of the MSSM in
the large tan# regime is richer than in non-supersymmetric models. We pay particu-
lar attention to re-summation e"ects beyond the one-loop level, both in charged- and
in neutral-current interactions, which play a key role in the correlations among these
B-physics observables [7–12].

The generic MSSM contains in principle several free parameters in addition to tan #.
Given the absence of significant non-standard e"ects both in the electroweak and in the
flavour sector, we limit ourselves to a Minimal Flavour Violating (MFV) scenario [13,14]
with squark masses in the TeV range. In addition, we take into account the important
information on the model derived by two flavour-conserving observables: the anomalous
magnetic moment of the muon and the lower limit on the lightest Higgs boson mass.

The present central values of the measurements of B(Bu ! !") and (g " 2)µ are sub-
stantially di"erent from the corresponding SM expectations. Although both these e"ects
are not statistically significant yet, we find that these central values can naturally be
accommodated within this scenario (for a wide range of µ, tan # and the charged Higgs
mass). More interestingly, if the trilinear term AU is su#ciently large, this scenario
can also explain why the lightest Higgs boson has not been observed yet. Finally, the
parameter space which leads to these interesting e"ects can also naturally explain why
B(B ! Xs$) and !MBs are in good agreement with the SM expectations. We are there-
fore led to the conclusion that, within the supersymmetric extensions of the SM, the
scenario with large tan# and heavy soft-breaking terms in the squark sector is one of the
most interesting and likely possibilities.

The plan of the paper is the following: in Section 2 we recall the basic formulae to
analyse large-tan# e"ects in B(Bu ! !"), B(Bs,d ! %+%!), !MBs , and B(B ! Xs$). We
pay particular attention to the B(Bu ! !") case, analysing the resummation of large tan#
e"ects beyond the lowest order and the strategy to decrease the theoretical uncertainty
with the help of !MBd

. In Section 3 we discuss the implications on the MSSM parameter
space derived by mh0 and (g " 2)µ. The correlated analysis of all the observables is
presented in Section 4, together with a discussion about future tests of the model by
means of other P ! %" decays. The results are summarized in the Conclusions.

2 B-physics observables

2.1 Bu ! !"

The SM expectation for the Bu ! !" branching fraction is

B(Bu ! !")SM =
G2

FmBm2
τ

8&

(

1 "
m2

τ

m2
B

)2

f 2
B|Vub|

2!B . (1)

2

b̄

u
W+ ! ! e"e"!

µ!µ!"
!"#
!!0"#

reconstruct                                  look at 
remainder of the event for the τ

B(B+ ! !+"!) = (1.20± 0.39± .37)" 10#4

B! " D0µ!!̄µ

BABAR average of semileptonic and hadronic tags
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                              Charged Higgs limits

see Isidori & Paradisi 
Phys.Lett. B639 (2006) 499-507
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!

1#
"

m2
B

m2
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#
tan2 #

$2
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B(B+ ! !+"!) = 1.79 +0.56
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+0.39
"0.46 # 10"4
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SM prediction

!!
!+ !"



Aaron Roodman     Stanford Linear Accelerator Center B Physics and Dark Matter

6

0

10

20

30

40

0

10

20

30

40

0 0.5 1
0

200

0 0.5 1
0

200

0

20

40

0

20

40

0 0.5 1
0

100

0 0.5 1
0

100

0

10

20

0

10

20

0 0.5 1
0

100

0 0.5 1
0

100

0

10

20

0

10

20

0 0.5 1
0

50

0 0.5 1
0

50

-2 0 2 4 6 8

(a) D!0!

(b) D0!

(c) D!+!

(d) D+!

m2
miss(GeV/c2)2

E
ve

nt
s

/
0.

5
(G

eV
/c

2
)2

[0
.1

(G
eV

/c
2
)2

in
in

se
ts

]

BABAR
Prelim.

BABAR

Prelim.

BABAR

Prelim.

BABAR
Prelim.

FIG. 1: Distributions of events and fit projections in m2
miss for

the four signal channels: D!0!, D0!, D!+!, and D+!. (The
fit shown incorporates the B"–B0 constraints.) The normal-
ization region m2

miss ! 0 is shown as an inset in each figure.
The fit components are: D!""#! (green), D""#! (purple),
D!!"#" (blue), D!"#" (red), D!!(!"/"")# (yellow), com-
binatoric (grey, below dashed line), charge crossfeed (grey,
above dashed line).

fit are shown in Fig. 1.

Systematic uncertainties on R associated with the fit
are determined by running ensembles of fits in which in-
put parameters are distributed according to our knowl-
edge of the underlying source, and include the PDF

parametrization (2% to 12%); the composition of com-
binatoric backgrounds (2% to 11%); the mixture of
D!! states in B " D!!!""! decays (0.4% to 6%); the
B " D!!""! form factors (0.1% to 1.8%); and the #0

e!ciency, which a"ects the D! " D feed-down rate
(0.4% to 1.0%). Uncertainties on the m2

miss resolution
for B " D!!""! events and on the B " D!""! form
factors each contribute less than 1%. The net systematic
uncertainty on R associated with fit yields is given by
(#R/R)fit for each channel in Table I. Uncertainties on
R propagated from the ratio of e!ciencies for signal and
normalization modes are typically small due to cancella-
tions, and include the limited statistics in the simulation
(1.1% to 1.5%) and systematic errors related to detector
performance. The latter are determined by studying the
e!ciency of track and neutral reconstruction and parti-
cle identification performance in control samples in data
and contribute less than 0.2% each, except for e± and µ±

identification, which contribute 0.5% to 0.7% each, and
are larger because the lepton momentum spectrum di"ers
between the signal and normalization processes. Finally,
the uncertainty on B($" " !""!"" ) [13] contributes 0.2%
to all modes. The net systematic uncertainty on R due
to the e!ciencies is given by (#R/R)# in Table I.

These results are preliminary. We estimate that uncer-
tainties in R due to modeling of bremsstrahlung radiation
are at or below the 1% level, but they have not been ex-
plicitly included in the results. While B " D(!)!""!

decays are modeled with HQET-based form factors [19]
including recent experimental measurements [10], we cur-
rently use ISGW2 [20] to model signal decays.

We determine the statistical significance of the sig-
nals from

!

2#(lnL), where #(lnL) is the change in
log-likelihood between the nominal fit and the no-signal
hypothesis. The total significance is determined in a sim-
ilar manner, by modifying the likelihood function to take
into account systematic uncertainties from the fit. Ta-
ble I gives both significances for each channel.

We have presented preliminary measurements of the
decays B " D$""" and B " D!$""" , relative to the
corresponding decays involving light leptons. We obtain
R(B " D$""" ) = (40.7 ± 12.0 ± 4.9)% and R(B "
D!$""" ) = (31.0 ± 5.7 ± 1.8)%, where the first error is
statistical and the second is systematic. Normalizing to
known branching fractions [13], we obtain

B(B " D$""" ) = (0.90 ± 0.26 ± 0.11 ± 0.06)%

B(B " D!$""" ) = (1.81 ± 0.33 ± 0.11 ± 0.06)%,

where the third error is the uncertainty on the normaliza-
tion branching fraction, and where results are expressed
for the B" lifetime. The significances of the signals
are 3.5% and 6.2%, respectively. The measurement of
B " D!$""" is consistent with a preliminary Belle mea-
surement [21]; the measurement of B " D$""" is the
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FIG. 1: Distributions of events and fit projections in m2
miss for

the four signal channels: D!0!, D0!, D!+!, and D+!. (The
fit shown incorporates the B"–B0 constraints.) The normal-
ization region m2

miss ! 0 is shown as an inset in each figure.
The fit components are: D!""#! (green), D""#! (purple),
D!!"#" (blue), D!"#" (red), D!!(!"/"")# (yellow), com-
binatoric (grey, below dashed line), charge crossfeed (grey,
above dashed line).

fit are shown in Fig. 1.

Systematic uncertainties on R associated with the fit
are determined by running ensembles of fits in which in-
put parameters are distributed according to our knowl-
edge of the underlying source, and include the PDF

parametrization (2% to 12%); the composition of com-
binatoric backgrounds (2% to 11%); the mixture of
D!! states in B " D!!!""! decays (0.4% to 6%); the
B " D!!""! form factors (0.1% to 1.8%); and the #0

e!ciency, which a"ects the D! " D feed-down rate
(0.4% to 1.0%). Uncertainties on the m2

miss resolution
for B " D!!""! events and on the B " D!""! form
factors each contribute less than 1%. The net systematic
uncertainty on R associated with fit yields is given by
(#R/R)fit for each channel in Table I. Uncertainties on
R propagated from the ratio of e!ciencies for signal and
normalization modes are typically small due to cancella-
tions, and include the limited statistics in the simulation
(1.1% to 1.5%) and systematic errors related to detector
performance. The latter are determined by studying the
e!ciency of track and neutral reconstruction and parti-
cle identification performance in control samples in data
and contribute less than 0.2% each, except for e± and µ±

identification, which contribute 0.5% to 0.7% each, and
are larger because the lepton momentum spectrum di"ers
between the signal and normalization processes. Finally,
the uncertainty on B($" " !""!"" ) [13] contributes 0.2%
to all modes. The net systematic uncertainty on R due
to the e!ciencies is given by (#R/R)# in Table I.

These results are preliminary. We estimate that uncer-
tainties in R due to modeling of bremsstrahlung radiation
are at or below the 1% level, but they have not been ex-
plicitly included in the results. While B " D(!)!""!

decays are modeled with HQET-based form factors [19]
including recent experimental measurements [10], we cur-
rently use ISGW2 [20] to model signal decays.

We determine the statistical significance of the sig-
nals from
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2#(lnL), where #(lnL) is the change in
log-likelihood between the nominal fit and the no-signal
hypothesis. The total significance is determined in a sim-
ilar manner, by modifying the likelihood function to take
into account systematic uncertainties from the fit. Ta-
ble I gives both significances for each channel.

We have presented preliminary measurements of the
decays B " D$""" and B " D!$""" , relative to the
corresponding decays involving light leptons. We obtain
R(B " D$""" ) = (40.7 ± 12.0 ± 4.9)% and R(B "
D!$""" ) = (31.0 ± 5.7 ± 1.8)%, where the first error is
statistical and the second is systematic. Normalizing to
known branching fractions [13], we obtain

B(B " D$""" ) = (0.90 ± 0.26 ± 0.11 ± 0.06)%

B(B " D!$""" ) = (1.81 ± 0.33 ± 0.11 ± 0.06)%,

where the third error is the uncertainty on the normaliza-
tion branching fraction, and where results are expressed
for the B" lifetime. The significances of the signals
are 3.5% and 6.2%, respectively. The measurement of
B " D!$""" is consistent with a preliminary Belle mea-
surement [21]; the measurement of B " D$""" is the
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FIG. 1: Distributions of events and fit projections in m2
miss for

the four signal channels: D!0!, D0!, D!+!, and D+!. (The
fit shown incorporates the B"–B0 constraints.) The normal-
ization region m2

miss ! 0 is shown as an inset in each figure.
The fit components are: D!""#! (green), D""#! (purple),
D!!"#" (blue), D!"#" (red), D!!(!"/"")# (yellow), com-
binatoric (grey, below dashed line), charge crossfeed (grey,
above dashed line).

fit are shown in Fig. 1.

Systematic uncertainties on R associated with the fit
are determined by running ensembles of fits in which in-
put parameters are distributed according to our knowl-
edge of the underlying source, and include the PDF

parametrization (2% to 12%); the composition of com-
binatoric backgrounds (2% to 11%); the mixture of
D!! states in B " D!!!""! decays (0.4% to 6%); the
B " D!!""! form factors (0.1% to 1.8%); and the #0

e!ciency, which a"ects the D! " D feed-down rate
(0.4% to 1.0%). Uncertainties on the m2

miss resolution
for B " D!!""! events and on the B " D!""! form
factors each contribute less than 1%. The net systematic
uncertainty on R associated with fit yields is given by
(#R/R)fit for each channel in Table I. Uncertainties on
R propagated from the ratio of e!ciencies for signal and
normalization modes are typically small due to cancella-
tions, and include the limited statistics in the simulation
(1.1% to 1.5%) and systematic errors related to detector
performance. The latter are determined by studying the
e!ciency of track and neutral reconstruction and parti-
cle identification performance in control samples in data
and contribute less than 0.2% each, except for e± and µ±

identification, which contribute 0.5% to 0.7% each, and
are larger because the lepton momentum spectrum di"ers
between the signal and normalization processes. Finally,
the uncertainty on B($" " !""!"" ) [13] contributes 0.2%
to all modes. The net systematic uncertainty on R due
to the e!ciencies is given by (#R/R)# in Table I.

These results are preliminary. We estimate that uncer-
tainties in R due to modeling of bremsstrahlung radiation
are at or below the 1% level, but they have not been ex-
plicitly included in the results. While B " D(!)!""!

decays are modeled with HQET-based form factors [19]
including recent experimental measurements [10], we cur-
rently use ISGW2 [20] to model signal decays.

We determine the statistical significance of the sig-
nals from

!

2#(lnL), where #(lnL) is the change in
log-likelihood between the nominal fit and the no-signal
hypothesis. The total significance is determined in a sim-
ilar manner, by modifying the likelihood function to take
into account systematic uncertainties from the fit. Ta-
ble I gives both significances for each channel.

We have presented preliminary measurements of the
decays B " D$""" and B " D!$""" , relative to the
corresponding decays involving light leptons. We obtain
R(B " D$""" ) = (40.7 ± 12.0 ± 4.9)% and R(B "
D!$""" ) = (31.0 ± 5.7 ± 1.8)%, where the first error is
statistical and the second is systematic. Normalizing to
known branching fractions [13], we obtain

B(B " D$""" ) = (0.90 ± 0.26 ± 0.11 ± 0.06)%

B(B " D!$""" ) = (1.81 ± 0.33 ± 0.11 ± 0.06)%,

where the third error is the uncertainty on the normaliza-
tion branching fraction, and where results are expressed
for the B" lifetime. The significances of the signals
are 3.5% and 6.2%, respectively. The measurement of
B " D!$""" is consistent with a preliminary Belle mea-
surement [21]; the measurement of B " D$""" is the
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parametrization (2% to 12%); the composition of com-
binatoric backgrounds (2% to 11%); the mixture of
D!! states in B " D!!!""! decays (0.4% to 6%); the
B " D!!""! form factors (0.1% to 1.8%); and the #0

e!ciency, which a"ects the D! " D feed-down rate
(0.4% to 1.0%). Uncertainties on the m2

miss resolution
for B " D!!""! events and on the B " D!""! form
factors each contribute less than 1%. The net systematic
uncertainty on R associated with fit yields is given by
(#R/R)fit for each channel in Table I. Uncertainties on
R propagated from the ratio of e!ciencies for signal and
normalization modes are typically small due to cancella-
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performance. The latter are determined by studying the
e!ciency of track and neutral reconstruction and parti-
cle identification performance in control samples in data
and contribute less than 0.2% each, except for e± and µ±

identification, which contribute 0.5% to 0.7% each, and
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These results are preliminary. We estimate that uncer-
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plicitly included in the results. While B " D(!)!""!

decays are modeled with HQET-based form factors [19]
including recent experimental measurements [10], we cur-
rently use ISGW2 [20] to model signal decays.

We determine the statistical significance of the sig-
nals from

!

2#(lnL), where #(lnL) is the change in
log-likelihood between the nominal fit and the no-signal
hypothesis. The total significance is determined in a sim-
ilar manner, by modifying the likelihood function to take
into account systematic uncertainties from the fit. Ta-
ble I gives both significances for each channel.

We have presented preliminary measurements of the
decays B " D$""" and B " D!$""" , relative to the
corresponding decays involving light leptons. We obtain
R(B " D$""" ) = (40.7 ± 12.0 ± 4.9)% and R(B "
D!$""" ) = (31.0 ± 5.7 ± 1.8)%, where the first error is
statistical and the second is systematic. Normalizing to
known branching fractions [13], we obtain

B(B " D$""" ) = (0.90 ± 0.26 ± 0.11 ± 0.06)%

B(B " D!$""" ) = (1.81 ± 0.33 ± 0.11 ± 0.06)%,

where the third error is the uncertainty on the normaliza-
tion branching fraction, and where results are expressed
for the B" lifetime. The significances of the signals
are 3.5% and 6.2%, respectively. The measurement of
B " D!$""" is consistent with a preliminary Belle mea-
surement [21]; the measurement of B " D$""" is the
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! D"+!!"! ) = (1.15 ± 0.33 ± 0.04 ± 0.04)%, where the uncertainties are statistical,
systematic, and normalization, respectively. By combining B! and B0 results, we also obtain
the branching fractions B(B ! D!!"! ) = (0.90 ± 0.26 ± 0.11 ± 0.06)% and B(B ! D"!!"! ) =
(1.81 ± 0.33 ± 0.11 ± 0.06)% (quoted for the B! lifetime), with significances of 3.5# and 6.2#.
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Semileptonic decays of B mesons to the ! lepton—
the heaviest of the three charged leptons—provide a
new source of information on Standard Model (SM) pro-
cesses [1, 2, 3], as well as a new window on physics beyond
the SM [4, 5, 6, 7, 8]. In the SM, semileptonic decays oc-
cur at tree level and are mediated by the W! boson, but
the large mass of the ! lepton provides sensitivity to ad-
ditional amplitudes, such as those mediated by a charged
Higgs boson, H!. Experimentally, b ! c!!"! decays are
challenging to study because the final state contains not
just one, but two or three neutrinos.

Branching fractions for semileptonic B decays to !
leptons are predicted to be smaller than those for # =
e, µ [9], but are still substantial compared to most
hadronic B decays. A recent SM-based calculation [8]
predicts B(B0 ! D+!!"! ) = (0.69 ± 0.04)% and
B(B0 ! D"+!!"! ) = (1.41± 0.07)%; an inclusive calcu-
lation [2] gives B(B ! Xc!!"! ) = (2.3 ± 0.25)%, where
Xc represents all final states resulting from the b ! c
transition. Calculations [4, 5, 6, 7, 8] in supersymmetric
models show that substantial departures from the SM de-
cay rate could occur for B(B ! D!!"! ), but that those
for B(B ! D"!!"! ) are expected to be smaller. The
interference with the SM amplitude can be constructive
or destructive, depending on the value of (tan$)/mH ,
where tan$ is the ratio of the vacuum expectation val-
ues for the two Higgs doublets and mH is the H! mass.

Theoretical predictions for semileptonic decays to ex-
clusive final states require knowledge of the form factors,
which parametrize the hadronic current as a function of
q2 = (pB " pD(!))2. For light leptons (e, µ), there is ef-
fectively one form factor for B ! D#!"", while there are
three for B ! D"#!"". If a ! lepton is produced instead,
one additional form factor enters in each mode. The form
factors for B ! D(")#!"" decays involving the light lep-
tons have been measured [10] and have been discussed
extensively in the theoretical literature. Heavy-quark-
symmetry (HQS) relations [11] allow one to express the
two additional form factors for B ! D(")!!"! in terms
of the form factors measurable from decays with the light
leptons. With su!cient data, one could probe the addi-
tional form factors and test the HQS relations.

The first measurements of semileptonic b-hadron de-
cays to ! leptons were performed by the LEP experi-
ments [12] operating at the Z0 resonance, yielding an
average [13] branching fraction B(bhad ! X!!"! ) =

(2.48 ± 0.26)%, where bhad represents the mixture of b-
hadrons produced in Z0 ! bb decay.

We determine branching fractions of four exclusive
decay modes [14]: B! ! D0!!"! , B! ! D"0!!"! ,
B0 ! D+!!"! , and B0 ! D"+!!"! , each of which is
measured relative to the corresponding e and µ modes.
To reconstruct the ! , we use the decays !! ! e!"e"!

and !! ! µ!"µ"! , which are experimentally most ac-
cessible. The main challenge of the measurement is to
separate B ! D(")!!"! decays, which have three neu-
trinos, from B ! D(")#!"" decays, which have the same
observable final-state particles but only one neutrino.

We analyze data collected with the BABAR detec-
tor [15], at the PEP-II e+e! storage ring at the Stanford
Linear Accelerator Center. The data sample used in the
analysis comprises 208.9 fb!1 recorded on the % (4S) res-
onance, yielding 232#106 BB decays. The measurement
uses all of the major detector subsystems: a charged-
particle tracking system consisting of a 5-layer silicon ver-
tex tracker and a 40-layer He-gas drift chamber (DCH);
a quartz-bar Cherenkov particle-identification system; a
CsI(Tl) crystal electromagnetic calorimeter for electron
identification and photon energy measurement; a 1.5 T
superconducting magnet; and a muon identification sys-
tem in the magnet flux return.

The analysis strategy is to reconstruct the decays of
both B mesons in the % (4S) ! BB event, providing
powerful constraints on unobserved particles. One B
meson, denoted Btag, is fully reconstructed in a purely
hadronic decay chain. The remaining charged tracks and
photons are required to be consistent with the products
of a b ! c semileptonic B decay: a hadronic system,
either a D or D" meson, and a lepton (e or µ), either
primary or from !! ! #!"""! . Using the known to-
tal four-momentum of the e+e! collision, we calculate
pmiss = [p(e+e!)" ptag " pD(!) " p"] recoiling against the
observed Btag + D(")# system. A large peak at zero in
m2

miss = p2
miss corresponds to semileptonic decays with

one neutrino, whereas signal events form a broad tail out
to m2

miss $ 8 (GeV/c2)2. To separate signal and back-
ground events, we perform a fit to the joint distribution
of m2

miss and the lepton momentum (|p"
" |), in the rest

frame of the B meson. In a signal event, the observed
lepton is the daughter of the ! and typically has a soft
spectrum; for most background events, this lepton typi-
cally has higher momentum.

SM calculations Chen & Geng JHEP 0610:053,2006
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cesses [1, 2, 3], as well as a new window on physics beyond
the SM [4, 5, 6, 7, 8]. In the SM, semileptonic decays oc-
cur at tree level and are mediated by the W! boson, but
the large mass of the ! lepton provides sensitivity to ad-
ditional amplitudes, such as those mediated by a charged
Higgs boson, H!. Experimentally, b ! c!!"! decays are
challenging to study because the final state contains not
just one, but two or three neutrinos.

Branching fractions for semileptonic B decays to !
leptons are predicted to be smaller than those for # =
e, µ [9], but are still substantial compared to most
hadronic B decays. A recent SM-based calculation [8]
predicts B(B0 ! D+!!"! ) = (0.69 ± 0.04)% and
B(B0 ! D"+!!"! ) = (1.41± 0.07)%; an inclusive calcu-
lation [2] gives B(B ! Xc!!"! ) = (2.3 ± 0.25)%, where
Xc represents all final states resulting from the b ! c
transition. Calculations [4, 5, 6, 7, 8] in supersymmetric
models show that substantial departures from the SM de-
cay rate could occur for B(B ! D!!"! ), but that those
for B(B ! D"!!"! ) are expected to be smaller. The
interference with the SM amplitude can be constructive
or destructive, depending on the value of (tan$)/mH ,
where tan$ is the ratio of the vacuum expectation val-
ues for the two Higgs doublets and mH is the H! mass.

Theoretical predictions for semileptonic decays to ex-
clusive final states require knowledge of the form factors,
which parametrize the hadronic current as a function of
q2 = (pB " pD(!))2. For light leptons (e, µ), there is ef-
fectively one form factor for B ! D#!"", while there are
three for B ! D"#!"". If a ! lepton is produced instead,
one additional form factor enters in each mode. The form
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symmetry (HQS) relations [11] allow one to express the
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tional form factors and test the HQS relations.

The first measurements of semileptonic b-hadron de-
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ments [12] operating at the Z0 resonance, yielding an
average [13] branching fraction B(bhad ! X!!"! ) =

(2.48 ± 0.26)%, where bhad represents the mixture of b-
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We determine branching fractions of four exclusive
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B0 ! D+!!"! , and B0 ! D"+!!"! , each of which is
measured relative to the corresponding e and µ modes.
To reconstruct the ! , we use the decays !! ! e!"e"!

and !! ! µ!"µ"! , which are experimentally most ac-
cessible. The main challenge of the measurement is to
separate B ! D(")!!"! decays, which have three neu-
trinos, from B ! D(")#!"" decays, which have the same
observable final-state particles but only one neutrino.

We analyze data collected with the BABAR detec-
tor [15], at the PEP-II e+e! storage ring at the Stanford
Linear Accelerator Center. The data sample used in the
analysis comprises 208.9 fb!1 recorded on the % (4S) res-
onance, yielding 232#106 BB decays. The measurement
uses all of the major detector subsystems: a charged-
particle tracking system consisting of a 5-layer silicon ver-
tex tracker and a 40-layer He-gas drift chamber (DCH);
a quartz-bar Cherenkov particle-identification system; a
CsI(Tl) crystal electromagnetic calorimeter for electron
identification and photon energy measurement; a 1.5 T
superconducting magnet; and a muon identification sys-
tem in the magnet flux return.

The analysis strategy is to reconstruct the decays of
both B mesons in the % (4S) ! BB event, providing
powerful constraints on unobserved particles. One B
meson, denoted Btag, is fully reconstructed in a purely
hadronic decay chain. The remaining charged tracks and
photons are required to be consistent with the products
of a b ! c semileptonic B decay: a hadronic system,
either a D or D" meson, and a lepton (e or µ), either
primary or from !! ! #!"""! . Using the known to-
tal four-momentum of the e+e! collision, we calculate
pmiss = [p(e+e!)" ptag " pD(!) " p"] recoiling against the
observed Btag + D(")# system. A large peak at zero in
m2

miss = p2
miss corresponds to semileptonic decays with

one neutrino, whereas signal events form a broad tail out
to m2

miss $ 8 (GeV/c2)2. To separate signal and back-
ground events, we perform a fit to the joint distribution
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miss and the lepton momentum (|p"
" |), in the rest

frame of the B meson. In a signal event, the observed
lepton is the daughter of the ! and typically has a soft
spectrum; for most background events, this lepton typi-
cally has higher momentum.
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The fitting procedure is to minimize the !2 between
background-subtracted data yields and a prediction function,

and uses the MINUIT "32# program. The prediction function
(P) for each beam and decay mode is

Pp ,z!Np ,z
$$"Ap ,z , %12&

where Np ,z
$$ is the calculated number of K!$$ decays in

the specified p ,z range, and Ap ,z is the detector acceptance

determined by a Monte Carlo simulation "Eq. %11&#. Note that
Np ,z

$$ includes full propagation of the kaon state from the

target up to the decay point, as in the MC simulation %Sec.
II E 1&.
For all fits, the prediction function is computed in

1 GeV/c p-bins and 2 meter z-bins. To evaluate the !2 in the
Re('!/') fit, the event yields and prediction function are
integrated in 10 GeV/c-wide p-bins, and each p-bin is inte-

grated over the full z-range from 110 m to 158 m. For the

other kaon parameter fits, the event yields and prediction

function are integrated over 10 GeV/c"2 m p-z bins.

To simplify the discussion that follows, the target-KS

component is ignored. For a pure KL beam, the number of

K!$$ decays is

Np ,z
$$(F%p &!)!2e#t/*L, %13&

where t!mK(z#z reg)/p is the measured proper time relative

to decays at the regenerator edge, )!)$#()00) for charged
%neutral& decays, F(p) is the kaon flux, and *L is the KL

lifetime. The vacuum beam decay distribution is determined

by *L ; the total event yield is proportional to !)!2 and the
kaon flux.

For a pure KL beam incident on the KTeV regenerator, the

number of decays downstream of the regenerator is

Np ,z
$$(FR%p &Treg%p &†!+%p &!2e#t/*S$!)!2e#t/*L

$2!+!!)!cos%,mt$-+#-)&e#t/*avg‡, %14&

where -)!arg()), !+! and -+ are the magnitude and phase

of the coherent regeneration amplitude "41#, 1/*avg.(1/*S

$1/*L)/2, FR(p) is the kaon flux upstream of the regenera-

tor, and Treg(p) is the kaon flux transmission through the

regenerator. The prediction function accounts for decays in-

side the regenerator by using the effective regenerator edge

"Fig. 7%b&# as the start of the decay region. All three terms in
Eq. %14& are important, as illustrated in Fig. 24, which shows
interference effects in the regenerator-beam z-vertex distribu-

tion.

Next, we discuss how the various factors in Eqs. %13&,
%14& are treated in the fits. The average vacuum-to-

regenerator kaon flux ratio (F/FR) and the average regen-

erator transmission (Treg) cancel in the Re('!/') fit as ex-
plained in Appendix A. To account for the momentum

dependence of the regeneration amplitude in the fits %see be-
low&, we need to know the momentum-dependence of

F/(FRTreg); it is measured from the vacuum-to-regenerator

ratio of KL!$$$#$0 decays, and is found to vary linearly

by ($7.0%0.7)% between 40 and 160 GeV/c . This varia-

tion in F/(FRTreg) is mostly from the momentum depen-

dence of the regenerator transmission, and to a lesser extent

from the movable absorber transmission.

The KL lifetime is taken from "30#. The values of ,m and

*S are fixed to our measurements %Sec. VI A& for the

Re('!/') fit, and are floated in the fits for the other kaon
parameters. In the fits that assume CPT symmetry, -$# and

-00 are set equal to the superweak phase:

-)!-SW!tan#1%2,m/,/&. %15&

The final component of the prediction function is the re-

generation amplitude. We use a model that relates + to the
difference between the forward kaon-nucleon scattering am-

plitudes for K0 and K̄0:

+( f#.0
f %0 &# f̄ %0 &

p
, %16&

where f (0) and f̄ (0) are the forward scattering amplitudes

for K0 and K̄0, respectively, and p is the kaon momentum.

Additional factors that contribute to + are described in "33#.
For an isoscalar target and high kaon momentum, f# can

be approximated by a single Regge trajectory corresponding

TABLE V. Fit conditions used to analyze K!$$ data.

‘‘z-binning’’ refers to using 2 m z-bins in the regenerator beam.

‘‘Assume CPT’’ means that Eq. %15& is a fit constraint. Free param-
eters common to all fits, but not shown in the table, include the

regeneration parameters ! f#(70 GeV/c)! and 1 , and the kaon flux
in each 10 GeV/c momentum bin, F(p1)#F(p12).

Fit Conditions

Fit Assume Free

Type z binning CPT Parameters

Re('!/') No Yes Re('!/')

,m , *S Yes Yes ,m , *S

-$# Yes No ,m , *S , -$#

,- Yes No ,m , *S , -$#

Re('!/'), Im('!/')

FIG. 24. z decay distribution of K!$$$# decays in the regen-

erator beam, for the restricted momentum range 40–50 GeV/c . The

MC prediction %dashed& is without the interference term that is pro-
portional to ‘‘2!+!!)!’’ in Eq. %14&.
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!md , including proper treatment of all correlations. Assum-

ing that this model is sufficiently flexible to accommodate

the observed distribution in data, no additional systematic

error need be assigned. The contribution to the total statisti-

cal error due to the vertex resolution can be extracted by

fitting the data twice: once holding all parameters except

!md fixed, and once allowing the resolution function param-

eters to vary in addition to !md . Subtracting in quadrature

the respective errors on !md from the two fits shows that

!0.005 ps"1 of the statistical error can be attributed to the
resolution parameters.

To determine the systematic error due to the assumed pa-

rametrization of the resolution model, we apply a number of

possible misalignment scenarios to a sample of simulated

FIG. 24. Distributions of !t for unmixed "upper panel# and mixed "lower panel# events in the hadronic B sample, divided into a signal
region mES#5.27 GeV/c

2 with a "a# linear and "c# logarithmic scale, and a sideband region mES$5.27 GeV/c
2 with a "b# linear and "d#

logarithmic scale. In all cases, the data points are overlaid with the result from the global unbinned likelihood fit, projected on the basis of

the individual signal and background probabilities, and event-by-event !t resolutions, for candidates in the respective samples. In "a# and "c#,
the !t distributions obtained from the likelihood fit to the full sample are overlaid, along with the simultaneously determined background

distribution shown as the curve in "b# and "d#.

FIG. 25. Time-dependent asymmetry A(!t) between unmixed and mixed events for hadronic B candidates with mES#5.27 GeV/c
2; "a#

as a function of !t and "b# folded as a function of !!t!. The asymmetry in "a# is due to the fitted bias in the !t resolution function.
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Bs
time, decay-time resolution, and flavor tagging informa-
tion for each candidate and includes terms for signal and
each type of background. The fit is done in three stages.
First, a combined mass and decay-time fit is performed to
separate signal from background and to fix mass and
decay-time models. Combined fits for Bs mass (Fig. 1)
and decay width in hadronic samples and for decay width
in the semileptonic samples yield measurements consistent
with established values [3]. Second, flavor asymmetries are
measured for background components. The third step is a
fit for B0

s- !B0
s oscillations; the mass and decay-time models

and background asymmetries are fixed from the previous
two stages.

The signal PDF has the general form:
 

S!"ti;!ti ;Di# $ ""ti#
Z "s

2
e%"st0&1!ADi cos"#mst0#'

(G"ti % t0;!ti#dt0; (1)

where Di is the ith candidate dilution, and ti, !ti , G, and
""t# have been defined previously. Following the method
described in [28], we fit for the oscillation amplitude A
while fixing #ms to a probe value. When all detector
effects (Di, !ti) are calibrated, the oscillation amplitude
is expected to be consistent with A $ 1 when the probe
value is the true oscillation frequency, and consistent with
A $ 0 when the probe value is far from the true oscilla-
tion frequency. Figure 2 (upper panel) shows the fitted
value of the amplitude as a function of the oscillation
frequency. The sensitivity of the measurement is defined
by the maximum value of #ms where A $ 1 is excluded
at 95% C.L. if the measured value of A were zero. Our
sensitivity is 25:8 ps%1 and exceeds the combined sensi-
tivity of all previous experiments [3]. At #ms $
17:3 ps%1, the observed amplitude A $ 1:03!
0:28"stat# is consistent with unity, indicating that the data
are compatible with B0

s- !B0
s oscillations with that frequency,

while the amplitude is inconsistent with zero: A=!A $
3:7, where !A is the uncertainty on A. The negative
amplitudes measured at frequencies slightly below and
slightly above the peak frequency are expected and are
due to the finite range in signal decay time that is imposed
by the trigger and selection criteria. The systematic uncer-
tainty on A is mainly due to uncertainties on !ti and Di.
Since the effect of these uncertainties on A and !A are
correlated, the ratio A=!A has negligible systematic
uncertainty.

The significance of the potential signal is evaluated from
$ ) log&LA$0=LA$1"#ms#', which is the logarithm of
the ratio of likelihoods for the hypothesis of oscillations
(A $ 1) at the probe value and the hypothesis that A $
0, which is equivalent to random production flavor tags.
Figure 2 (lower panel) shows $ as a function of #ms.
Separate curves are shown for the semileptonic data alone
(dash-dotted line), the hadronic data alone (dotted line),
and the combined data (solid line). A minimal value of

$ $ %6:75 is observed at #ms $ 17:3 ps%1. The signifi-
cance of the signal is quantified by the probability that
randomly tagged data would produce a value of $ lower
than %6:75 at any value of #ms. We repeat the fit 50 000
times with random tagging decisions, and we find this
probability is 0.2%.

Under the hypothesis that the signal is due to B0
s- !B0

s
oscillations, we fix A $ 1 and fit for the oscillation fre-
quency. We find #ms $ 17:31*0:33

%0:18"stat# ! 0:07"syst# ps%1

and the range 17:01 ps%1 < #ms < 17:84 ps%1

(16:96 ps%1 < #ms < 17:91 ps%1) at 90% (95%) C.L.
All systematic uncertainties affecting A are unimportant
for #ms. The only non-negligible systematic uncertainty
on #ms is from the uncertainty on the absolute scale of the
decay-time measurement. Contributions to this uncertainty
include biases in the primary-vertex reconstruction due to
the presence of the opposite-side b hadron, uncertainties in
the silicon-detector alignment, and biases in track fitting.
The measured B0

s- !B0
s oscillation frequency is used to derive

the ratio jVtd=Vtsj $ "
!!!!!!!!!!!!!!!
#md
#ms

mB0s
mB0

r
. As inputs we use

mB0=mB0
s
$ 0:983 90 [29] with negligible uncertainty,

#md $ 0:505! 0:005 ps%1 [3], and " $ 1:21*0:047
%0:035 [30].

We find jVtd=Vtsj $ 0:208*0:001
%0:002"expt#*0:008

%0:006"theor#.
In conclusion, we present the first precise measurement

of #ms. The value of #ms is consistent with standard
model expectations [31] and with previous bounds. Our
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FIG. 2. (Upper panel) The measured amplitude values and
uncertainties versus the B0

s- !B0
s oscillation frequency #ms.

Shown in light gray and dark gray are the 95% one-sided
confidence level bands for statistical uncertainties only and
including systematic uncertainties, respectively. (Lower
panel) The logarithm of the ratio of likelihoods for amplitude
equal to zero and amplitude equal to one, $ $
log&LA$0=LA$1"#ms#', versus the oscillation frequency. The
dashed horizontal line indicates the value of $ that corresponds
to a probability of 1% in the case of randomly tagged data.

PRL 97, 062003 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
11 AUGUST 2006

062003-6

time, decay-time resolution, and flavor tagging informa-
tion for each candidate and includes terms for signal and
each type of background. The fit is done in three stages.
First, a combined mass and decay-time fit is performed to
separate signal from background and to fix mass and
decay-time models. Combined fits for Bs mass (Fig. 1)
and decay width in hadronic samples and for decay width
in the semileptonic samples yield measurements consistent
with established values [3]. Second, flavor asymmetries are
measured for background components. The third step is a
fit for B0

s- !B0
s oscillations; the mass and decay-time models

and background asymmetries are fixed from the previous
two stages.

The signal PDF has the general form:
 

S!"ti;!ti ;Di# $ ""ti#
Z "s

2
e%"st0&1!ADi cos"#mst0#'

(G"ti % t0;!ti#dt0; (1)

where Di is the ith candidate dilution, and ti, !ti , G, and
""t# have been defined previously. Following the method
described in [28], we fit for the oscillation amplitude A
while fixing #ms to a probe value. When all detector
effects (Di, !ti) are calibrated, the oscillation amplitude
is expected to be consistent with A $ 1 when the probe
value is the true oscillation frequency, and consistent with
A $ 0 when the probe value is far from the true oscilla-
tion frequency. Figure 2 (upper panel) shows the fitted
value of the amplitude as a function of the oscillation
frequency. The sensitivity of the measurement is defined
by the maximum value of #ms where A $ 1 is excluded
at 95% C.L. if the measured value of A were zero. Our
sensitivity is 25:8 ps%1 and exceeds the combined sensi-
tivity of all previous experiments [3]. At #ms $
17:3 ps%1, the observed amplitude A $ 1:03!
0:28"stat# is consistent with unity, indicating that the data
are compatible with B0

s- !B0
s oscillations with that frequency,

while the amplitude is inconsistent with zero: A=!A $
3:7, where !A is the uncertainty on A. The negative
amplitudes measured at frequencies slightly below and
slightly above the peak frequency are expected and are
due to the finite range in signal decay time that is imposed
by the trigger and selection criteria. The systematic uncer-
tainty on A is mainly due to uncertainties on !ti and Di.
Since the effect of these uncertainties on A and !A are
correlated, the ratio A=!A has negligible systematic
uncertainty.

The significance of the potential signal is evaluated from
$ ) log&LA$0=LA$1"#ms#', which is the logarithm of
the ratio of likelihoods for the hypothesis of oscillations
(A $ 1) at the probe value and the hypothesis that A $
0, which is equivalent to random production flavor tags.
Figure 2 (lower panel) shows $ as a function of #ms.
Separate curves are shown for the semileptonic data alone
(dash-dotted line), the hadronic data alone (dotted line),
and the combined data (solid line). A minimal value of

$ $ %6:75 is observed at #ms $ 17:3 ps%1. The signifi-
cance of the signal is quantified by the probability that
randomly tagged data would produce a value of $ lower
than %6:75 at any value of #ms. We repeat the fit 50 000
times with random tagging decisions, and we find this
probability is 0.2%.

Under the hypothesis that the signal is due to B0
s- !B0

s
oscillations, we fix A $ 1 and fit for the oscillation fre-
quency. We find #ms $ 17:31*0:33

%0:18"stat# ! 0:07"syst# ps%1

and the range 17:01 ps%1 < #ms < 17:84 ps%1

(16:96 ps%1 < #ms < 17:91 ps%1) at 90% (95%) C.L.
All systematic uncertainties affecting A are unimportant
for #ms. The only non-negligible systematic uncertainty
on #ms is from the uncertainty on the absolute scale of the
decay-time measurement. Contributions to this uncertainty
include biases in the primary-vertex reconstruction due to
the presence of the opposite-side b hadron, uncertainties in
the silicon-detector alignment, and biases in track fitting.
The measured B0

s- !B0
s oscillation frequency is used to derive

the ratio jVtd=Vtsj $ "
!!!!!!!!!!!!!!!
#md
#ms

mB0s
mB0

r
. As inputs we use

mB0=mB0
s
$ 0:983 90 [29] with negligible uncertainty,

#md $ 0:505! 0:005 ps%1 [3], and " $ 1:21*0:047
%0:035 [30].

We find jVtd=Vtsj $ 0:208*0:001
%0:002"expt#*0:008

%0:006"theor#.
In conclusion, we present the first precise measurement

of #ms. The value of #ms is consistent with standard
model expectations [31] and with previous bounds. Our
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including systematic uncertainties, respectively. (Lower
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log&LA$0=LA$1"#ms#', versus the oscillation frequency. The
dashed horizontal line indicates the value of $ that corresponds
to a probability of 1% in the case of randomly tagged data.
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D mixing

fMixed(t) = e!t/!

4!
{cosh (!"t/2) ! cos (!mt)}

probability to produce a D0 that decays as a D0

x = !m/"

y = !"/2"
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D Mixing

The RS and WS fmK!;!mg distributions are described
by four components: signal, random !!

s , misreconstructed
D0, and combinatorial background. The signal component
has a characteristic peak in both mK! and !m. The random
!!

s component models reconstructed D0 decays combined
with a random slow pion and has the same shape in mK! as
signal events but does not peak in !m. Misreconstructed
D0 events have one or more of the D0 decay products either
not reconstructed or reconstructed with the wrong particle
hypothesis. They peak in !m but not in mK!. For RS
events, most of these are semileptonic D0 decays. For
WS events, the main contribution is RS D0 ! K"!!

decays where the K" and the !! are misidentified as !"

and K!, respectively. Combinatorial background events
are those not described by the above components; they
do not exhibit any peaking structure in mK! or !m.

The functional forms of the probability density functions
(PDFs) for the signal and background components are
chosen based on studies of Monte Carlo (MC) samples.
However, all parameters are determined from two-
dimensional likelihood fits to data over the full mK! and
!m region.

We fit the RS and WS data samples simultaneously
with shape parameters describing the signal and random
!!

s components shared between the two data samples. We
find 1 141 500# 1200 RS signal events and 4030# 90 WS
signal events. The dominant background component is the
random !!

s background. Projections of the WS data and fit
are shown in Fig. 1.

The measured proper-time distribution for the RS signal
is described by an exponential function convolved with a
resolution function whose parameters are determined by
the fit to the data. The resolution function is the sum of
three Gaussians with widths proportional to the estimated
event-by-event proper-time uncertainty "t. The random
!!

s background is described by the same proper-time
distribution as signal events, since the slow pion has little
weight in the vertex fit. The proper-time distribution of the
combinatorial background is described by a sum of two
Gaussians, one of which has a power-law tail to account for
a small long-lived component. The combinatorial back-
ground and real D0 decays have different "t distributions,

as determined from data using a background-subtraction
technique [9] based on the fit to mK! and !m.

The fit to the RS proper-time distribution is performed
over all events in the full mK! and !m region. The PDFs
for signal and background in mK! and !m are used in the
proper-time fit with all parameters fixed to their previously
determined values. The fitted D0 lifetime is found to be
consistent with the world-average lifetime [10].

The measured proper-time distribution for the WS signal
is modeled by Eq. (1) convolved with the resolution func-
tion determined in the RS proper-time fit. The random !!

s
and misreconstructed D0 backgrounds are described by the
RS signal proper-time distribution since they are real D0

decays. The proper-time distribution for WS data is shown
in Fig. 2. The fit results with and without mixing are shown
as the overlaid curves.

The fit with mixing provides a substantially better de-
scription of the data than the fit with no mixing. The
significance of the mixing signal is evaluated based on
the change in negative log likelihood with respect to the
minimum. Figure 3 shows confidence-level (C.L.) contours
calculated from the change in log likelihood ("2! lnL) in
two dimensions (x02 and y0) with systematic uncertainties
included. The likelihood maximum is at the unphysical
value of x02 $ "2:2% 10"4 and y0 $ 9:7% 10"3. The
value of "2! lnL at the most likely point in the physically
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FIG. 2. (a) Projections of the proper-time distribution of com-
bined D0 and D0 WS candidates and fit result integrated over the
signal region 1:843<mK! < 1:883 GeV=c2 and 0:1445<
!m< 0:1465 GeV=c2. The result of the fit allowing (not allow-
ing) mixing but not CP violation is overlaid as a solid (dashed)
curve. (b) The points represent the difference between the data
and the no-mixing fit. The solid curve shows the difference
between fits with and without mixing.
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The RS and WS fmK!;!mg distributions are described
by four components: signal, random !!

s , misreconstructed
D0, and combinatorial background. The signal component
has a characteristic peak in both mK! and !m. The random
!!

s component models reconstructed D0 decays combined
with a random slow pion and has the same shape in mK! as
signal events but does not peak in !m. Misreconstructed
D0 events have one or more of the D0 decay products either
not reconstructed or reconstructed with the wrong particle
hypothesis. They peak in !m but not in mK!. For RS
events, most of these are semileptonic D0 decays. For
WS events, the main contribution is RS D0 ! K"!!

decays where the K" and the !! are misidentified as !"

and K!, respectively. Combinatorial background events
are those not described by the above components; they
do not exhibit any peaking structure in mK! or !m.

The functional forms of the probability density functions
(PDFs) for the signal and background components are
chosen based on studies of Monte Carlo (MC) samples.
However, all parameters are determined from two-
dimensional likelihood fits to data over the full mK! and
!m region.

We fit the RS and WS data samples simultaneously
with shape parameters describing the signal and random
!!

s components shared between the two data samples. We
find 1 141 500# 1200 RS signal events and 4030# 90 WS
signal events. The dominant background component is the
random !!

s background. Projections of the WS data and fit
are shown in Fig. 1.

The measured proper-time distribution for the RS signal
is described by an exponential function convolved with a
resolution function whose parameters are determined by
the fit to the data. The resolution function is the sum of
three Gaussians with widths proportional to the estimated
event-by-event proper-time uncertainty "t. The random
!!

s background is described by the same proper-time
distribution as signal events, since the slow pion has little
weight in the vertex fit. The proper-time distribution of the
combinatorial background is described by a sum of two
Gaussians, one of which has a power-law tail to account for
a small long-lived component. The combinatorial back-
ground and real D0 decays have different "t distributions,

as determined from data using a background-subtraction
technique [9] based on the fit to mK! and !m.

The fit to the RS proper-time distribution is performed
over all events in the full mK! and !m region. The PDFs
for signal and background in mK! and !m are used in the
proper-time fit with all parameters fixed to their previously
determined values. The fitted D0 lifetime is found to be
consistent with the world-average lifetime [10].

The measured proper-time distribution for the WS signal
is modeled by Eq. (1) convolved with the resolution func-
tion determined in the RS proper-time fit. The random !!

s
and misreconstructed D0 backgrounds are described by the
RS signal proper-time distribution since they are real D0

decays. The proper-time distribution for WS data is shown
in Fig. 2. The fit results with and without mixing are shown
as the overlaid curves.

The fit with mixing provides a substantially better de-
scription of the data than the fit with no mixing. The
significance of the mixing signal is evaluated based on
the change in negative log likelihood with respect to the
minimum. Figure 3 shows confidence-level (C.L.) contours
calculated from the change in log likelihood ("2! lnL) in
two dimensions (x02 and y0) with systematic uncertainties
included. The likelihood maximum is at the unphysical
value of x02 $ "2:2% 10"4 and y0 $ 9:7% 10"3. The
value of "2! lnL at the most likely point in the physically
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bined D0 and D0 WS candidates and fit result integrated over the
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!m< 0:1465 GeV=c2. The result of the fit allowing (not allow-
ing) mixing but not CP violation is overlaid as a solid (dashed)
curve. (b) The points represent the difference between the data
and the no-mixing fit. The solid curve shows the difference
between fits with and without mixing.
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allowed region (x02 ! 0 and y0 ! 6:4" 10#3) is 0.7 units.
The value of #2! lnL for no mixing is 23.9 units.
Including the systematic uncertainties, this corresponds
to a significance equivalent to 3.9 standard deviations (1#
C:L: ! 1" 10#4) and thus constitutes evidence for mix-
ing. The fitted values of the mixing parameters and RD are
listed in Table I. The correlation coefficient between the x02

and y0 parameters is #0:95.
Allowing for the possibility of CP violation, we calcu-

late the values of RD !
!!!!!!!!!!!!!!
R$
DR

#
D

q
and AD ! %R$

D #
R#
D&=%R$

D $ R#
D& listed in Table I, from the fitted R'

D val-
ues. The best fit points (x02', y0') shown in Table I are
more than 3 standard deviations away from the no-mixing
hypothesis. The shapes of the (x02', y0') C.L. contours are
similar to those shown in Fig. 3. All cross-checks indicate
that the close agreement between the separate D0 and D0 fit
results is coincidental.

As a cross-check of the mixing signal, we perform
independent fmK!;!mg fits with no shared parameters
for intervals in proper time selected to have approximately
equal numbers of RS candidates. The fitted WS branching
fractions are shown in Fig. 4 and are seen to increase with
time. The slope is consistent with the measured mixing pa-
rameters and inconsistent with the no-mixing hypothesis.

We validated the fitting procedure on simulated data
samples using both MC samples with the full detector
simulation and large parametrized MC samples. In all
cases, we found the fit to be unbiased. As a further cross-
check, we performed a fit to the RS data proper-time
distribution allowing for mixing in the signal component;
the fitted values of the mixing parameters are consistent
with no mixing. In addition, we found the staged fitting
approach to give the same solution and confidence regions
as a simultaneous fit in which all parameters are allowed to
vary.

In evaluating systematic uncertainties in RD and the
mixing parameters, we considered variations in the fit
model and in the selection criteria. We also considered
alternative forms of the mK!, !m, proper-time, and "t
PDFs. We varied the t and "t requirements. In addition,
we considered variations that keep or reject all D($ can-
didates sharing tracks with other candidates.

For each source of systematic error, we compute the
significance s2i ! 2)lnL%x02; y0& # lnL%x02i ; y0i&*=2:3, where
%x02; y0& are the parameters obtained from the standard fit,
%x02i ; y0i& the parameters from the fit including the ith sys-
tematic variation, and L the likelihood of the standard fit.
The factor 2.3 is the 68% confidence level for 2 degrees of
freedom. To estimate the significance of our results in
%x02; y0&, we reduce #2! lnL by a factor of 1$"s2i !
1:3 to account for systematic errors. The largest contribu-

TABLE I. Results from the different fits. The first uncertainty
listed is statistical and the second systematic.

Fit type Parameter Fit results (=10#3)

No CP viol. or mixing RD 3:53' 0:08' 0:04
No CP violation RD 3:03' 0:16' 0:10

x02 #0:22' 0:30' 0:21
y0 9:7' 4:4' 3:1

CP violation allowed RD 3:03' 0:16' 0:10
AD #21' 52' 15

x02$ #0:24' 0:43' 0:30
y0$ 9:8' 6:4' 4:5
x02# #0:20' 0:41' 0:29
y0# 9:6' 6:1' 4:3
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D Mixing and SUSY limits

see J. Hewitt etal arXiv:0705.3650

bounds size of u-squark
and c-squark

mass difference

courtesy J. Hewitt
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SUSY limits

Figure 3: Combined constraints from low-energy observables and dark matter in the
tan!–MH plane. The plots have been obtained for Mq̃ = 1.5 TeV AU = !1 TeV, and
[µ, M!̃] = [1.0, 0.4] TeV (upper left); [µ, M!̃] = [0.5, 0.4] TeV (upper right); [µ, M!̃] =
[1.0, 0.3] TeV (lower left); [µ, M!̃] = [0.5, 0.3] TeV (lower right). The light-blue area is
excluded by the dark-matter conditions. Within the red (green) area all the reference
values of the low-energy observables (but for aµ) are satisfied. See main text for more
details. The yellow band denote the area where the stau coannihilation mechanism is
active (1 < M"̃R

/MB̃ < 1.1); in this area the A-funnel region and the stau coannihilation
region overlap.
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B Factory future

Crab cavities will be 
installed and tested with 
beam in 2006.

The superconducting cavities  will be 
upgraded to absorb more higher-order 
mode power up to 50 kW.

The beam pipes and all vacuum components will be replaced with   
higher-current-proof design.

The state-of-art ARES 
copper cavities will be 
upgraded with higher 
energy storage ratio to 
support higher current.

SuperKEKB
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Figure 2-9. Allowed regions for ! and " using some of the parameters listed
in Tables 2-1, 2-2 and A-2. The closed contours at 68% and 95% probability
are shown. The full lines correspond to 95% probability regions for each of the
constraints.

It is straightforward to generalize the Standard Model analysis including generic
New Physics e!ects in "F = 2 processes. In fact, those processes can be described
by a single amplitude and parameterized, without loss of generality, in terms of
two New Physics parameters, that quantify the ratio of the full amplitude to the
Standard Model amplitude [233–237]. Thus, for instance, in the case of B0

q–B
0
q

mixing we define

CBq e2i!Bq =
!B0

q |H full
e! |B0

q"
!B0

q |HSM
e! |B0

q"
, (q = d, s) (2.9)

where HSM
e! includes the Standard Model box diagrams only, while H full

e! includes also
the New Physics contributions. In the absence of New Physics e!ects, by definition
CBq = 1 and φBq = 0. A subset of the SuperB measurements, those of tree level
and mixing-related processes, can be used.
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Figure 3-1. Large Piwinski angle and crabbed waist scheme. The collision area
is shown in yellow.

vertical motion modulation by horizontal beam oscillations [14]. A sketch of the
crabbed waist scheme is shown in Fig. 3-1.

The crabbed waist correction scheme can easily be realized in practice with two
sextupoles magnets in phase with the IP in the x plane and at $/2 in the y plane,
on both sides of the IP, as shown in Fig. 3-2.

IP

Tx,y T̄x,y

Sextupole
+Ks

Anti-sextupole
!Ks

!µx = $
!µy = $/2

!µx = $
!µy = $/2

Figure 3-2. Crabbed waist correction by sextupole lenses.

Review of the key issues

The SuperB design aims to achieve a luminosity in excess of 1036 cm!2s!1. Some of
the key design elements that need consideration in realizing this goal are described
in this section, beginning with the luminosity-vs.-power issue.
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