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New physics and the tau polarization vector inb → cτ−ν̄τ decays
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E. Herńandez
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For a generalHb → Hcτ ν̄τ decay, we analyze the role of theτ polarization vectorPµ in the context of lepton flavor universality violation
studies. We use a general phenomenological approach that includes several new physics terms and we make specific evaluations ofPµ for
different decays. We show that aPµ component orthogonal to the plane determined by the final hadron andτ three-momenta is only possible
for complex Wilson coefficients and it would be associated to a violation of the CP symmetry.
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1. Introduction

The present discrepancies between experimental data forb →
c semileptonic decays and standard model (SM) predictions
are indications of lepton flavor universality (LFU) violation,
and thus of the possible existence of new physics (NP) be-
yond the SM affecting only the third quark and lepton gen-
erations. The discrepancy between predictions and data have
been especially seen in the ratios

RD = 0.340± 0.027± 0.013, RSM
D = 0.299± 0.003,

RD∗ = 0.295± 0.011± 0.008, RSM
D∗ = 0.258± 0.05,

RJ/ψ = 0.71± 0.17± 0.18, RSM
J/ψ ≈ 0.25,−0.28. (1)

These results, compiled by the HFLAV group [1], combine
data from BaBar, Belle and LHCb experiments [2-9]), and
show a tension with the SM at the level of3.1σ.

To study possible NP effects, a phenomenological ap-
proach is typically used, which is constructed out of the
most general effective Hamiltonian comprising the full set
of dimension-6 semileptonicb → c operators [10]

Heff =
4GF Vcb√

2
[(1 + CVL)OVL + CVROVR

+ CSLOSL + CSROSR + CTOT ], (2)

where the differentCi are, complex in general, Wilson co-
efficients (Wc) that parameterize the deviations from the SM
(CSM

i = 0). The numerical values of the different Wc de-
pend on the NP model considered, but in the end they have
to be fitted to the experimental data. Different NP scenarios
can lead to the same, or very close, results for theRHc ra-
tios. To differentiate among different NP models, one needs
to simultaneously study other observables. Here, following

the work of Ref. [11], we focus on the observables involving
the τ -polarization vector, like its components and averages,
and how they can be extracted.

2. Pµ vector

For a given momentum configuration and when all particle’s
polarizations are summed up (except for theτ ), the squared
amplitude for aHb → Hcτ ν̄τ decay can be written as:

∑

rr′
|M|2 = ūS

h(k′)OuS
h(k′), (3)

with uS
h(k′) the finalτ spinor, corresponding to polarization

h = ±1 along the four vectorS, andr, r′ polarization in-
dexes of the initial and final hadrons, respectively. The op-
eratorO contains the physics of the decay and depends on
the momenta of the particles. Using the spin-density matrix
formalism, explained in detail in Ref. [11], this expression
becomes:

∑

rr′
|M|2 =

1
2
Tr

[
( /k′ + mτ )O]

(1 + hP · S) , (4)

wherePµ is the τ polarization vector. It is defined by the
relation

Pµ =
Tr[( /k′ + mτ )O( /k′ + mτ )γ5γ

µ]
Tr[( /k′ + mτ )O( /k′ + mτ )]

, (5)

and it satisfies the constraints

Pµ∗ = Pµ, k′ · P = 0. (6)

The full expression for the polarization vector is obtained
in Ref. [11] to be
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FIGURE 1. PT , PL andP2 (CM system) for theB̄ → Dτν̄τ decay. The NP scenarios are Fits 6 and 7 of Ref. [10].

Pµ =
1

N (ω, k · p)

(
pµ
⊥

M
NH1(ω, k · p) +

qµ
⊥

M
NH2(ω, k · p)

+
εµk′qp

M3
NH3(ω, k · p)

)
, (7)

with l⊥ = [l− (l · k′/m2
τ )k′] (l = p, q) and where the differ-

entN functions depend on the product of the initial hadron
(p) and the neutrino(k) momenta and onω (the product of
the initial and final hadron four-velocities). Looking closer to
these functions, we see that they depend on10 independent
functions ofω [11-13]

N =
1
2

[
A(ω) + B(ω)

(k · p)
M2

+ C(ω)
(k · p)2

M4

]
,

NH1 = AH(ω) + CH(ω)
(k · p)
M2

,

NH2 = BH(ω) +DH(ω)
(k · p)
M2

+ EH(ω)
(k · p)2

M4
,

NH3 = FH(ω) + GH(ω)
(k · p)
M2

. (8)

Note that thatFH(ω) andGH(ω) depend on the imaginary

part of structure functions (SFs) and they can be nonzero only
in the presence of complex Wc’s [11].

Choosing the orthogonal basis of the four-vector
Minkowski spacei

Nµ
0 =

k′µ

mτ
, Nµ

T =

(
0,

(~k ′ × ~p ′)× ~k ′

|(~k ′ × ~p ′)× ~k ′|

)
,

Nµ
L = s̃µ =

(
|~k ′|
mτ

,
k′0~k ′

mτ |~k ′|

)
,

Nµ
TT =

(
0,

~k ′ × ~p ′

|~k ′ × ~p ′|

)
, (9)

and sinceP · k′ = 0, we have that

Pµ = PL Nµ
L + PT Nµ

T + PTT Nµ
TT . (10)

We can also compute the Lorentz scalar

P2 = −(P2
T + P2

TT + P2
L). (11)

This quantity takes values between−1 and0, corresponding
−1 to a fully polarizedτ and0 to an unpolarizedτ .
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FIGURE 2. PT , PL andP2 (LAB system) for theB̄ → Dτν̄τ decay. The NP scenarios are Fits 6 and 7 of Ref. [10].

In Fig. 1, we present results for these observables for the
B → D decay and evaluated in the CM frame within the SM
and the NP models corresponding to Fits6 and7 of Ref. [10].
One sees that the SM and Fit6 give very similar results, while
the predictions obtained from Fit7 are very different and can
be easily distinguished from the other two sets of results. The
exception isP 2, for which one can prove that it is exactly
minus one for0− → 0− decays [11]. In Fig. 2 we show the
same observables, but evaluated this time in the frame where
the initial hadron is at rest (LAB). Again, Fit 7 results are
very different from SM and Fit 6 ones.

3. Pa averages

In the literature, see for instance Ref. [14], it is however more
common to use the name polarization vector for the aver-
ages that we define below. We will denote those averages
as〈Pa〉(ω), a = L, T, TT , and in the CM and LAB frames
they are defined as

〈PCM
a 〉(ω) =

+1∫
−1

d cos θτ N (ω, k · p)PCM
a (ω, k · p)

+1∫
−1

d cos θτ N (ω, k · p)
,

〈PLAB
a 〉(ω) =

E+
τ (ω)∫

E−τ (ω)

dEτN (ω, k · p)PLAB
a (ω, k · p)

E+
τ (ω)∫

E−τ (ω)

dEτN (ω, k · p)

. (12)

These averages correspond to some experimental asymme-
tries and they are easier to measure. Note that, while the

PCM
a andPLAB

a components carry the same information, the
equivalence of the two frames is lost for the averages [11].
Therefore, if only the averages are measured, CM and LAB
give complementary information. Note, however, that the
〈P2〉(ω) average is a scalar and thus the same in both frames.

In Fig. 3, we show the results for〈PT 〉,〈PL〉 and 〈P2〉
corresponding to the fivēB → D(∗), B̄c → ηc, J/Ψ and
Λb → Λc semileptonic decays. As before, Fit7 results are
very different from those of Fit6 and SM. Also, it can be
seen that some decays are better for discriminating NP ef-
fects. 0− → 0− meson decays are the best, followed by the
Λb → Λc decay, while0− → 1− meson decays are not that
good, even if one could reduce the hadronic uncertainties.

4. PTT and complex Wilson coefficients

The PTT component of theτ polarization vector only de-
pends on theεµk′qpNH3 term. NH3 is proportional to the
imaginary part of some of the structure functions. This re-
quires complex Wilson coefficients, thus incorporating vio-
lation of the CP symmetry in the NP effective Hamiltonian.
Moreover, it only depends on the SFs that are generated from
the interference of vector-axial with scalar-pseudoscalar and
tensor terms and the interference of scalar-pseudoscalar with
tensor terms. Therefore, at least one of theCS , CP , CT

Wilson coefficients must be different from zero.
In the previous sections, all the fits used had real Wilson

coefficients and, thus, thePTT component was exactly zero.
That is why we now focus on theR2 leptoquark model fit
of Ref. [15] since it has complex Wc’s. The result of this
fit has a degeneracy in the sign of the imaginary part of the
Wilson coefficients that cannot be broken using other observ-
ables [11].
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FIGURE 3. 〈PT 〉, 〈PL〉 and
〈P2

〉
(CM system) for the five decays considered. The NP scenarios are Fits 6 and 7 of Ref. [10].

FIGURE 4. Independent functionsFH andGH and the〈PTT 〉 average using the R2 leptoquark model fit of Ref. [15].

In Fig. 4, we show the results of the functionsFH and
GH with a positive=[CT (1 TeV)] > 0, see [16]. In the third
panel, the average〈PCM

TT 〉(ω), is shown for both signs of the
imaginary part ofCT . This polarization vector component
breaks the degeneracy present in other observables.

5. Hb → Hcτ(→ dντ )ν̄τ 4-body decays

Theτ is very short-lived and thus it is very difficult to mea-
sure. However, most of the information that could be ob-
tained from actually observing the finalτ is contained in the
4-body differential decay width [16,17]

d3Γd

dωdξdd cos θd
= Bd

dΓSL

dω

{
F d

0 (ω, ξd) + F d
1 (ω, ξd) cos θd

+ F d
2 (ω, ξd)P2(cos θd)

}
, (13)

corresponding to the sequential decayHb → Hcτ(→ dντ )ν̄τ

with d = π, ρ, µν̄µ. The variableξd is related to the CM en-
ergy of the charged particle in which the tau decays (π, ρ or
µ) whereasθd is the angle made by the three-momenta of this
particle with that of theHc hadron, also measured in the CM

frame. A scheme of the latter can be seen in the diagram of
Fig. 5. TheF0,1,2(ω, ξd) functions are given by

F0(ω, ξd) =Cn(ω, ξd) + CPL
(ω, ξd)〈PCM

L 〉,
F1(ω, ξd) =CAF B

(ω, ξd)AFB + CZL
(ω, ξd)ZL

+ CPT (ω, ξd)〈PCM
T 〉,

F2(ω, ξd) =CAQ
(ω, ξd)AQ + CZQ

(ω, ξd)ZQ

+ CZ⊥(ω, ξd)Z⊥. (14)

The Ci are kinematical factors that depend on the tau de-
cay mode (π, ρ or µν̄µ) and they can be computed analyt-
ically [16]. The sevenω−functionsAFB , ZL, AQ, ZQ, Z⊥
and〈PCM

L,T 〉 are a combination of the7 independentA, B, C
andAH, BH CH, DH andEH ones. Information onFH, GH
is lost after integration over the azimuthal angleφd. Note that
the latter can not be measured since theτ momentum can not
be established.
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FIGURE 5. Kinematics in theτ ν̄τ CM reference system and the
unit vectors (~nL, ~nT and~nTT ) which define the Minkowski base
of Eq. (9).

6. Conclusions

We have seen, especially through Fig. 3, that the meson
0− → 0− and the baryonΛb → Λc decays are the best
for distinguishing among NP models. However, one has 5
unknown, complex in general, Wilson coefficients and, in or-
der to fix their values, it is necessary to combine the study of

different decays and observables. While measuring the mo-
mentum and polarization state of the finalτ would be ideal
to obtain the maximum information, this is precluded by the
fact that theτ is very short-lived. One has then to rely in
sequential processes where the finalτ subsequently decays.
These processes retain most of the information which could
be extracted fromHb → Hcτ ν̄τ decays if theτ were de-
tected. In particular, the values of the〈PCM

L,T 〉 averages can
be obtained from such sequential decays. As we have shown,
those averages can help to distinguish between different NP
models.
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Innovacíon (MICINN) and the European Regional Develop-
ment Fund (ERDF) under contracts PID2020-112777GB-I00
and PID2019-105439G-C22, the EU STRONG-2020 project
under the program H2020-INFRAIA- 2018-1, grant agree-
ment no. 824093 and by Generalitat Valenciana under con-
tract PROMETEO/ 2020/023.

i. The definition of the correspondent three-vectors can be seen,
for the center of mass frame of the two final leptons (CM), in
the diagram of Fig. 5.
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