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Abstract. The recent results from Belle of the — v, m~e™e™ analysis have incentivated us to make a reanalysis of a former work where
the Structure Dependent parts are obtained using Resonance Chiral Theory. Here we rely on the same theory accounting for effects the
explicitly break such symmetry. A motivation is the involvBdr~* vertex, utterly relevant in computing — v,-7~ radiative corrections.
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1. Introduction plete axial form factor in the sense of VAP Green’s function

) . . analysis [1, 14, 15]. This motivated us to revisit the analy-
(This work is based on the research of Ref. [1].) The increassjs of such decays taking into account the missing parts in
ing development in the search for Beyond Standard Modejhe form factors by including the pseudoscalar resonance ex-
(BSM) Physics in flavor factories demands a better controthange. These resonances, however, will necessarily cou-
of backgrounds, specially in processes allowed in the Starple to a pseudo Goldstone boson and such coupling in-
dard Model with large suppressions. It has been showRolves the mass of the latter. Therefore, these resonances
that, to the precision achieved in such experiments, imporyi| contribute through terms that break explicitly the Chiral
tant background may arise from radiative corrections [2-4lgymmetry. Thus, for the sake of consistency (to see how the
and hadronic contamination [5]. In particulardecays pro-  yvp Green's function analysis [16, 17] relates to the vector
vide a suitable scenario to search for BSM phenomena singgm factor see Ref. [18]), all the leading-order contributions
they involve low hadronic contamination compared to purely(@(m?r)) to the remaining/(3), breaking must be consid-
hadronic transitions and since at experiments like Belle, &red. Therefore, our analysis will involve the missiAig?°)
very large amount of them are created. Therefore, such dgarms in ref. [8] as well as all leading mass contributions to
cays are suitable to look for BSM effects, such as Leptonpe — v, 0l decays. (Although we also analyzed the

Flavor, Lepton Number and Lepton Universality-Violation, - _, ;, i~ 7 in Ref. [1], here we focus only in thedecay-
in semileptonicr decays. Some of the aforementioned ef-channel.)

fects could induce decays suchas — v,.ntu~p~ or

7~ — p~~y that could be explored in Belle-Il. In this work,

we focus on an important background of such processe®. Amplitudes

namely, ther— — v,7—¢¢. Furthermore, the relevance of

such decays relies on the effective vertéx/* P, which is ~ There are two types of contributions to the decay amplitude,
of utmost importance in the evaluation of radiative correc-the first is a Structure Independent (SI), which stems from
tions to ther — v, P [6] decays as well as in determining Inner Bremsstrahlung, that is, the virtual photon is radiated
high energy behavior of the Transition Form Factor (TFF) ofby theT andm meson where the latter is taken as a point-like

the meson, which is needed to describe the most importarfearticle, therefore, the correspondig matrix element can be

parts of the Hadronic Vacuum Polarization contribution to theobtained using scalar QED. The second is Structure Depen-
anomalous magnetic moment of the dent (SD), which means that the virtual photon can resolve

The recent measurement of the — v, 7—eTe~ de-  the internal structure of the, this means that the matrix el-
cays in Belle [7] has confirmed our previous determinationement of the weak and the electromagnetic quark currents
of the Branching Fraction of such process [8], where we recannot be factorized into a matrix element of the weak cur-
lied on Resonance Chiral Theory{R) [9,10] (whichisyPT  renttimes a matrix element of the electromagnetic one. This
[11-13] expanded to include resonances as active degreesigfwhere one needs to rely on an Effective Field Theory. Sep-
freedom), where the lack of a pseudoscalar-resonance efrating the left weak current into the vector and axial currents
change and somé(p°®) contributions provide an incom- We can express the decay amplitude as follows
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FIGURE 1. Feynman diagrams of the Sl contributions.
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whereJ; = u(p_)v"v(p+) and J* = u(q)(1 + vs5)y"u(p,) are the lepton electromagnetic andveak charged currents,
respectively. The definition of momenta is given in Fig. 1. A& = (p, —q)? andk = p, +p_. Itis in the Form Factors of

Egs. Lb) and (Lc) that the hadronic dynamics that cannot be described by means of the underlying theory (QCD) is encoded.
These are the expressions that we will compute using.R

3. Structure dependent part

Using RyT we find that the Feynman diagrams that contribute to the vector form factor are those shown in Fig. 2, while those
contributing to the axial form factors are given in Fig. 3. We refer the reader to Ref. [1] for the operator basis used. The
expression for the vector form factor gives

) N AFU® s W2 + k2] + dfpym?
. Wos o u 123
Fy (W2 E?) = ?)f(_82+64m0 —8Cy [W +k]+M§—W2 M2 — k?
+ 2\/§F€}d 1256 W2 — Clogsm2 — c1o5k? + 2\/§F$d Cr256k” — Clagsmy — C125 W (2)
My M2 —W? My MS—#2 |

which is the same result as for th@-TFF (accounting for factors of 2 from Bose symmetry) with the leading-order chiral
symmetry breaking terms [18].
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FIGURE 2. Feynman diagrams of the vector SD contributions. P-resonance considered as mixing with the Goldstone bosons.
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FIGURE 3. Feynman diagrams of the axial SD contributions. P-resonance considered as mixing with the Goldstone bosons.
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From the diagrams of Fig. 3 we find the expressions

pud Fp = 2Gy mg%gmufv +208Y)  p, Fa- 2@%5%{“
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AW, k5) 2f M2 — k2 2f M2 —W?
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Taking the chiral limit {2, — 0), it can be seen thad, and A, recover their linear dependency [14, 15, 19].

Imposing the high-energy beahviour of QCD form fac-
tors allows us to constrain the parameters of the modelbehavior. Instead, we use the VAP Green’s Function behav-
The behavior of the vector form factor in the limits ior [14,15, 19], which gives the following relations
limy oo Fyvy (AW?2,0) andlimy o, Fyy (AW?2, \k?) [20, 21]

2 2 2 2
give the constraints (see Ref. [18]) Ao = Fi, A \FV = SF” 428, QFV,
4\2Fy Fa 16V2Fy
2 1.2 0\-
o Fy(W25%), O(mp): )\//:_F2+Fj—2FVGV A APV = - F?
Cy =0, 6) 2v2Fy Fa 12F,
F? + F? F?
C125 = O, (7) )\I = #, m {DA = (12)
2V/2Fy Fy 16V2F,
NecMy ®)
c = -,
ST NG *Cy 4. Fit
NoMZ o
ds = — IR (9)  Although the spectra of the invariamt, .+ .- mass shows the
™y typical p(1450) — p(1700) interference (see [1,7]), involving
. ) heavier copies of the meson implies considering more un-
o Fyv(W= k%), O(mp) constrained parameters, wich cannot be well contrained us-
5 ing the data due to large errors. It is, therefore, expected that
N — _647T FVCW* (10)
vV = NC 7 )
* NcMVexl NcM‘?})\V (11) P 30

C = .
T8V Ry | 4V2r2F2 ”s

GeV~—2

We also use the relations from VVP Green’s Function, for )
the sake of predictability. Also, we use the values for some

parameters of the fit done in Ref. [18]. These are Bl
NCMV '_‘ll'—« 10 +
c125 = c1235 = 0, C1256 = — T =5 >
32V2r2Fy Zla 5[ A
P_y p NeMZ  F?  4y2d,k5Y . ~
K = s = — s L L L L T—
° 57 64n?FZ ' 8F2 Fy 10 11 12 13 14 15 16 17
F2 m_,; GeV
CV =C¥ =0, disz= -5 el ( )
8FV FIGURE 4. Normalized invariant mass spectra obtained with the

two sets of parameters obtained from fitting to the Belle data. The

~ However, if we impose that the axial form factors van- e line corresponds to the data with fixed, while the green
ish in the same limits as the vector form factors we obtainone stands for that with; fixed. The blue data corresponds to
no constraint since they already have the correct asymptotigeasurements of~ decays, which show best agreement with our

model [7].
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14605 ‘ ‘ ‘ some relations stemming from high-energy QCD or Green’s
Functions will not be fulfilled. Thus, we do not rely on Wein-
berg’s sum rules.

Comparing the branching fraction data from Belle with
the expected signal events distribution, we obtain an estima-
tion for the deconvolution of signal from the detector, which
we do not know. This is taken as a systematic uncertainty,
which is comparable to the one reported by Belle. Also, the
use of incomplete expressions for the axial form factors by
the Belle collaboration to obtain the branching ratios and in-
variant mass spectrum [1, 7] can lead to biased estimations.
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10 11 12z 13 14 1B 18 17 We, therefore, choose to fit the total branching fraction to the
- (GeV) d_ata instead of _computing it from the partial_ Width_expres-
il sion. Thus, we fitFy, F4, \j andB, the branching ratio.
FIGURE 5. Invariant mass spectia .- .+~ for P =, the thick- The resolution of the data is not precise enough in order

ness represents the error band obtained from the difference betweag gptain a determined set of parameters that minimize the
the two sets. y2 of the fit. Therefore, we fix one of the parameters and
fit the other three. We fix firsFy = 130 MeV, and then

Jeeviio b Ay = 102 x 1073, The former is in agreement with the high
energy relation of Ref. [22], while the latter is the estimation
ﬂ; 1o0o | of A\§ neglecting chiral symmetry breaking effects [23]. A
C © third fit fixing 7y, = +/3F (its correct high energy value [22])
Rt was done, however, it furnishes a very poor fit. The fits ob-
le-04 + E . . .
N tained are shown in Table |. As can be seen from set 2 in
5 > ANA this Table, Fy, is far closer toy/2F than to+/3F, which
= 1le06 . .. . . ,
reiforces the decision of neglecting the Weinberg’s sum rules.
[ The spectra obtained from the number of events spectrum for
1e-08 . . .
each parameter set along with the experimental data is shown
10 in Fig. 4.
N

1e-05 1le-04 1e03 1e-02 1e-01 1e+00
2 2
m; (GeV )
FIGURE 6. Invariant mass spectra . .+.—, the thickness repre-
sents the error band obtained from the difference between the twdJsing the phase space configuration of Ref. [1] and the pa-
sets. The green line is the prediction of Ref. [8]. rameters of both sets we obtained the..- andm,+.-
invariant mass spectra and the total branching ratio. We com-
_ - puted theB(r~ — v,m~eTe™) implementing the kinemat-
TABLE |. Our best fit results fof’s , Iy, A; and the branching jcal cut used by Belle to obtain their measurement of the
?t'o'_ Flogrothni f{} "f\i”'t_s' sirg)gwn ‘;g_tg‘e left (”gtht) ICO“XB“S we fiX pranching ratiogm...- > 1.05 GeV. The difference be-
A= eV (Ao = 102 x 10°), respectively. A0 ermor  yyaan our prediction and Belle’'s measurement is taken as a
means that the fit uncertainty in the parameter is negligible with . . . L
) systematic uncertainty due to unfolding. Thus, taking into
respect to its central value. . . .
account the correlation of the fit, we produced 2400 points

5. Predictions

setl set2 using a Gaussian distribution in the parameter space to inte-
Fa =130 MeV Ay =102 x 1073 grate the branching fraction. We define our prediction of the
Fi 130 MeV (122 + 0) MeV branching ratio with uncertainty for each decay channel to

be the union of the intervals given by the central values with

Fv (135.5£1.1) MeV (137.4 £ 1.6) MeV ) A
. 4 Ty their errors for the prediction thrown by each parameter set,
Ao (38440) x 10 10210 this is, the union of the intervals of Table II; this is given in
B (6.01+£0) x 107 (6.36+0.12) x 10~° Table I. We also give they,—.+.— invariant mass spectrum
x?/dof 31.1/26 31.4/26 in Fig. 5 and then,+ .- in Fig. 6.

TaBLE Il. Full branching ratios accounting for both (dominant) systematic and statistical uncertainties. In the right column we show the Sl
contribution with the error arising from numerical integration of the differential decay width.

setl set 2 1B
Bt~ —v.mmeTe) (2.3840.28 £0.11) - 1075 (2.4540.45+£0.04) - 107° 1.457(5) - 107"
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better set of data for thexv,,-.+.- and data for then .-

TasLE Ill. Branching ratios for the different decay channels. The invariant mass spectra would allow to resolve the dynamics

central value is the mean of the union of intervals given in both of the heavier copies of the meson involved in these de-

columns of Table Il, the first error covers the width of such union cays. The fact that the fits favor a valitg = \/QF shows

of ranges and the second error is the quadratic mean of statisticahat dynamics from such heavier copies are indeed involved,

uncertainties in Table II. making thus necessary to improve the experimental analyses
P,y to obtain more precise data and the need for.a.- spectra.

m,e

Bt~ — v, P )
(2.41£0.40+£0.12) - 107°
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6. Conclusions

. Terms in the effective Lagrangian that depend on the masses of3
the quarks (or equivalently on the masses of the pseudo Gold-
stone bosons) will break chiral symmetry explicitly. Since the
chiral symmetry is spontanously brokén3); ® U(3)r —
U(3)v, considering quark-mass terms means thatSttigs) v
subgroup gets explicitly broken.
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