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One of the exciting results in flavor physics in recent times is the Rp/Rp+ puzzle. The measurements of
these flavor ratios performed by the B-factory experiments, BaBar and Belle, and the LHCb experiment are
about 40 away from the Standard Model expectation. These measurements indicate that the mechanism
of b — ctv decay is not identical to that of b — c(u/e)v. This charge lepton universality violation is
particularly intriguing because these decays occur at tree level in the Standard Model. In particular, we

expect a moderately large new physics contribution to b — ctv. The different types of new physics
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amplitudes, which can explain the Rp/Rp+ puzzle, have been identified previously. In this letter, we
show that the polarization fractions of 7 and D* and the angular asymmetries Arp and A;7 in B— D*tv
decay have the capability to uniquely identify the Lorentz structure of the new physics. A measurement
of these four observables will lead to such an identification.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Precision measurements in the flavor sector, both leptonic as
well as hadronic, have led to a number of discoveries in particle
physics. Some of the examples are the following:

e Construction of (V — A) theory due to the smallness of
T —>e .

e Prediction of second neutrino due to non-occurrence of © —ey
and similarly for the prediction of the third neutrino.

e Prediction of charm quark due to the tiny value of K; — Ks
mass difference.

e Prediction of third generation due to the discovery of CP vio-
lation.

Therefore, precision studies of flavor decays play an important role
in particle physics. These studies mainly concentrated on flavor
changing neutral interaction (FCNI) in meson decays. In Standard
Model (SM), FCNI occur only at loop level and hence are predicted
to be small. It was expected that a precise measurement of FCNI
would reveal possible deviations from the SM. The theoretical pre-
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dictions for these decays tend to have large uncertainties because
of hadronic form factors. In recent times, a number of observables
were defined for which the form factor dependence is quite weak.
One such observable, P, in the decay B — K*upu, is measured by
the LHCb experiment [1,2] and is found to differ from its SM pre-
diction by ~ 40 [3]. Very recently, LHCb experiment also observed
charged lepton universality violation in B — (K, K*)ITI~ (I=pu
or e) [4,5].

Evidence for charged lepton universality violation is also ob-
served in the charge current process b — ctv. The experiments,
BaBar and Belle at the B-factories, made precise measurements of
the ratios [6-10]

_ T(B—Dt) _ T(B—D*tD)
- I'(B— Dfe/u}v)’ - I'(B— D*{e/u}v)’

These measurements are about 40 away from the SM predictions.
Very recently, LHCb experiment has measured Rp+ and confirmed
the discrepancy [11-13]. The measured experimental average val-
ues and the SM predictions for these ratios are given in Table 1.
Recently several groups have updated the theoretical predic-
tions of Rp/Rp+ using different approaches, see for e.g., refs.
[17-20]. Ref. [17] improved the SM prediction of Rp by making
use of the lattice calculations of B — DIv form factors [21,22]
along with stronger unitarity constraints. It is the most precise
prediction for Rp till date. The value of Rp+ has been updated

Rp

D*

(1)
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Table 1

Current world average of Rp/Rp+ [14] and their SM predictions for Rp [15] and Rp+ [16]. The first
(second) experimental errors are statistical (systematic).

Rp Rp+ Correlation
Experimental average 0.407 £0.039 + 0.024 0.304 £0.013 £ 0.007 —0.20
SM prediction 0.300 £ 0.008 0.252 £ 0.003 -

in [18] by performing a combined fit to the B — D™ ¥ decay
distributions and including uncertainties in the form factor ra-
tios at O(as, Aqgep/mep) in Heavy Quark Effective Theory (HQET).
Ref. [19] obtained the SM prediction for Rp« by using heavy quark
symmetry relations between the form factors and including recent
inputs from lattice calculations and experiments. The SM predic-
tion for Rp+« was obtained in [20] by including the available known
corrections at O(as, Aqep/mep) in the HQET relations between
the form factors along with the unknown corrections in the ratios
of the HQET form factors. This is done by introducing additional
factors and fitting them from the experimental data and lattice
inputs.

All the meson decays in eq. (1) are driven by quark level tran-
sitions b — clv. These transitions occur at tree level in the SM
unlike the FCNI. The discrepancy between the measured values of
Rp and Rp+ and their respective SM predictions is an indication
of presence of new physics (NP) in the b — ctv transition. The
possibility of NP in b — cuv is excluded by other data [23]. All
possible NP four-Fermi interaction terms for b — ct¥ transition
are listed in ref. [24]. In ref. [23], a fit was performed between all
the B — D/D*tv data and each of the NP interaction term. The NP
terms, which can account for the Rp/Rp+ data and are consistent
with the constraint from B. — TV, are identified and their Wilson
coefficients (WCs) are calculated. It was found that four distinct
solutions, each with a different Lorentz structure, are allowed.

In ref. [25], an attempt was made to distinguish between the
allowed solutions by means of (f;), the D* polarization fraction.
It was found that the NP solution with the tensor Lorentz struc-
ture could be distinguished from other possibilities provided ({fi)
can be measured with an absolute uncertainty of 0.1. It was also
shown in refs. [10,26,27] that the t polarization fraction, Pg*, in
B — D*1v is also effective in discriminating NP tensor operator.
Therefore, in order to uniquely determine the Lorentz structure of
new physics in b — clv, one needs additional observables.

In this letter, we consider the angular observables Arp (the
forward-backward asymmetry) and A;r (longitudinal-transverse
asymmetry) in the decay B — D*tv, in addition to the D* and
T polarizations mentioned above. These asymmetries can only
be measured if the momentum of the 7 lepton is reconstructed.
We will show below that a measurement of these asymmetries,
together with 7 and D* polarization, can uniquely identify the
Lorentz structure of the NP operator responsible for the present
discrepancy in Rp and Rp~, if each observable is measured to the
desired accuracy.

2. New physics solutions

The most general effective Hamiltonian for b — ¢tV transition
can be written as [24]

4Gp V2 N
Heff = —= Ve | Oy, + —2 -3¢0l 2
oI = "7 cb[ vL+4GFvchin: i 0; (2)

where Gp is the Fermi coupling constant, V., is the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element and the NP scale A is
assumed to be 1 TeV. In eq. (2), the unprimed operators O; are
given by,

Oy, = CyuPLb)(Ty*Prv), Oy, = CyYuPrb)(Ty"PLv),
Osgp = (CPRb)(TPLV), Os, =(cPb)(TPLV),
OT:(EUMUPLb)(‘EGV'VPLV). (3)

We also assume that neutrino is always left chiral. The effective
Hamiltonian for the SM contains only the Oy, operator. The NP
operators O;, O] and O} in the low energy effective Hamiltonian
include all other possible Lorentz structures. The NP effects are
encoded in the NP WCs C;, C] and C}'. The primed operators O]
are products of lepton-quark bilinears TI'b and cI'v, where T is a
generic Dirac matrix. The double primed operators O} couple the
bilinear of form #I'c® to b’T'v. Through Feirz transformation, each
primed and double primed operator can be expressed as a linear
combination of unprimed operators [24].

In an earlier report, we have calculated the values of NP WCs
which fit the data on the observables Rp, Rp+, Rj/y, (P?*> and
B(Bc — 1) [23]. Here Rj/y is the ratio of B(Bc — J/¥1V) to
B(B: — J/v¥uv) [28]. In doing these calculations we have consid-
ered either one NP operator at a time or two similar operators at
a time, such as (Oy,, Oy;) and (O’S’L, OgR ). The results of these
fits are listed in Table 2. This table also lists, for each of the NP
solutions, the predicted values of the polarization fractions and
the angular asymmetries in B — D*tv decay. These observables
are standard tools to discriminate between terms in an effective
Hamiltonian with different Lorentz structures [29-34]. Here we
compute P2 (%), fi(q%), Ars(q®) and A;r(q?) in B— D*ti de-
cay, as functions of g% = (pg — pp+)?, where pg and pp« are the
four momenta of B and D* respectively. These observables are de-
fined as

dr/dg?)s, =12 — (@T/dg*)s,——1)2

Pe @)= dr/dq?)s.. =172 + (T /dq?);, =172’ @)
AFB (qz) = dF/—qu
X decose —/QLCICOSQ
) dq?d cos 6, i J dq?d cos 6, o
(5)
2
fug = (dr/dqan*:o+<d(s%jg>;;fj+<dr/dq2nD*=+1 ’ ©6)
Ay = 8 o1 4oy 1 40 i) ™)
JRLeA d¢(f01 d cos Op MﬁJJE] dcosbp m)

Here 6p is the angle between B and D mesons where D meson
comes from D* decay, 0; is the angle between 7 and B and ¢ is
the angle between D* decay plane and the plane defined by the
tau momenta. The predictions for P2"(g?), fi(¢%) and Arp(q?) are
calculated using the framework provided in [35] and for A;r(q?)
we follow ref. [36]. We also analyze tau polarization and forward
backward asymmetry in B — DtV decay. The definitions for these
observables are similar to that of the corresponding observables in
B — D*tv, defined in egs. (4) and (5). We follow the method of
ref. [35] in calculating these quantities.
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Table 2

Best fit values of NP WCs at A =1 TeV, taken from table IV of ref. [23]. We provide the predictions of (PE*), (fr), (Arp) and (Arr) in decay B — D*tv with their

uncertainties for each of the allowed solutions.

NP WCs Fit values (PD*) (f1) (Arp) (Ar)
SM Ci=0 —0.499 £ 0.004 0.45 £ 0.04 —0.011 £0.007 —0.245 £ 0.003
Cy, 0.149 £ 0.032 —0.499 £ 0.004 0.45 £ 0.04 —0.011 £0.007 —0.245 £ 0.003
Cr 0.516 +0.015 +0.115£0.013 0.14+0.03 —0.114 £ 0.009 +0.110 4 0.009
c, —0.526 +0.102 —0.485 £ 0.003 0.46 £ 0.04 —0.087 £0.011 —0.211 £0.008
(Cv,.Cvp) (~1.286,1.512) —0.499 £ 0.004 0.45 £ 0.04 —0.371£0.004 +0.007 == 0.004
(€, Chp) (0.124, —0.058) —0.484 £ 0.005 0.45 £ 0.04 —0.003 £ 0.007 —0.243 £0.003
. ci) (—0.643, —0.076) —0.477 £0.003 0.46 £ 0.04 —0.104 £ 0.005 —0.202 £ 0.002
2
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Fig. 1. Left and right panels in the top row correspond to P‘T)* (q%) and f;(q?), respectively for the B — D*t¥ decay whereas the left and right panels of bottom row
correspond to Arp(q%) and A;r(q?). Red curves with yellow band corresponds to SM predictions. The band, representing 1o range, is mainly due to the uncertainties in
various hadronic form factors and is obtained by adding these errors in quadrature. In each panel, the color code for the NP solutions is: Cy, = 0.149 (green curve), Ct =
0.516 (black curve), C/S/L = —0.526 (blue curve), (Cy,, Cy,) = (—1.286,1.512) (magenta curve), (C(,L,C(,R) = (0.124, —0.058) (purple curve), (C’S’L,C’S’R) = (—0.643, —0.076)
(cyan curve). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

The B — D™D decay distributions depend upon hadronic
form-factors. So far, the determination of these form-factors de-
pends heavily on HQET techniques. In this work we use the HQET
form factors, parametrized by Caprini et al. [37]. The parameters
for B — D decay are well known in lattice QCD [15] and we use
them in our analyses. For B — D* decay, the HQET parameters are
extracted using data from Belle and BaBar experiments along with
lattice inputs. In this work, the numerical values of these parame-
ters are taken from refs. [38] and [39]. The common normalization
term of all the form factors, which is theoretically calculated in lat-
tice [38], cancels out in all the ratios defined in eqs. (4)-(7). Hence
all the inputs for our calculations are derived from fits to experi-
ments within HQET framework.

This table lists six different NP solutions but only the first four
solutions are distinct. The predictions for various observables for
solution 6 are essentially equal to those for solution 3 because val-
ues of C/S/L for these two solutions are very close and the value

of C’S’R in solution 6 is much smaller. Similarly we can argue that
solution 5 is essentially equivalent to solution 1 because (a) Fierz
transform of 0, is Ov,, (b) value of Cy, in solution 5 is close to
the value of Cy, in solution 1 and (c) the value of C(,R is smaller.
Thus we have four different NP solutions with different Lorentz
structures. We explore methods to distinguish between them.

3. Results and discussion

The variation of P2" and f; with g2 is shown in the top row
of Fig. 1. From these plots, we see that the plots of Ot solution
for both these variables differ significantly from the plots of other
NP solutions. The average values of these observables, for each NP
solution, are listed in Table 2. Not surprisingly, there is a large dif-
ference between the predicted values for Ot solution and those
for other NP solutions. If either of these observables is measured
with an absolute uncertainty of 0.1, then the O solution is ei-
ther confirmed or ruled out at 30 level. It is interesting to note
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Fig. 2. Left and right panels correspond to PTD(qz) and A’,_?B(qz) in B— Dtv decay. Red curves with yellow band corresponds to SM predictions. The band is obtained
by adding errors, mainly due to hadronic form factors, in quadrature. Cy, = 0.149 (green curve), Cr = 0.516 (black curve), C’S’L = —0.526 (blue curve), (Cy,,Cyy) =
(—1.286, 1.512) (magenta curve), (C;,L,C(,R) = (0.124, —0.058) (purple curve), (C’S’L,C’S’R) = (—0.643, —0.076) (cyan curve) for each plot.

Table 3

Predictions of (P?) and (A?B> for B— Dt decay.
NP type Fit values (PD) (ARp)
SM Ci=0 0.325 +0.001 0.360 £ 0.002
Cy, 0.149 £0.032 0.325 +0.001 0.360 £ 0.002
Cr 0.516 £0.015 0.161 £ 0.001 0.442 £ 0.002
C’S’, —0.526 £0.102 0.538 £ 0.002 0.308 £0.002
(Cv,, Cvg) (—1.286,1.512) 0.325 £ 0.001 0.360 £ 0.001
(€}, C) (0.124, —0.058) 0.410 £ 0.002 0.348 + 0.001
(€. cl) (—0.643, —0.076) 0.582 + 0.002 0.293 + 0.001

that the Belle collaboration has already made an effort to measure
(PTD*) [9] though the error bars are very large. They are also in the
process of measuring (f) [40].

Our ability to measure the angular observables Apg and Ajr
crucially depends on our ability to reconstruct the T momentum.
This may be very difficult to do because of the missing neutrino in
the t decay. However, as we will show below, these asymmetries
are capable of distinguishing between the three remaining NP so-
lutions. Hence it is imperative to develop methods to reconstruct
the T momentum.

The plots for Arp and A;7 as a function of g2 are shown in the
bottom row of Fig. 1 and their average values are listed in Table 2.
We see that the plots of both Arg(q%) and A;7(q?), for (Ov,, Ov,)
solution, differ significantly from the plots of all other NP solutions
as do the average values. If either of these asymmetries is mea-
sured with an absolute uncertainty of 0.07, then the (Ovy,, Ovy;)
solution is either confirmed or ruled out at 30 level.

So far we have identified observables which can clearly identify
the Or and the (Oy,, Oy,) solutions. As we can see from Ta-
ble 2, one needs to measure (Arp) with an absolute uncertainty
of 0.03 or better to obtain a 30 distinction between Oy, and
0%, solutions. However, this ability to make the distinction can

be improved by observing g dependence of Arp for these solu-
tions. We note that Arg(g?) for O v, solution has a zero crossing at
q*> = 5.6 GeV? whereas this crossing point occurs at g% = 7.5 GeV?
for O/S’L solution. A calculation of (Afpp) in the limited range

6 GeV? < g? < g2, gives the result +0.1 for Oy, and +0.01 for
O/S’L. Hence, determining the sign of (App), for the full g? range

and for the limited higher g range, provides a very useful tool for
discrimination between these two solutions.

In principle the T polarization and the forward backward asym-
metry can be measured in B — Dtv decay also. The plots of
PP(g%) and AP;(g) vs. g% are given in Fig. 2 and the average val-
ues are listed in Table 3. From this figure we see that only the

plots for O significantly differs from others, hence these observ-
ables have only a limited discriminating power.

4. Conclusions

In conclusion, we find that a clear distinction can be made be-
tween the four different NP solutions to the Rp/Rp+ puzzle by
means of polarization fractions and angular asymmetries. A mea-
surement of either T polarization or D* polarization with an ab-
solute uncertainty of 0.1 either confirms the Ot solution as the
explanation of the puzzle or rules it out. Similarly, the (Ovy,, Ovy)
solution is either confirmed or ruled out if one of the angular
asymmetries, (Arg) or (Arr), is measured with an absolute uncer-
tainty of 0.07. Separating the Oy, and the gL solutions is a little
more difficult. But determining the sign of (Arp) in the reduced
q? range (6 GeV2, g2,,) can lead to an additional distinction be-
tween these solutions provided a measurement of this asymmetry
at the level &~ 0.1 is possible. Note that only the observables iso-
lating Ot do not require the reconstruction of T momentum. This
reconstruction of T momentum is crucial to measure the asymme-
tries which can distinguish between the other three NP solutions.
It is worth taking up this daunting challenge to clearly identify the
type of NP which can explain the Rp/Rp+ puzzle.
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