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The measurement of Rp (Rp+), the ratio of the branching fraction of B — DTV;(B — D*1V;) to
that of B — DIV;(B — D*1V;), shows 1.90 (3.30) deviation from its Standard Model (SM) pre-
diction. The combined deviation is at the level of 40 according to the Heavy Flavour Averaging
Group (HFAG). In the paper [1] , we perform an effective field theory analysis (at the dimension
6 level) of these potential New Physics (NP) signals assuming SU(3)¢ x SU(2)r x U(1)y gauge
invariance. We first show that, in general, Rp and Rp- are theoretically independent observables
and hence, their theoretical predictions are not correlated. We identify the operators that can ex-
plain the experimental measurements of Rp and Rp+ individually and also together. Motivated by
the recent measurement of the T polarisation in B — D*TV; decay, Pf* by the BELLE collabora-
tion, we study the impact of a more precise measurement of PF (and a measurement of PP) on
the various possible NP explanations. Furthermore, we show that the measurement of Rp+ in bins
of ¢?, the square of the invariant mass of the lepton neutrino system, along with the information
on 7 polarisation, can completely distinguish the various operator structures.
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1. Introduction

The quantity Ry is defined as the following ratio between two branching ratios:

B(B — DW 1)
%(B — DWIv))

Rpe = (1.1)

where [ = e, . This quantity, being a ratio, is a ‘clean’ observable devoid of the systematic uncer-
tainties that plague individual measurements of branching ratios. Experimental measurements of
these two quantities - 0.397 - 0.028 for Rp and 0.316 £0.019 for Rp+ [2] - don’t match with the
theoretical predictions from the Standard Model (SM) - 0.300£0.011 for Rp and 0.254 +-0.004 for
Rp+. This corresponds to deviations 1.9 ¢ and 3.3 o significance for Rp and Rp+ respectively, while
the discrepancy for the two taken together is quite large ~ 4o '. This might well be a signal for
new physics and we perform a model-independent analysis of the process using six-dimensional
operators; in this analysis, we assume that any NP only affects the third leptonic generation.

Besides Rp and Rp+, we also consider the binned value of Rp and Rp-, the polarisation of
the final state T lepton, PP and PP" and the forward-backward asymmetry in the two processes,
/B, and o7, 2. While a recent measurement of P?" has been reported by BELLE for the first time
(although with large errors) [4], none of the other quantities have been experimentally measured as
yet. The definitions of the observables is given below:
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where A (a,b,c) = a® + b* + ¢* — 2(ab + bc + ca) and 6 is the angle between the lepton and D*)-
meson in the lepton-neutrino centre-of-mass frame.

The decay amplitude for the process can be factorised into two parts - the hadronic part an the
leptonic part. The hadronic part of the decay amplitude cannot be calculated exactly and is param-
eterised using form factors. These form factors are calculated in some theoretical and numerical
framework and, in this work, we choose to simply borrow those results.

't is worth noting that even though the quoted results suggest a large deviation, a recent measurement of Rp+ by
the BELLE collaboration [4] is consistent with the SM value, although the measurement is quite imprecise.
2In principle, various differential distributions are also sensitive to the different NP Lorentz structures, see e.g., [3].



Looking at Rp and Rp+ Debjyoti Bardhan

2. Lagrangian and Operator Basis

The effective six-dimensional Lagrangian for b — ¢ £V, we use for the analysis is given by:

oG = ey bl[lyu PLV] O = (e [0y Pe V)

O = ey v bl[lyu PLV] OR = [ev* vsb)[lyu Pr V)

o4 = [eb)[lPL V) Ok = [cb][[Pr V] @1
Ot = [eysbl[[TPLV] Of% = [e1sD)[[0Pe V)

0% = [V b)[loyy PLV] O = [c6"Vb][l oy PrV]

and the set of Wilson Coeffients (WCs) corresponding to these operators are defined at the
renormalization scale u = my.

In the SM, we would have C{',blf = —CXZ’LZ = 1. We wish to go beyond the SM, but we shall
respect the full gauge invariance of the SM and consequently only consider the operators listed on
the left in 2.1. Further, since it is difficult to build a microscopic model with tensor interaction, we
neglect its contribution in this note.(For the study of tensor operators, refer to the Appendix of [1]).

3. Form Factors

3.1 For B — D decay

The non-zero hadronic matrix elements for B — D transition (ignoring the tensor) are param-

eterized by
. M} — M}
(Do Mp)| 1 BB (. Ms)) = Fi(q?) (0 + po) — 222!
MZ —M2
—i—FO(C]Z)%‘]”
- L M3
(D(pp,Mp)|cb|B(ps,Mp)) = Folq )W (3.1

Calculations for the form factors Fy(g?) and F. (¢*) are known in a lattice framework [5]. The axial
vector and the pseudoscalar matrix elements are zero from symmetry considerations and thus only
the WCs Cy; and C§; contribute to this decay.

3.2 For B — D* decay

The non-zero hadronic matrix elements for B — D* transition are parametrised by

\ s 2v(4?)
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While no lattice calculations exist for the form factors in this case, they have been calculated in a
Heavy Quark Effective Theory (HQET) framework [6] and we borrow those results. In this case,
symmetry dictates that the scalar current is zero and thus there is no contribution to the decay width
from C; .

3.3 Independence of Rp and Rp-

We see that while C{; and C¢; contribute to the B — D decay process, Cy;, Ci, and Cj;,
contribute to the other one. Thus, given the independence of the WCs, the two processes are
independent of each other since they depend of different sets of WCs. In other words, Rp and Rp-
are theoretically independent measurements and allow for separate explanations.

4. Explaining Rp Alone

The quantities a? , b? and c? (in 1.5) can be calculated for a particular helicity of the final state
lepton using a helicity amplitude approach. The complete expressions are given in [1] and it is not
repeated here. Since only Cj;; and Cg; are relevant, we can plot Rp as a variation of the two WCs
and note the range of values for which it satisfies the experimental bounds. This is done in Fig. 1,
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Figure 1: The dependence of Rp with respect to the variation of the WCs C{; (left) and Cg; (right).

where the red (brown) band corresponds to the 16 (20) value on the experimental measurement.
We can use this range of the WCs to make a prediction of the value of the binned Rp, and for the

Figure 2: The binwise Rp for four q2 bins. On the left, C‘T/ 1 1s varied, while on the right, CSTL is varied within
their 1o allowed ranges.

values of PP and .7%y. These are shown in Fig. 2 and Fig. 3 respectively.
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Figure 3: Predictions for the polarisation fraction P;(D) (left) and .QfFDB (right)

5. Explaining Rp+- Alone

We can carry out a similar treatment for the case of B — D* decay. In this case, three WCs
- Gy, C5; and Cf; - contribute. The plots of Rp+ as a function of the different WCs are given in
Fig. 4 As before, the 16 (20) bands are indicated by the red (brown) bands. The prediction for
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Figure 4: The dependence of Rp+ with respect to the variation of the WCs Cy, (left), C;, (middle) and Cf
(right). A thin vertical line shows the SM values of the WCs.
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Figure 5: The binwise R}, for four q2 bins. On the left, CJ;, is varied, in the middle Cj ;. is varied, annd on
the right, C§; is varied within their 1o allowed ranges. The SM predictions are shown in red.

the binned Rp-~ is given in Fig. 5. In this case, we do have a measurement of Pf)*, but it is quite
imprecise. In the left plot of Fig. 6, the size of the errors indicated for the BELLE measurement is a
projection with 20 ab~! data, which is expected to be collected by the year 2021; the central value
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Figure 6: Predictions for the polarisation fraction P;(D*) (left), JZ([%; (right). In the left plot, the Belle IT 20
ab~! projection is shown.

indicated is the current central value. As a matter of completion, we also plot the prediction for
WFI}; on the right of Fig. 6, although no measurement of this quantity exists as yet. We can combine
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Figure 7: The predictions for PP, Rp+ in the last bin and .75, are shown in three different planes for the
ranges of the three WCs Cy,, C§; and Cj; .

the predictions for the binned Rp- restricted to the highest ¢> bin, P?" and .27, to construct three
planes. When plotted in these three planes, the regions of the allowed values of the WCs all separate
out nicely as shown in Fig. 7. A future measurement of any two of these three observables would
help in restricting us to a particular region, thus limiting the scope of any NP model.
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