Suplemento de la Revista Mexicana dsi€a3 0308058 (2022) 1-5

New physics and the tau polarization vector inb — cr~ v, decays
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For a generaH, — H 70, decay, we analyze the role of thepolarization vecto* 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 evBlt&bions of
different decays. We show thaf' component orthogonal to the plane determined by the final hadron tmde-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 work of Ref. [11], we focus on the observables involving

) ) i the T-polarization vector, like its components and averages,
The present discrepancies between experimental daliafor - ang how they can be extracted.

¢ semileptonic decays and standard model (SM) predictions
are indications of lepton flavor universality (LFU) violation, u
and thus of the possible existence of new physics (NP) bed- P vector

yond the SM atffecting only the third quark and lepton gen_For a given momentum configuration and when all particle’s

erations. The discrepancy between predictions and data have, .~ .
. : : polarizations are summed up (except for #)ethe squared
been especially seen in the ratios

amplitude for aH, — H.7, decay can be written as:

Rp = 0.340 £ 0.027 £0.013, RIM =0.299 & 0.003, S
o DM =i (K)Ouii (k). (3)
Rp~ = 0.295 4+ 0.011 +0.008, R = 0.258 4 0.05,

Rypp=0714£017+0.18, RY), ~0.25-0.28. (1)  with u$ (k) the final~ spinor, corresponding to polarization

. . h = £1 along the four vectolS, andr, ' polarization in-
These results, compiled by the HFLAV group [1]. combine 4o 05 of the initial and final hadrons, respectively. The op-
data from BaBar, Belle and LHCb experiments [2-9]), anderator@ contains the physics of the decay and depends on

show a terc113|on W|t.fl1)|the SM ?ft the Ievelr:?ﬂa. logical the momenta of the particles. Using the spin-density matrix
To SFU y possible NP e e_zcts,_ a phenomenological aps, mz)igm, explained in detail in Ref. [11], this expression
proach is typically used, which is constructed out of thebecomeS'

most general effective Hamiltonian comprising the full set

of dimension-6 semileptonic — c operators [10] i M = %Tr [(l{’ . mT)O} Gnpes). @
4G VYC rr!
Hyg = —F b[(l + Cv, )OOy, + Cy,, Oy, _ o | |
V2 whereP* is the r polarization vector. It is defined by the
+ Cs,0s, + Cs,0s,, + CrOr], (2) relation
'’ I u

where the different; are, complex in general, Wilson co- (0 Jr/mT)O(ls{ +/m7)757 | ©
efficients (Wc) that parameterize the deviations from the SM Te[(¥ + m)OH +m,))

(C?M = 0). The numerical values of the different Wc de- and it satisfies the constraints

pend on the NP model considered, but in the end they have

to be fitted to the experimental data. Different NP scenarios PHE = pH. P =0. (6)
can lead to the same, or very close, results forhe ra-

tios. To differentiate among different NP models, one needs The full expression for the polarization vector is obtained
to simultaneously study other observables. Here, followingn Ref. [11] to be
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FIGURE 1. Pr, Pr. andP? (CM system) for theB — D7, decay. The NP scenarios are Fits 6 and 7 of Ref. [10].

part of structure functions (SFs) and they can be nonzero only
1 " q" in the presence of complex Wc’s [11].
Pt = N(wk)( MLNM (w, k- p)+ MLNHQ (w, k- p) Choosing the orthogonal basis of the four-vector
P Minkowski spacé

e#k’qu .k )) @
=3 VHs\W,R-D) |, m i =/ i
M3 Né‘:L7 A]\/#:(O,(ljXp/)X]i/)7
mr I P
with 1, = [l — (- k' /m2)k'] (I = p, q) and where the differ- (k7 X p7) x k|
ent\ functions depend on the product of the initial hadron |El| EOk!
(p) and the neutringk) momenta and ow (the product of Np=3"'= oy Bk
the initial and final hadron four-velocities). Looking closer to ™ melk’]
these functions, we see that they depend @imdependent % 7
functions ofw [11-13] Nipp = <0, W) ; 9)
Xp
_1 (k-p) (k-p)?
N = 5 Alw) + Bw) ez Cw) M and sinceP - k' = 0, we have that
k- N
Ny, = An(w) —‘rCH(w)(sz), PH =Py, Ni + Pr N¥+PTT N;T' (20)
k - k-p)? We can also compute the Lorentz scalar
Nt = Bruw) + Do) E 2 4 () B2V P
(k- p) P? = —(P%+Pir + P1). (11)
Niy = Fr(w) + Gu(w) 7z (8)

This quantity takes values betweeiri and0, corresponding
Note that thatF;(w) and Gy (w) depend on the imaginary —1 to a fully polarizedr and0 to an unpolarized.
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FIGURE 2. Pr, P andP? (LAB system) for theB — D7, decay. The NP scenarios are Fits 6 and 7 of Ref. [10].

In Fig. 1, we present results for these observables for th@™ andPL4B components carry the same information, the
B — D decay and evaluated in the CM frame within the SM equivalence of the two frames is lost for the averages [11].
and the NP models corresponding to Bisnd7 of Ref. [10].  Therefore, if only the averages are measured, CM and LAB
One sees that the SM and Figive very similar results, while give complementary information. Note, however, that the
the predictions obtained from Fitare very different and can (P?)(w) average is a scalar and thus the same in both frames.
be easily distinguished from the other two sets of results. The In Fig. 3, we show the results fdPr),(P;) and (P?)
exception isP2, for which one can prove that it is exactly corresponding to the fivé&8 — D) B. — 7., J/¥ and
minus one fol0~ — 0~ decays [11]. In Fig. 2 we show the A, — A, semileptonic decays. As before, Fitresults are
same observables, but evaluated this time in the frame whereery different from those of Fi6 and SM. Also, it can be
the initial hadron is at rest (LAB). Again, Fit 7 results are seen that some decays are better for discriminating NP ef-
very different from SM and Fit 6 ones. fects.0~ — 0~ meson decays are the best, followed by the

A, — A, decay, whileD~ — 1~ meson decays are not that

3. P, averages good, even if one could reduce the hadronic uncertainties.
. a

In the literature, see for instance Ref. [14], itis however more4, P, and complex Wilson coefficients
common to use the name polarization vector for the aver-

ages that we define below. We will denote those averagethe Prr compqnent of ther polarization vector only de-
as(P,)(w),a = L,T,TT, and in the CM and LAB frames pends on the** ?? A, term. N, is proportional to the

they are defined as imaginary part of some of the structure functions. This re-
4 quires complex Wilson coefficients, thus incorporating vio-
[dcos 0, N(w, k- p) PEM (W, k - p) lation of the CP symmetry in the NP effective Hamiltonian.

(PMy(w) = -1 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

+1
JdcosO; N(w, k- p)
-1

tensor terms. Therefore, at least one of the Cp, Cr

Ef(w) LAB Wilson coefficients must be different from zero.
7f dEN(w, k- p) PP (w, k - p) In the previous sections, all the fits used had real Wilson
(PLABY () = Er (w) . . (12) coefficients and, thus, the; component was exactly zero.
Er (W) That is why we now focus on th&, leptoquark model fit

| dEN(w,k-p)

=) 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
These averages correspond to some experimental asymmfilson coefficients that cannot be broken using other observ-
tries and they are easier to measure. Note that, while thables [11].
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FIGURE 3. (Pr), (PL) and<732> (CM system) for the five decays considered. The NP scenarios are Fits 6 and 7 of Ref. [10].
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FIGURE 4. Independent functiong;; andGs and the(Prr) average using the R2 leptoquark model fit of Ref. [15].

In Fig. 4, we show the results of the functio#s, and  frame. A scheme of the latter can be seen in the diagram of
Gy with a positiveS[Cr (1 TeV)] > 0, see [16]. In the third  Fig. 5. TheFy 1 2(w, &4) functions are given by
panel, the averaggPS ) (w), is shown for both signs of the
imaginary part ofC'r. This polarization vector component
breaks the degeneracy present in other observables.

generacyp Fy(w, &) =Cn(w, &a) + Cp, (@, &) (PEM),
Fy (wv fd) :CAFB (wa gd)AFB + CZL (wv fd)ZL
+ CPT (wv gd)<PYQM>a

FQ(UJ, gd) :CAQ (w7€d)AQ + CZQ (w7 éd)ZQ

5. H, — H.r(— dv,)v, 4-body decays

The T 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 finalis contained in the

4-body differential decay width [16,17] +Cz, (w,8a)Z1. (14)
dSFd . dFSL d d
dwd&ddCOS Hd = Pd dw {FO (Wagd) +F1 (Wafd) Cos ad

The C; are kinematical factors that depend on the tau de-
cay mode £, p or uv,) and they can be computed analyt-

+ de(u),fd)PQ(COS Gd)}, ( .
ically [16]. The severnw—functionsArg, Z1,,Ag,Zq, Z1

(13)

corresponding to the sequential deddy— H.7(— dv,)b.
with d = =, p, uv,. The variable, is related to the CM en-
ergy of the charged particle in which the tau decays/A or

and (PLC}\%) are a combination of thé independen4, B, C
and Ay, By Cy, Dy and&y ones. Information otFy, Gy
is lost after integration over the azimuthal angle Note that

1) wheread, is the angle made by the three-momenta of thisthe latter can not be measured sinceiteomentum can not
particle with that of thel,. hadron, also measured in the CM be established.
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FIGURE 5. Kinematics in therv; CM reference system and the
unit vectors (i, 7ir and#irr) which define the Minkowski base
of Eq. (9).

6. Conclusions

different decays and observables. While measuring the mo-
mentum and polarization state of the finalvould be ideal

to obtain the maximum information, this is precluded by the
fact that ther is very short-lived. One has then to rely in
sequential processes where the finaubsequently decays.
These processes retain most of the information which could
be extracted fromH, — H_.rv, decays if ther were de-
tected. In particular, the values of thé’g%@) 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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i. The definition of the correspondent three-vectors can be seen9. R. Aaij et al. Measurement of the ratio of ti®° — D**r~ 5,

for the center of mass frame of the two final leptons (CM), in

the diagram of Fig. 5.
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