Study of second-class currents in radiative quasi-elastic neutrino and
antineutrino scattering on atomic nuclei

Abstract

This paper examines the influence of the Fpr form factor, associated with second-class tensor
currents (SCCs), in the quasi-elastic radiative scattering of neutrinos on carbon-12(12C). A
general expression for the cross-section is derived via a multipole decomposition of the hadronic
currents, taking into account the circular polarization of the emitted photons. The study focuses
on the impact of F on three sensitive observables : charge asymmetry, angular correlation and
triple correlation. Numerical results show that Fr can produce significant effects, particularly
at low angles and for an incident energy of 300 MeV. For example, with Fr =5 x 1073 MeV ™1,
contributions can reach 67% for charge asymmetry, 31% for angular correlation, and 1% for triple
correlation at 10°. These results suggest that precise measurements under these conditions could
experimentally reveal the existence of SCCs.

Keywords : second-class current, charge asymmetry coefficient, correlation coefficient, triple
correlation, neutrino scattering, charged current.

1 Introduction

The study SCCs[1] via radiative neutrino scattering is a specialized field of neutrino physics,
characterized by subtle interactions between neutrinos and matter. These currents, also known as
second-class axial currents, are associated with parity-violating transitions and are generally less
explored than first-class currents. SCCs have mainly been studied in low-energy processes, such as
B decays or muon capture by nucleons and nuclei [2-7]. On the other hand, few experiments have
been carried out at high energies, notably in the context of elastic and quasi-elastic (anti)neutrino
scattering, where the study of these currents remains limited [8-10]. However, measurements of
angular correlations in § decays seem to have provided clearer indications of the existence of
these currents [11,12].

Recent studies by Fatima et al.[13-15] have demonstrated that the presence of a SCC, with or
without time invariance (T), can significantly modify the observables in neutrino/antineutrino-
nucleon quasielastic scattering processes. In particular, SCC tends to increase the total cross-
section with the energy of the final lepton. Furthermore, longitudinal and perpendicular po-
larization asymmetries show a marked dependence on the presence of SCC, particularly in
antineutrino-driven interactions at energies below 8 GeV. These results suggest that SCCs could
be experimentally probed in the strangeness sector through high-precision measurements.




The work of M. Sajjad Athar et al.[16] on neutrino scattering by nucleon-charged currents has
shown that cross sections are sensitive to the presence of SCCs. This highlights the fact that
whether or not these currents are taken into account can have a significant impact on the deter-
mination of the phenomenological parameter of axial mass (M), often evaluated by assuming
the absence of SCC.

Thorpe et al.[17] have also studied the effect of SCCs on total and differential scattering cross
sections in antineutrino-induced hyperon production. Their result shows that hyperon yields can
be sensitive to SCCs.

In this study, we specifically examine the influence of the Frr form factor, associated with SCCs,
in the quasi-elastic neutrino scattering process, described by the following reaction :

v(D)+ (A, Z) — (0T + (A, Z£1)" — (A, Z£1) + L (1)

2 Differential cross section for quasi-elastic scattering

In first-order perturbation theory, the square of the matrix element associated with the process
(1) is expressed as [18] :

Z ’Mfi,QZQJil—l—l Z ‘ZanMm‘Q (2)

In this expression, M,; and M, represent respectively the matrix elements of the weak nuclear
transition and the gamma photon emission, defined by :
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Here [J1] = v2J1 + 1.

The magnetic and electric multipole operators Tﬂa and le ., are defined in a coordinate system
X'Y'Z" where the z-axis is oriented along the momentum k of the photon. In order to define
all multipole operators in a coordinate system where the z axis is oriented along the transferred
momentum quantity ¢, we rotate the coordinate system X'Y’Z’ by the angles ¢, and 6.,. This
gives us the relationship [19] :
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T (k) = S T75) DIt (67,60, 65). (5)
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The function D]‘{/}l o (?+,0,¢4) is a Wigner function, and the angles 6, and ¢, determine the
direction of gamma photon emission.

The constant G corresponds to the Fermi constant characterizing the weak interaction. The
weak lepton and hadron currents are given by :




;= yu(ay + aays)u (6)
Ji(q) = <JnMn| / dfexp(—iq*uf>j:i<f>|JiMi> )

The constants ay and a4 represent the vector and axial coupling coefficients of the weak lepton
current, their values depending on the physical process under consideration. The Dirac spinners
u;j(j = 1,2) describe the incoming and outgoing leptons, while g, = (q,iqo) is the transferred
momentum quadrivector.

The operator j;}z(f) represents the hadronic current density, which can be decomposed into
a vector component and an axial component, taking into account the isotopic structure of the
nucleus [19] :

j,;” Bv ( )TMT_'_BA (J5)7-MT (8)

In the case of charged-current transitions, we have 7 = 1, M, = +1 and the coefficients /B‘(/T ) =

BS) =1, giving for the hadronic current :
T = (Tt + (T 1, 9)

The cross section of the process described by equation (1) occurring in a certain direction
and with photon emission can be expressed using the so-called multipole matrix element de-
composition method, used in several scientific works [20-22]. This method provides a better
understanding of the different contributions to the transition probability.

The following formula gives this differential probability, i.e. the probability per unit solid angle
for the neutrino (€2,) and for the emitted photon (£2,) :
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In this expression :

° an_,f ) is the partial probability (or relative width) associated with the emission of a photon

during the transition of the nucleus from the n state to the f state,

(n—=f)
* Ftoml

e s, corresponds to the helicity of the photon, i.e. the direction of its rotation,

is the total transition probability,

° % is the basic probability for neutrino scattering when the nucleus is not polarized, given

by :
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The quantum number L, which indicates the angular momentum component in the transition,
takes integer values from 0 up to 2J,, where J, is the spin of the excited state of the nucleus.
The functions P (cos6.,) are associated Legendre polynomials.

Finally, the functions ngf +7) represent the various multipolar contributions to the transition

and are defined by :

YT
LT(QO) pour L paire
Y5 (90)
Flnosran) (12)
Y !’
LT (90) pour L impaire
Y5 (q0)
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where qq is the energy associated with the gamma transition.

The quantities J; and Jj| are quantum numbers related to the angular momentum of the system,
and they must satisfy the following condition : |.J, — J¢| < J1(J]) < Jp, + Jy
The symmetry factors Pj? oy are defined by :

Pi =52V (1 £ (<)) with,

Jr
N = OpourP_,JrJ (14)
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The functions K7 and I?F that appear in the differential probability expression are given by :

K} = AY{" + RYS + f3YS + faY) + f5Y
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Here, the f; functions (with ¢ = 1,2,...,10) represent the leptonic contributions, while YiL and
Yl designate the corresponding hadronic functions. Detailed expressions for these functions,
including the effects of longitudinal electron (or positron) polarization and lepton masses, are
given in the appendix.

3 Quasi-elastic scattering of neutrinos (or antineutrinos) on the carbon

nucleus 2C

As an example of transition, consider the following diffusion processes :

V(ﬂ) 4 120 — 67(€+) 4 12N*(12B*) N 12N(12B) +’YRL (16)

This is an interaction between a neutrino (or antineutrino) and a carbon nucleus '2C, producing
an electron (or positron) and an excited boron or nitrogen nucleus. This excited nucleus then
returns to its ground state, emitting a gamma photon.

In this case :

The quantum number L, which describes the orbital angular momentum of the transition, varies
between 0 and J,. As here J,, =1, we have 0 < L < 2.

The total angular momentum J and J’ satisfy the condition |J; — J,,| < J(J') < J; + J,, giving
J =J' =1 in this process.

The differential cross section for this process, deduced from equation (16), is written :
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The K" functions describing the various multipolar components of the transition are given by :
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4 Angular correlation coefficient

Consider the angular correlation coefficient between the emitted photon and the neutrino (or
antineutrino), defined by the following expression :

_ do(f, 11 52) — do (i 11 5)
Y= o, 11 5u) + do (5, L)

where p., and p, denote the photon and neutrino (or antineutrino) impulse vectors respectively.

A

(19)

The symbols 11 and 1 indicate that the directions of these momenta are respectively parallel
or antiparallel.

In the context of radiative emission following a weak interaction in the >C nucleus, a numerical
analysis of the energy dependence of the coefficient A, (F,, ), for a scattering angle § = 10°
and for Fr = 5.1073MeV !, has been carried out. This study highlights the effect of the SCC
on this correlation coefficient. The relative contribution of this current, denoted d4,,., increases
significantly with neutrino energy FE,. More precisely, the following values were obtained :

E, (MeV) |04, (6 =10°) | 64, (0 = 20°)
20 1% 1%
50 3% 4%
200 16 % 27 %
300 31% 13%

TABLE 1 — Comparison of the relative contributions d4,,., for different neutrino energies and two
angular configurations.

These results show that the angular correlation coefficient A, is a particularly sensitive tool
for detecting the possible presence of SCCs, especially at high energies. This makes it a key
parameter in experimental research aimed at testing the limits of the Standard Model of particle
physics.

Figure (1) illustrates the variation of this relative contribution as a function of neutrino energy
and scattering angle, providing a useful tool for analyzing the presence and potential impact of
SCC in nuclear weak interactions.

5 Triple Correlation Coefficient

The triple correlation coefficient T, is a physical quantity used to detect possible asymmetries
in particle emission during a decay process. It is defined as follows :

7 do(@ 1Py x pe) —do
a do

(20)

do(py T v, % pe) is the differential cross section associated with a configuration in which the
photon pulse is aligned with the vector p, x p¢, i.e. perpendicular to the plane formed by the
neutrino and electron pulses, do is the isotropic component of the differential cross section, i.e.
the part that does not depend on the photon’s emission angles (6, ¢ ).
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F1GURE 1 — Relative contribution of SCC to the angular correlation coefficient

This coeflicient is sensitive to certain fine properties of the interactions, in particular to the
presence of SCC, which are forbidden in certain fundamental symmetries of the Standard Model,
but could appear if new interactions were present.

In the particular case of neutrino scattering on a '?>C nucleus, with gamma photon emission, the

study was carried out for a scattering angle fixed at 6 = 10°.

Numerical analysis of the function T},,(E,,#) , which represents the dependence of the angu-
lar correlation coefficient on neutrino energy, shows that the relative contribution of the SCC,

denoted dr,,,, increases with neutrino energy. More precisely :

E, (MeV) | 61, (6 =10°) | 67, (6 = 20°)
20 0.3% 1%
50 0.4% 2%
200 0.7% 4%
300 1% 7%

TABLE 2 — Relative contributions of the SCC to the function 7, (E,,#) for different neutrino
energies and two angular configurations.

These results suggest that the influence of SCC becomes increasingly significant at high energies,
making them a good indicator for testing the limits of the Standard Model.

The figure (2) illustrates this growth : it shows how the relative contribution of SCC to the
angular triple correlation coefficient varies as a function of neutrino energy and scattering angle.
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FIGURE 2 — Relative contribution of SCC to the angular correlation coefficient

6 Charge Asymmetry

The charge asymmetry coefficient A,; quantifies the difference in behavior between a neutrino
and an antineutrino during a scattering process. It is defined by the following relationship :

Ay = 2 7% (21)

where :

e do, represents the differential interaction cross-section for a neutrino,

e do; is the same cross-section but for an antineutrino.

This coefficient therefore measures the asymmetry between the two types of particle, and makes
it possible to explore effects linked to the violation of certain fundamental symmetries, notably

the charge conjugation symmetry(C).

In the case where the photon is emitted in the same direction as the incident neutrino momentum,
a numerical study has been carried out to analyze how this coefficient A,; varies as a function
of neutrino energy, at a scattering angle fixed at 10°. This analysis was carried out assuming a
value for the form factor Fp = 5.1073MeV ~!, which corresponds to an assumption about the
strength of the SCC.

The results show that the relative contribution of SCC to the charge asymmetry coefficient,
denoted d4
energies, the second-class current plays an increasingly significant role in the difference between

.5, increases strongly with neutrino energy : These results clearly show that at high
neutrino and antineutrino behavior. When the scattering angle is fixed at § = 20°, a similar
trend is observed, though with slightly reduced contributions.

Figure (3) illustrates these results by plotting the evolution of the relative contribution of the

second-class current to the charge asymmetry coefficient d4 ., as a function of incident neutrino

v




E, (MeV) oA, (0 = 100) 0A,; ( 0 = 20° )
20 2% 2%
50 20 % 19%
200 58 % 45 %
300 67 % 49 %

TABLE 3 — Relative contributions of the second-class current to the charge asymmetry coefficient
04,, at different neutrino energies and for two angular configurations.

energy, for different scattering angles.
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F1GURE 3 — Relative contribution of SCC to the charge asymmetry coefficient

7 Conclusion

In this paper, we have established the general expression of the differential cross section for
the neutrino-nucleus radiative scattering process via the charged current taking into account
the tensor form factor Fp of the SCC. Numerical analysis of the angular correlation coefficient,
the triple correlation coefficient and the charge asymmetry coefficient for quasi-elastic neutrino
scattering on nuclei, revealed significant sensitivity to the presence of the SCC form factor Frp.
In particular, for a typical value of the SCC form factor (Fr = 51073MeV ~1), the contribution
of these currents can modify the charge asymmetry and angular correlation coefficients by tens
of percent, depending on the energy of the incident neutrino (or antineutrino). These results
highlight the potential interest of experimental studies of the quasi-elastic neutrino scattering
process on nuclei, accompanied by gamma radiation, as a sensitive tool for probing the existence
of second-class currents, the detection of which would represent a significant advance beyond
the Standard Model.




REFERENCES 10

References

[1] S. Weinberg, Phys. Rev. 112 (1958), 1375.

[2] B. R. Holstein, Weak interaction in nuclei (Princeton University Press, 1990).
[3] D. H. Wilkinson, Eur. Phys. J. A 7, 307 (2000).

[4] D. H. Wilkinson, Nucl. Instrum. Meth. A 455, 656 (2000).

[5] J. C. Hardy and I. S. Towner, Phys. Rev. C 71, 055501 (2005).

[6] K. Minamisono et al., Phys. Rev. C 84, 055501 (2011).

7]

7] S. Triambak et al., Phys. Rev. C 95, 035501 (2017) Addendum : [Phys. Rev. C 95,
049901 (2017)].

L. A. Ahrens et al., Phys. Lett. B 202, 284 (1988).

N. J. Baker et al., Phys. Rev. D 23, 2499 (1981).

S. V. Belikov et al., Z. Phys. A 320, 625 (1985).

K. Sugimoto, I. Tanihata and J. Goring, Phys. Rev. Lett., 34, (1975), 1533.

F.P. Calaprice, S. J. Freedman, W. C. Mead and H. C. Vantine, Phys. Rev. Lett., 35,

(1975),1566.

A. Fatima, M. Sajjad Athar and S. K. Singh, Phys. Rev. D 98, 033005 (2018).

A. Fatima, M. Sajjad Athar and S. K. Singh, Phys. Rev. D 102, 113009 (2020).

A. Fatima, M. Sajjad Athar and S. K. Singh, arXiv :2106.14590v1 [hep-ph] 28 Jun 2021

M. Sajjad Athar, A. Fatima, S. K. Singh, and F. Zaidi arXiv :2409.14732v2 [hep-ph] 12

Dec 2024.

[17] C. Thorpe, J. Nowak, K. Niewczas, J. T. Sobczyk and C. Juszczak, [arXiv :2010.12361
[hep-ph]] 6 May 2021.

[18] Donnelly T. W., Raskin A.S., Dubach J., Nucl. Phys., 1987, A474, P.307.

[19] A.R. Edmonds, Angular momentum in quantum mechanics, Princeton University Press,
(Princeton, New Jersey, 1957), p.53.

[20] Donnelly T.W, R. D. Peccei, Phys. Rep., 50, (1979), 1.

[21] Donnelly T. W., ” Polarization Degrees of Freedom in Electron Scattering from Nuclei*”,

Nato Asi Series. p.151.

[22] Donnelly T. W.and Raskin A.S., ” Considerations of polarization in inclusive electron

= — —
N =S O %

=
[\]

—_

—
=~

—_
L =L o =5

t

[
D

scattering from nuclei”, Annals of Physics, vol.169, no. 2, pp. 247-351,1986.




8 Appendix

The most general form of the lepton current is :
by = (0,04 = ily) = a2y, (av + aays)uy
In the case of quasi-elastic diffusion we have : ay = as =1 et £, = usy,u1
The leptonic tensor ¢,,¢;, is given by : £,0; = 6,tzvu(ay + aays)uitr (ay — aays) v,
%:{-4, v=1,2,3
+1, v=4
0,0, =6, Tr {yu(ay + aavys)Ai(ay — aA'y5)'y,,A2}
Ay = g3 (my — iePy) (1 — iSi7y5) et Ag = 55 (ma — iePy)(1 — iSy5)
€ = +1 for particles, e = —1 for anti-particles.

To evaluate the tensor £/} it is necessary to calculate the traces of the products of matrices
using the known results of the products of gamma matrices :

1
fi= 5%@ +lol5)  fa = Im(l143)
f3 = {303 fa = —2R.(L345)

1 .
f5 = Loly fo = ——=Re((143)

V2
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7—\/§m 243 8—\/5 E\L14q
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f—iJ(M) f——ime
1—\/5 mitsfy 2 = \ﬁ €342

A —\}ilm(ﬁl&’g) 7= %Re(bﬁa)

fs = Re(0103)  fo = 2Im(Lol)

In the case of massless neutrinos, the leptonic functions take the form :

V1 = 2(1 — 0102), Vg = 2?7(02 — Cl), V3 = (1 +2C1Cy — cos 9), Vg = —4(C1 + Cg),

_ —2v/2 2nv/2
vs = 2(1 +cosh), vs= g~ (C2—C%), vy = no (C1+ Ca)(cost — 1),
22 21v/2
vg = smH(CQ —C1)(14+cosb), wvg= e (01 + O3 — 2C1Cy cosb),
v = — 22 9(02 — C1cos0)(Cycos0 — Cy)

(23)

Here, 6 is the angle between the neutrino(antineutrino) and electron(positron) pulses, n takes




the value +1 for neutrino scattering and —1 for antineutrino and the coefficients Cy, Cy are
given by the relations : Cy = (Eycosd — E,)/q, Co = (Ey— Eycos0)/q

The hadronic functions are given by the following formulas :

T T/ 7) (7 5(1) 5(7 5(7) 5(7 — T 7/
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}71L — Y2L’ }72L — Y1L7 Y*6L — —Y7L, }77L — _Y6L , YSL — —Y(:)L7 YfgL — _YéL'

Fyrg, Fry,Foy and Fr, J(F& J,Fg J,Fg yand F 2 J) are matrix elements of the magnetic, electrical,




coulombic and longitudinal multipole vector (axial-vector) operators calculated in the core layer
model.

(1) v oq 5(1) v oq _, .3

oiS - Lo Y(F — (2 — F = Y(=Fy — (1 — Fp —2nMF
M1 6\/7?M6 (1= p@=y) Fo :a\/ﬂM6 (2 4= (L= y)(@Fp = 2MFr)),
s V2y 2 5(1 (A

Lg) 3\/77_6 y(l y)(FA QqMFP)a FE(I) - 3\/77’6 yFA(2_y)'

where v is a nuclear parameter; u = I +2M Fy ; qo is the transition energy ; y = (bq/2)? where
b is the harmonic oscillator parameter.

The coefficient A#,m is given by :

B 1/2 y y
A = 0 (300 ) (;1 ’ J@){j M ﬁ} (24)
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