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Limit on a right-handed admixture to the weak b — ¢ current from semileptonic decays
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We determine an upper bound for a possible right-handed b — ¢ quark current admixture in
semileptonic B — X €~ 7 decays from a simultaneous fit to moments of the lepton-energy and
hadronic-mass distribution measured as a function of the lower limit on the lepton energy, using data
measured by the BABAR detector. The right-handed admixture is parametrized by a new parameter cy as
coefficient of computed moments with right-handed quark current. For the standard-model part we use the
prediction of the heavy-quark expansion up to order 1/m; and perturbative corrections and for the
right-handed contribution only up to order 1/ m,% and perturbative corrections. We find ¢}, = 0.05f8§8 in
agreement with the standard-model prediction of zero. Additionally, we give a constraint on a
possible right-handed admixture from exclusive decays, which is with a value of cj = 0.01 = 0.03
more restrictive than our value from the inclusive fit. The difference in |V,,| between the inclusive and
exclusive extraction is only slightly reduced when allowing for a right-handed admixture in the range of

ch = 0.01 * 0.03.
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L. INTRODUCTION

Parity violation is implemented in the standard model
(SM) by assigning different weak quantum numbers to left-
and right-handed quarks and leptons and it is fair to say that
there is yet no deeper understanding of the symmetry
breaking mechanism in weak interactions with respect to
parity transformations. On the experimental side, parity
violation is well established in the leptonic sector, e.g.
through the measurements of the Michel parameters in
the decay of muons.

However, in hadronic transitions parity violation is
much harder to test due to the uncertainties present in the
calculation of the hadronic matrix elements of the quark
currents. In turn, this leaves sizable room for a possible
non-left-handed admixture. While this is mainly true in the
case of light quark systems, the calculational methods have
significantly developed for heavy quarks using the fact that
the heavy-quark masses are large compared to the binding
energy of heavy hadrons.

In particular for inclusive semileptonic b — ¢ transi-
tions the theoretical methods are in a mature state and
are applied in the framework of the SM to extract, e.g.
the Cabibbo-Kobayashi-Maskawa matrix element |V,|
with an unprecedented relative precision of less than
2% [1].

Clearly the precision of the data as well as of the
theoretical methods may serve also to perform a test for
nonstandard couplings. In two recent papers [2,3] the
necessary calculations have been performed to check for
a non-left-handed coupling in inclusive semileptonic b —
c transitions. In the present paper we use these results
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together with the BABAR data to obtain information on a
possible right-handed admixture to the weak b — ¢
current.

Recently the tension between the inclusive and exclusive
determinations of |V,,| and—to a lesser extend—also of
|V.,| motivated speculations to explain this by right-
handed admixtures in the weak hadronic currents. In [4]
it is shown that a right-handed admixture can soften the
tension and that a right-handed admixture can be obtained
within the minimal supersymmetric standard model.

In the next section we recapitulate the theoretical input
and fix our notation. In Sec. III we perform the analysis
based on BABAR data. In Sec. IV we discuss our result and
compare them in Sec. V to limits from exclusive decays.
Finally, in Sec. VI we conclude.

II. THEORY BACKGROUND AND NOTATION

It is well known that any new physics effect beyond the
SM can be parametrized in terms of higher-dimensional
operators, which are singlets under the SM symmetry
SUB)qgep X SU@)yeak X U(1)y.  Assuming  that  the
Higgs sector is minimal (i.e. if one considers only a single
Higgs doublet) there is only one operator at dimension five
which is related to a Majorana mass of the neutrino and
hence only affects the leptonic sector. At dimension six one
finds a long list of possible operators [5] among which we
find also operators modifying the helicity structure that
appears in the semileptonic » — ¢ decays.

After spontaneous symmetry breaking SU(3)qcp X
SU2)yeak X U(1)y = SUB)gep X U(1)e,  and  after
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running down to the scale of the b-quark mass one finds for
the effective interaction [2,3]
4GV,
H o =Ty} (1)

V2

where J* = éy*P_v, is the usual leptonic current and
Jy,u 18 the generalized hadronic b — ¢ current which is
given by

Jhu = cLCy P-b+ cpcy, P b+ gLEiBMP‘b
+ ggCiD,P.b + dio*(Cio,,P_b)
+ dgio*(Cio,,Pyb), 2

where P. denotes the projector on positive/negative chi-
rality and D, is the QCD covariant derivative. Note that
the leading term contributing to the rate will be the inter-
ference term with the SM ( « ¢; cg), which means that the
leptonic current remains as in the SM since we consider
only final states with electrons and muons and thus can
neglect the lepton mass.

Furthermore, c¢; contains the SM contribution and hence
c, = 1+ O(v*/A?), where v is the vacuum expectation
value from spontaneous symmetry breaking and A is the
new-physics’ scale. All other contributions can only appear
through a new-physics effect. In particular, the effective
field theory approach reveals that ¢y = O(v?/A?), while
all helicity changing contributions are expected to be fur-
ther suppressed by a small Yukawa coupling [2,6].

As it is argued in [2,3] we assume that the new physics
contributions are small, and hence we may expand in the
couplings cp, &1, &r> dr, dp and c¢; — 1. The leading
pieces for the rates are hence the interference terms with
the SM amplitude, which is purely left handed. Thus, any
helicity flip of the charm quark will cost a factor m,/my,
which is, in particular, true for a right-handed admixture;
thereby reducing the sensitivity to such a contribution
slightly.

Furthermore, it will be even more difficult to reveal a
new physics contribution to the left-handed current since
the amplitude depends on Gg|V.,lc; and hence a contri-
bution with ¢; # 1 can be absorbed either into G or |V,
In order to disentangle this one needs to take into account
completely different observables such as e.g. neutral cur-
rent processes. This lies below the scope of the present
work, which deals exclusively with b — ¢ transitions. An
example for a new physics contribution to the left-handed
current which can be absorbed into G or |V,,| is a fourth
generation of quarks and leptons as discussed in [7].

In the following analysis we restrict ourselves to an
investigation of the parameter cz. As has been shown in
[3] the lepton-energy moments and hadronic-mass mo-
ments are not very sensitive to the parameters g;, gg, d;.
and dg. Because the moments depend on the squared
matrix element the parameters appear in pairs, of which
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the leading contributions are ¢? and c;cg. For the com-
bined fit the parameter c; can also be dropped as an overall
factor being absorbed in |V,,|. Thus the parameter used in
the fit is ¢k, = cg/cy.

II1. ANALYSIS
A. Fit setup

The combined fit for the extraction of the new parameter
¢l is performed along the lines as described in [8] using the
HQEFITTER package [9]. It is based on the y? minimization,

/\/2 = (Mexp - Mtheo)TCt?)tl (Mexp - Mtheo), 3)

with the included measured moments M the corre-

exp»
sponding theoretical prediction of these moments Ajltheo
and the total covariance matrix C, defined as the sum of
the experimental (C,,,) and the theoretical (Cye,) covari-
ance matrix, respectively.

In the analysis of [8] the theoretical prediction for the
moments AleQE are calculated perturbatively in a heavy-
quark expansion (HQE) in the kinetic-mass scheme up to
O(1/m3) with perturbative contributions [10-12] resulting
in a dependence on six parameters: the running masses of
the b and ¢ quarks, m,(u) and m (u), the parameters w2
and u% at O(1/m3) in the HQE, and, at O(1/m3), the
parameters p3, and p; .

New in this analysis is the inclusion of possible right-
handed quark currents in the calculation of the theoretical
prediction of the moments. The right-handed contributions
are calculated and used here up to O(1/m3) in the HQE and
O(a,) in the perturbative correction. The aim of this fit is
to give an upper bound for the relative contribution of a
right-handed current compared with the standard-model
left-handed current, which is parametrized by a prefactor
cl for the new contributions to test. Thus the theoretical
prediction of the moments depends on seven parameters
to fit:

Y — / 2 2 3 3
M o = Mtheo(CRr Mmp, Me, W LGs Pps pLS)'

B. Determination of |V ;|

In the presence of a right-handed mixture the definition
of the parameter |V,,| becomes ambiguous. Out of the
three parameters |V,,|, ¢;, ¢k only two are independent,
since ¢; can be absorbed into |V,,|. To this end we choose
to define

IVeplbrycr = IVl (brycr + chbrycr).
For the determination of |V,,| the fit uses a linearized

form of the semileptonic rate I'g; expanded around a priori
estimates of the HQE parameters [10]:
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Veol _ | Bew 1.55
0.0417  V0.1032 7,
X [1 = 0.66(m;, — 4.60) + 0.39(m, — 1.15)
+0.013(u2 — 0.40) + 0.09(p3, — 0.20)
+0.05(u2 — 0.35) — 0.01(p3 + 0.15)
+ 0.341ch]. 4)

[1 + 0.30(a,(my) — 0.22)]

Note the last term (0.341c}), taking into account the
possible contributions from a right-handed quark current.
The a priori estimate of ¢} is zero, i.e. the standard-model
value. Because of the sizable factor and positive sign, a
positive value of c} increases |V,,| compared to the
standard-model fit without c.

The total branching fraction B(B — X_.€~ ») in the fit is
extrapolated from measured partial branching fractions
B, (B— XAt~ p), with p; = p; ... This is done by
comparison with the HQE prediction of the relative decay
fraction (right-hand side):

in

_ drl’ *
By, B X0 _ Ly, it

B(B — X L D) o %dEz

&)

Thus the total branching fraction can be introduced as a
free parameter in the fit. By adding the average B-meson
lifetime 75 (average between neutral and charged B
mesons, see also next paragraph) to the measured and
predicted values, |V,,| can as well be introduced as a
free parameter using (4).

C. Experimental input

The combined fit is performed with a selection of the
following 25 moment measurements by BABAR which are
characterized by correlations below 95% to ensure the
invertibility of the covariance matrix:

(i) Lepton energy moments measured by BABAR

[13]. We use the partial branching fraction Bl’?mm
at the minimal lepton momentum pj = 0.6, 1.0,
1.5 GeV/c, the moments (E;) for p; = 0.6,
0.8, 1.0, 1.2, 1.5 GeV/c, the central moments
((E¢ — (E))?) for p; =0.6, 1.0, 1.5 GeV/c and
((E¢ = (Eg))?) for p; = 0.8, 1.2 GeV/c.

(i1)) Hadronic-mass moments measured by BABAR [8].
We use the moment (m%) for p; = 0.9, 1.1, 1.3,
1.5GeV/c and the central moments ((m% —
(m%))?) and ((m% — (m%))*) both for pj = 0.8,
1.0, 1.2, 1.4 GeV/c.

Furthermore, we use the average B meson lifetime 75 =
foro + (1 — fo)7+ = (1.585 = 0.007) ps with the life-
times of neutral and charged B mesons 7, and 7. and
the relative production rate, f, = 0.491 = 0.007, as quoted
in [14].
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D. Theoretical uncertainties

Theoretical uncertainties for the prediction of the
moments M, are estimated by variation of the parame-
ters. The standard-model parameters, that are all except c,
are treated as in [8]. The uncertainty in the nonperturbative
part are estimated by varying the corresponding parameters
w2 and w2 by 20% and p3, and p; ¢ by 30% around their
expected value. For the uncertainties of the perturbative
corrections ag = 0.22 is varied up and down by 0.1 for the
hadronic-mass moments and 0.04 for the lepton energy
moments and the uncertainties of the perturbative correc-
tion of the quark masses m; and m, are estimated by
varying them 20 MeV/c? up and down. An additional
error of 1.4% is added to |V,,| from the fit for the uncer-
tainty in the expansion of the semileptonic rate I'g; , which
is not included in the fit, but quoted separately as theoreti-
cal uncertainty on |V,,].

Additionally the influence of the right-handed contribu-
tions on the theoretical uncertainties in the predictions of
the moments has to be included. Varying ¢ in a similar
fashion as the other parameters, around the a priory
estimate of zero showed only very little influence on the
fit results. Because of the fact that the right-handed contri-
butions are included up to 1/ mlz7 in the nonperturbative and
O(a,) in the perturbative corrections for all moments, the
uncertainties in the prediction of the moments are not
sizable and thus the variation of ¢} has to be rather small.
For the final results the variation of cj has not been in-
cluded, because of no influence on the significant digits.

IV. RESULTS

Table I shows the fit results and Table II the correspond-
ing standard-model fit results, which were obtained by
performing the fit with ¢ fixed to zero. Figures 1 and 2
show a comparison of the fit results with the measured
moments for the lepton moments and the hadronic-mass
moments, respectively. The uncertainties Agy, and Agpeor
are the expected experimental and theory errors deter-
mined by toy Monte-Carlo studies (see [8]) while A, is
the total uncertainty provided by the fit. Figure 3 shows the
Ax? = 1 contours in the (cf, |V, (ck, my), and (ck, m,)
planes for the results obtained in the fit.

The estimate for c¢j = 0.0550'% is consistent with the
standard-model prediction of zero, but the uncertainty
reveals an unexpected low sensitivity of the semileptonic
fit to possible right-handed contributions. We state the
upper relative admixture limit of |ci| = 0.9 at 95% con-
fidence level.

The extracted value of |V,,| = (43*7) X 107 is consis-
tent with the value from the standard-model fit, but its
uncertainty is quite different. In our fit, this is due to the
influence of a sizable ¢ uncertainty on the determination
of |V,,| in (4), which becomes evident in the contour plot
of the (ck, |Vl) plane, showing a shallow and steep
covariance ellipse.
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TABLE I. Results of the full fit for ¢}, and the canonical set of parameters |V, |, m;, m., B, u2, pu%, p3 and p;, separated by
experimental and theoretical uncertainties. For |V_,| we take into account an additional error of 1.4% for the uncertainty in the
expansion of the semileptonic rate I'; . Correlation coefficients for the parameters are listed below. The uncertainties A, and Aeo
are the expected experimental and theory errors determined by toy Monte-Carlo studies (see [8]) while A, is the total uncertainty

provided by the fit.

ch [Vl X 1073 my, [GeV/c*]  m, [GeV/c?] B (%] p%[GeV?] w2 [GeV?] p3 [GeV3]  pig [GeV?]
Results  0.0517 42.61 4.588 1.133 10.674 0.472 0.303 0.192 —0.122
Aexp 0.1335 2.00 0.000 0.000 0.241 0.032 0.052 0.015 0.096
theo 0.4209 5.55 0.110 0.149 0.068 0.094 0.035 0.056 0.012
Fa +0.3356 9467(2 +0.081 +0.112 +0.240 +0.121 +0.061 +0.095 +0.095
tot —0.4962 —6.34 —0.158 —0.226 —0.274 —0.086 —0.064 —0.043 —0.099
ch 1.00 0.99 0.78 0.74 0.67 —-0.79 0.33 —0.84 0.21
[Vl 1.00 0.75 0.72 0.72 -0.77 0.29 —-0.82 0.22
m 1.00 0.99 0.64 -0.72 0.28 —0.68 0.17
m, 1.00 0.65 —-0.70 0.16 —0.64 0.20
B 1.00 —0.47 0.16 —-0.52 0.14
ux 1.00 —-0.21 0.84 —-0.14
uZ 1.00 —-0.31 0.03
03 1.00 -0.29
Pis 1.00
TABLE II. Results of the standard-model fit with ¢}, fixed to zero.
[Vl X 1073 my, [GeV/c?]  m, [GeV/c*] B [%] p%[GeV?] u% [GeV?]  p3 [GeV?]  pi, [GeV?]
Results 41.93 4.578 1.120 10.654 0.482 0.300 0.198 —0.125
Aexp 0.44 0.058 0.085 0.175 0.023 0.040 0.015 0.081
Atheo 0.38 0.045 0.067 0.061 0.055 0.043 0.027 0.049
. 0.59
+0.83 +0.074 +0.106 +0.185 +0.058 +0.059 +0.031 +0.094
tot —0.83 —0.070 —=0.107 —0.185 —0.060 —=0.059 —0.031 —0.094
[V, 1.00 —-0.35 -0.21 0.67 0.29 —-0.39 0.35 0.06
my 1.00 0.98 0.25 —-0.26 0.06 —0.08 0.01
m, 1.00 0.29 —-0.29 —-0.11 —-0.07 0.07
B 1.00 0.14 —-0.08 0.10 0.00
ux 1.00 0.08 0.52 0.04
uZ 1.00 —-0.07 —0.04
03 1.00 —-0.20
Pis 1.00

To compare the quality of the fits the P value
(prob(x?, ngor)) suits best, because the fits differ by their
number of degrees of freedom and thus the y? value alone
is not sufficient. For the fit with ¢ we find x> = 7.299
with 17 degrees of freedom and thus prob(7.299, 17) =
0.979 and for the standard-model fit prob(7.312, 18) =
0.987, which shows neither improvement nor worsening.

The uncertainty of the result for ¢}, is dominated by the
theory error Ay, = 0.42 in Table I compared to Ay, =
0.13. As a consequence including additional experimental
data, e.g. from Belle, will not improve the limit for a
possible right-handed contribution at this point. We inves-
tigated the theory error by changing the variation of the
parameters as described in Sec. III D. It turned out that the
theory error cannot be pinned down to the uncertainty of a
specific parameter. Furthermore, decreasing all theory

errors had only little effect on the theory error of ck.
We come to the conclusion that the shape of the considered
spectra and hence their moments are too similar for a left
and right-handed b — ¢ current, ending up in a low sensi-
tivity of c% and a weak constraint therein. Thus, improving
the theoretical description, either for the standard-model
part or the right-handed contributions, e.g. including the
1/ mz and Brodsky-Lepage-Mackenzie corrections of the
right-handed current, will not reduce the uncertainty of ¢}
significantly in the performed moment analysis.

V. RIGHT-HANDED ADMIXTURE FROM
EXCLUSIVE DECAYS

It is interesting to note that the value of |V, | extracted in
this way |V,,| = (4372) X 1073 is in agreement with |V, |
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, (ck, my), and (ck, m,) planes for the results obtained in the fit. The

small black contour in the (c%, |V,,|) plot shows the result from exclusive decays (ck = 0.01 = 0.03) as computed in Sec. V.

from exclusive decays, from which |V,,| = (38.6 = 1.3) X
1073 (from B — D*€~ v) [15] is obtained, while the value
from the standard-model fit |V,.,| = (41.9 = 0.8) X 1073
is not. This is due to the low sensitivity of ¢ and thus the
large uncertainty of the extracted value. In addition, also
the exclusive decays allow us to constrain a possible right-
handed admixture [16,17].

The most straightforward way of obtaining this infor-
mation is to study the exclusive differential rates at the
point of maximal momentum transfer to the leptons, cor-
responding to equal four-velocities of the initial and final

hadron. We consider the decays B— D{ v and B —
D*¢" v. The corresponding rates in the standard model
are usually parametrized in terms of two form factors;
the relevant expressions close to the point of maximal
momentum transfer read

dTB=P

dw = To167°(r + 1)2(w? — 132V, IG(W))%,
JTB—=D" (6)
aw [192r3(r. — 1)2(w? — DV2(|V | F(w))?
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where w = v - v/ is the scalar product of the hadronic
velocities, r = mp/my, r.= mp/my, and )=
Gamy/(19273).

The information which is extracted by the experiments
in the context of the |V,,|> determination is

| K 1

lim ,

w—l dw  Tol6r3(r + 1)2(w? — 1)3/2 o
drs—r 1

lim
w—l dw  T192r3(r, — 1)*(w? — 1)1/

which in the standard model is the product of the form
factors at w = 1 and |V,,|. Combining this with a theo-
retical prediction of the form factors at w = 1 one extracts
|Vcb|~

At the nonrecoil point w = 1 the B — D transition is
completely dominated by the vector current, while the
B — D* decay is proportional to the axial vector current.
Thus, including a right-handed admixture, the information
extracted from (7) is |c; + cgl|V,,1G(1) for the case of the
B — D transition and |cg — ¢, ||V, |F(1) for B— D*.
The current experimental data yield [18]:

le, + cpllVaplG(1) = (42.4 = 1.56) X 1073 (8)

leg — eIV F(1) = (35.41 £0.52) X 1073 (9)

Using the lattice data (which are also used to extract
[Vepl) [19-21]

G (1) =1.074 = 0.024, (10)

F (1) =0.921 = 0.025, (11)
we can extract the ratio ¢, = cg/c; to be
¢k =0.01 £0.03, (12)

with the assumption of no sizable correlations between
the experimental measurements of the right-hand
sides of Egs. (8) and (9) as well as between the form
factor values given in (10) and (11). The value for |V,,|
extracted from Egs. (8) and (9) is found to be |V, plexe =
(39.071-}) X 107 which has to be compared to
[Veplexa = (38.8 £ 1.0) X 107% when setting ¢, = 0 in
Egs. (8) and (9).

Recently also nonlattice QCD estimates have been per-
formed for the relevant form-factor values [22,23]. Both
values of the form factors turn out to be smaller by 1
standard deviation than the ones from lattice QCD, how-
ever, the uncertainties of these sum rule estimates are
larger than the quoted lattice QCD uncertainty. Although
both values are smaller, their ratio remains almost the
same, and hence the conclusion on ¢} remains unaltered,
since the extraction of ¢ depends only on the ratio of the
form-factor values.
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The result of ¢} is compatible with zero and, in fact,
more restrictive than the determination from inclusive
decays. Obviously the exclusive decay gives access to
data separated by the handedness of the b — ¢ current in
contrast to the inclusive decay, leading to a better limit on
possible right-handed contributions.

In turn, we can use the result for cj to determine
|Veplina @and compare with |V, e This can be done by
imposing a Gaussian constraint of ¢, = 0.01 £ 0.03 in the
fit with a possible right-handed current. The result
[Vopline = (42.0 £ 0.9) X 1073 compared to |V plea =
(39.071-}) X 1072 exhibits a tension by 3.0 X 1073 of the
central values. Determining |V, | by (8) and (9) with ¢} set
to zero gives |V, lex(chk = 0) = (38.8 £ 1.0) X 1072 and
allows us to examine the differences in the tensions be-
tween inclusive and exclusive decays with and without a
right-handed current, by comparing this value to the
standard-model fit value |V, lipq(ck = 0) = (41.9 =
0.8) X 107 (see Table II) yielding a tension of about
3.1 X 1073 of the central values. As a consequence, the
difference in the central values between |V, | exclusive and
inclusive is slightly reduced, and more importantly, the
uncertainty on |V,,| exclusive is considerably larger
when allowing for a right-handed admixture resulting in
a smaller significance of the observed effect. In our analy-
sis, which is using only the inclusive BABAR data, the
difference between exclusive and inclusive is reduced
from a 2.40 to a 2.10 effect.

VI. SUMMARY

We have performed a full-fledged fit to moments of the
lepton-energy and hadronic-mass distribution of semilep-
tonic B — X.¢~ ¥ decays, including a possible right-
handed admixture to the b — ¢ current. We have consid-
ered the nonstandard contributions up to 1/ m% in the non-
perturbative and O(«;) in the perturbative corrections. The
corresponding fit in the framework of the standard model
yields the most precise determination of |V,,|, due to the
elaborated theoretical description and the precise measure-
ments of the B factories [15]. Our fit, including a right-
handed admixture, is in agreement with the standard model
assumption of zero for a right-handed contribution.
Unfortunately, the result ¢, = 0.0575-33 reveals a low sen-
sitivity of the fit to a right-handed contribution, compelling
us to state the upper relative admixture limit of |ck| = 0.9
at 95% confidence level. The moments of the spectra used
in the fit are too similar for right- and left-handed contri-
butions, resulting in the quoted low sensitivity and weak
bound of ck.

Exclusive decays are competitive in the determination of
|V.p|, given the precise values for the form factors at the
nonrecoil point obtained from lattice QCD calculations.
The same precise values from lattice QCD calculations
can be used to obtain a constraint on cg, which is
considerably stronger than the one obtained from inclusive
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decays: ¢k = 0.01 £ 0.03. Using this result to determine
|Veplina We can compare the tension between |V, i
and |Vl without a right-handed current and with
a right-handed current contribution as from exclusive
decays. A right-handed current reduces the tension by
about 3% and its significance from a 2.40 to a 2.10
effect.
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