NewAnalysis of the second-class current in the radiative scattering pro-
cess of neutrinos and antineutrinos by atomic nuclei

Abstract

The study of the radiative neutrino(antineutrino)-nucleus scattering process on the lithium-6
nucleus (°Li) allowed us to derive the general expression of the differential cross section for this
type of process and to highlight several significant results. In particular, the analysis focused
on the influence of the tensor form factor Fr, associated with the second-class currents (SCCs),
on two key observables : the charge asymmetry coefficient and the degree of polarization of the
emitted photon. The study of the charge asymmetry coefficient A, ; reveals a strong dependence
on the presence of the tensor form factor. In the absence of SCCs (Fp = 0), the behavior of A,
remains moderate and stable as a function of the neutrino energy. Conversely, when Fr # 0,
the coefficient increases significantly and exhibits pronounced variations, including sign changes
at high energy. The analysis of the relative contribution ¢4, , confirms this trend, emphasizing
an enhanced sensitivity to SCCs, particularly in the high-energy domain (E, 2 200 MeV).
The examination of the photon polarization degree P also shows that it serves as a relevant
indicator of the presence of SCCs. The introduction of a nonzero tensor form factor (Fr =
5 x 1073 MeV 1) leads to substantial modifications of the polarization degree. The analysis of
the relative contribution ¢ Ps,, further confirms this strong sensitivity, with variations exceeding
200% at high energy.

Keywords : second-class current ; charge asymmetry coefficient ; degree of polarization ; neutrino

scattering ; neutral current, radiative scattering.

1 Introduction

The study of the structure of weak neutral currents is one of the main areas of research in elec-
troweak interaction physics. The Standard Model has successfully interpreted neutrino-nucleon
interaction processes, as well as inelastic electron-nucleus scattering, particularly on the deute-
ron [1-6]. The experimental discovery of the intermediate bosons W+ and Z° at CERN [7, §]
confirmed this theory. Introduced by Weinberg [9], SCCs are theoretical contributions to the
weak current that do not transform like first-class currents under the G-parity symmetry ope-
ration. Their direct observation remains difficult in weak decays, due to the small amounts of
momentum transferred in these processes [10,11]. On the other hand, electroweak scattering pro-




cesses, and in particular radiative processes, are a promising avenue for probing the existence
of SCCs. Significant experimental studies have been conducted in this direction. Sugimoto et
al. [12] observed effects consistent with the existence of a second-class pseudo-tensor term by
analyzing the angular distribution of electrons in 8 decays of polarized mirror nuclei. Based on
their data analysis, Morita and Tanihata [13] quantified the pseudo-tensor coupling constant at
the nucleon level to a value of (3.5 + 1.3)/2M.f4(0), where M denotes the nucleon mass and
fa(0) the axial form factor. Subsequently, similar results were obtained by Calaprice et al. using
a method analogous to that developed in [12], but based on a polarized ?Ne beam [14]. Fatima
et al. studied the influence of SCCs on the production of hyperons induced by antineutrinos, as
well as on the differential cross sections associated with quasi-elastic scattering processes of neu-
trinos and antineutrinos [16—-21]. Their results suggest that it is possible to explore the effects of
SCCs in quasi-elastic interactions, in particular by analyzing the strangeness component of the
hadronic current. More recently, a first systematic study [22] of relativistic distributions of the
weak neutral axial vector current in a spin 1/2 hadron, including the second-class contribution
associated with a pseudotensor form factor, was conducted. The authors demonstrate that SCCs
affect the spatial distribution of the axial charge in the Breit reference frame, but do not affect
the mean square radii, which limits their impact on global observables such as axial radii or
spin radii. Thanks to recent advances in detection technology, it is now possible to explore the
neutral scattering of neutrinos on atomic nuclei with radiative emission as a potential channel for
detecting SCCs. In this work, we analyze precisely the influence of the form factor Fr associated
with the second-class current in the neutral radiative scattering process :

v(D)+ (A, Z) — V() + (A, 2)* — (A, Z) + VrL (1)

We implement a multipole decomposition of the matrix elements in order to obtain an explicit
expression of the differential cross section for the radiative scattering process under consideration.
This approach allows us to structure the contributions according to the multipole operators of
the neutral hadronic current. Particular attention is paid to the sensitivity of the process to
second-class currents, which could manifest themselves in this context.

2 Differential cross section for neutral radiative scattering

In this article, we study the process of neutral radiative scattering of a neutrino on an atomic
nucleus. To do this, we use a method based on the multipole decomposition of the hadronic
current, which allows us to calculate the expression for the differential cross section of the
process. At the lowest order of perturbation theory, the square of the scattering amplitude of
the process under consideration is given by :

MMy MM; M,

where M,,; and M, are respectively the weak nuclear transitions and the emission of the gamma
photon matrix elements defined in terms of the lepton current 7, and the hadron current J; (q)
as well as the electric multipole operators 7' , and magnetic multipole operators 17! .

The magnetic and electric multipole operators, 177" and T ,, are initially defined in a coordi-
nate system X'Y’Z’, whose 2’-axis is oriented along the photon momentum vector k. In order to
express these operators in a coordinate system where the z-axis is aligned with the transferred




momentum ¢, a rotation of the X'Y’Z’ frame by the Euler angles (y,0,) is performed. This
transformation leads to the following relation [23-25] :

77 (k) ZTSZ‘%ZD}’V}N (665, 6-) (3)

Dﬁlg(qﬁw 0+, ¢~) is the Wigner function, and the angles 6, and ¢, determine the direction of

flight of the emitted photon.

The matrix elements of weak nuclear transitions and gamma photon emission are given by :
GF
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J >1
(5)
Here [J;] = (2J; +1)Y/2.
The constant G is called the Fermi constant of the weak interaction.
The weak lepton £}, and hadron J;(q) currents are defined respectively by :

KZ = ﬁQ’M(l + ’y5)u1 (6)

i) = (B [ dsea(-ig,0) 7 @)1 )

jli"(a?) is the hadronic current density operator. The structure of the hadronic current takes
into account its isospin component and is written as a combination of vector and axial-vector
currents [24].

jnz ﬁv ( )TMT + ﬁA (J5)TM-,- (8)

The coupling constants B{(/Tl)q depend on the Weinberg angle 6y and are fixed according to the
model. For example, in the Weinberg-Salam electroweak model we are considering here, these
constants are given by [26] :

BY = —2sin?ey, B =0 (9)
Y =120y B =1 (10)

In the case of processes with weak neutral currents, M, = 0(7 = 0, 1), then the hadronic current
takes the form :

2 = B (100 + BY (ID)oo + B (Lo + L (ID)10 (11)




The expression for the differential cross section is obtained from the multipole decomposition
method of the transition matrix elements [26-28] :

do F(vn_”t ) Z T T T Tn e
dQ,dQ,  ph—=h) ~M,, 0 M, ~M,, 0 M,

total  TT'
d
UO Z f n_>f+7 (Pr(cosb)K
0 L>2

+P£(COS9 )COS(pWKL + Pf(cos@w)co.sQ@,yK%) (12)

+i70 THH’Y PL(COSHW)IN(Q + PE(COSG,Y)COS(I),YKI{)
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where fén_”c +7) represents the multipole dependence, dog/dS2, is the cross section for unpolari-
zed scattering, and the associated Legendre polynomials Pi\/[ describe the angular distribution of
the emitted photon. The functions f én—”c ) are calculated from the electric (Fpy) and magne-
tic (Fys7) multipole amplitudes, combining these amplitudes symmetrically or antisymmetrically
depending on the parity of the multipoles. These expressions are given by :

YT
LT(qO) pour L paire
(s ) Y5 (q0)
A (13)
YL (40)

pour L impaire
Yy (90)

In the case of neutral radiative scattering, which we are dealing with here, the functions K7*
and I?Zn, which appear in the general expression for the cross section, retain the same formal
structure as those used in [23]. They are still written as linear combinations of the lepton
functions f;(j = 1...10), multiplied by the hadron functions Y;* and Y;*(i = 1,2......10) according
to :

K) = fiYE + foYok + faYi + faYE + fsYF
K} = feYd + fiYF + fsY& + foY
K} = fuYf
RY = [V + LV + pTE + [TE + 157 )
K} = feYd + fiYF + Y& + foY
K} = fioY1
K?2=0

The lepton functions f; retain the same definition as in [23], but the hadron functions Y;* and
YiL are modified (see appendix) : they depend on the coupling constants of the Weinberg-Salam




model through the factors ﬁ{(;l‘ and the multipole matrix elements Fy;y, Fry, Foy and Fp
(Fyrys Fiy, F2; and F? ). These functions therefore describe the specific contribution of the
internal structure of the nucleus in the context of neutral interaction.

3  Study of neutrino(antineutrino)-nucleus radiative transition v(7) +
SLi — o/(v/) + OLi* — SLi+ 5y

As an illustration, consider the following neutrino(antineutrino)-nucleus radiative scattering pro-
cesses :

v(D) +Li(1t, T = 0) — /() + SLi* (0", T = 1) — CLi(1%,0) + vry (15)
This emission process corresponds to the excitation of the lithium-6 nucleus from its ground
state (J = 17) to an excited state (JT = 07), followed by a return to the ground state through
the emission of a gamma photon (denoted vgr.).
The quantum numbers associated with the orbital angular momentum L and the total angular
momenta (J and J’) are defined by the following relations : 0 < L < 2J, = 0 < L < 2;
| i— | <J<Ji+Jy=J=1; |Ji—Jp|<J<J+J,=J =1

The differential cross section associated with this radiative process is obtained from the general
expression (12), applied to the specific conditions of the transition described in (15) :

do ngnﬁf) 0 (n—f+7)
= Yol K "I (Py(cosh, ) K 4 Py (cosh Kl
dQ,ds), FEZtZ)zf) 0{ ot [fa (Ps(cos ’y) 5 + Py (cos 7)cosgi)7 9 (16)

+P§(cos-)cos2¢, K3) + 5. 1(n%f+v)(P1 (cos@ﬁf(? + Pf(cos&v)cosqbv.f(ll)}

with EO =
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The functions K7* and IN(F are given by the following relations :

2 2
Kg = ﬁ{lel — ’1)2H2 + 1}3H3 + U4H4 + ’U5H5}, Kg = %{UlHl — ’U2H2 — 21}3H3 — 2’04H4 — 2’[}5H5}

[N(ll = 2\/§{ng7 —v7Hg + vgHg — vo Hg}

(17)
with

1y — 0D+ DA EEDEED. = DA EED, ity — D) F D
o= S0AOFEORD, Hy — SDAORORD, - sVADEORD. = A0S0 FO )
Hy =88V VR, Hy = BUBY FV Y, Hio = 88V PRV Y — 808 Fi P

(18)
The functions v;(j = 1...10) are given in the appendix.




4 Charge asymmetry coefficient

The charge asymmetry coefficient is a coefficient that allows the difference between the differen-

tial cross sections of neutrino and antineutrino scattering to be evaluated. It is defined by :

AVD =

do, — doj

doy, + dop

(19)

This coefficient A, ; is sensitive to the presence of interference between vector and axial currents,

in particular to contributions from SCCs, via the tensor form factor Frp.
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FiGURE 1 — Charge asymmetry coefficient for § = 10° and 20°

Figure 1 shows the evolution of the charge asymmetry coefficient A, as a function of the incident
neutrino energy for the °Li nucleus at two scattering angles (6 = 10° and 6 = 20°) and for three
values of the tensor form factor Fr = 0, Fr = 0.003MeV !, Fr = 0.005MeV ~!. We observe
that the charge asymmetry coefficient A,; depends strongly on the form factor Fp. For Fp = 0,
the curves are relatively stable and remain positive over the entire energy range, reaching values
around 750% (0 = 20°) and 55% (6 = 10°). When Fp # 0, the asymmetry evolves negatively
after an initially positive region (up to approximately 50 — 100MeV') and tends toward extreme
values close to —100% at high energy. At # = 20°, the values of A,; are generally higher in
absolute value than at 8 = 10°.
These analyses suggest that charge asymmetry is more sensitive to the tensor form factor at
larger angles.
These results highlight the sensitivity of A,; to the form factor Fr.
In order to better quantify the sensitivity of the asymmetry A, to SCCs, we introduce a relative
contribution defined by the following ratio between Fr =0 and Fr = 5.1073MeV 1.

Ays(Pr =510"3MeV 1Y) — Az (Fr = 0)

da,, = 20
Avo Ay (Pr = 5.10-3MeV 1) (20)
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Figure 2 shows the evolution of §4 , as a function of the incident neutrino energy for the °Li
nucleus and for three values of the scattering angle. We observe that the relative contribution
d4,, increases sharply with the energy of the incident neutrino, and the behavior is similar for all
three angles up to an energy of approximately 300M eV . This shows a weak angular dependence
in this region. For an energy of E,, = 600MeV, this contribution reaches a value of 280% for
0 = 10°, 260% for 6 = 15° and 245% for 6 = 20°.

The relative contribution d4,, shows much stronger sensitivity to high-energy SCCs (E, 2
200 MeV). These results confirm that studying the relative contribution d 4, is a useful tool for
highlighting the influence of SCCs in neutral radiative scattering on light nuclei.




5 Photon Polarization Coefficient

The photon polarization coefficient Ps., measures the asymmetry between two helicity states of
the emitted photon (S, = £1) :

P — do(S, =1)—do(S, =-1)
5T 4o (S, = 1) + do(Sy = —1)

This coefficient makes it possible to probe for the existence of SCCs. Figure 3 shows the evolution

(21)
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FIGURE 3 — Photon Polarization Coefficient for Fr =0 and 5 x 1073 MeV !

of the polarization coefficient Pg for two scattering angles, # = 10° and ¢ = 20°, and for three
values of the form factor Fr. Analysis of these curves shows that introducing a value Fp # 0
causes a significant variation in Pg_ , especially at high energies. For example, at 6 = 20° and
E, ~ 200 MeV, the degree of polarization changes from P =~ 99% (for Fr = 0) to Ps =~ 12%
(for Fr =5 x 1073), i.e., a relative decrease of approximately 87%.

At 6 = 10° and E, ~ 300 MeV, the absolute difference between the curves with and without
Fr for Pg_ is approximately 74%. This confirms the sensitivity of the polarization degree Ps., to
SCCs. Thus, the coefficient Pg appears to be an effective indicator for experimentally testing
the existence of SCCs. The optimal conditions for this research are a scattering angle ( 6 < 20°)
and a neutrino energy < 300 MeV, particularly for light targets such as SLi.

In order to analyze more precisely the influence of the form factor Fr on the degree of polarization
of the emitted photon, we introduce the following relative contribution :

Ps (Fp =5.10"*MeV 1) — Ps (Fp =0)

22
Ps, (Fr = 5.10-3MeV 1) (22)

Sps, =

This quantity allows us to evaluate the relative contribution of the degree of polarization Pg,
induced by the presence of SCCs. The behavior of this contribution is illustrated in the following
figure :
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Figure 4 shows the energy dependence of the relative contribution § Ps,, of the polarization degree
of the emitted photon for three values of the scattering angle § = 10°, § = 15°, 6 = 20°.
Analysis of this curve shows the sensitivity of the relative contribution & ps, to SCCs. First,
for all values of 0, a negative evolution is observed at low energies. Above this threshold, & Ps,,
increases rapidly to reach values greater than 200% at high energy. These results suggest that
the SLi nucleus is a prime candidate for the experimental detection of SCCs in neutral radiative
scattering processes.

6 Conclusion

In this article, we have established the general expression for the differential cross section for
the neutrino(antineutrino)-nucleus radiative scattering process by neutral current. A study was
conducted on the charge asymmetry coefficient and the degree of polarization of the emitted
photon for the ®Li nucleus. The results obtained show that the observables A,; and Pg7 are
effective tools for experimentally probing SCCs. These results highlight that the analysis of
the coefficients A,; and Pg., is a sensitive tool for the experimental search for SCCs in the
neutral radiative scattering of neutrino(antineutrino) on atomic nuclei. The introduction of the
relative contributions d4, , and & Ps, has made these results more significant by quantifying the
impact of SCCs. These quantities are particularly sensitive at high energies, where they reach
approximately ~ 260% and =~ 200% when 6 = 10° and E, = 600MeV .

Ultimately, these results show that the light nucleus of 5Li is an ideal candidate for experimental
research into SCCs in the neutral radiative scattering process. The energy and angular analysis
of these observables provides favorable experimental conditions for experimental studies of SCCs,
particularly for incident neutrino energies in the range of a few hundred MeV and scattering
angles below 20°.

This work paves the way for future experimental research aimed at testing the existence of
SCCs, the discovery of which would represent a major advance in the understanding of weak
interactions.
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Appendix

The most general expression of the leptonic current in neutral scattering is given by :
by = (L 4y = ilg) = Uayu(1 + 75)wr
The leptonic tensor is defined by : £,,0; = 0,u27,(1 + v5)u1t1 (1 — v5) v u2,

-1, v=12,3
0y =
+1, v=4

Gy, = 6 Tr {u(1 4+ 75) A1 (1 — 75) 7 A2}
Al = ﬁ(ml - iepl)(l - i§175) et AQ == ﬁ(mg - iEpg)(l - iS275)
€ = +1 for particles, e = —1 for anti-particles.

The evaluation of the tensor /,,¢;, requires computing traces of Dirac matrix products, which can
be carried out by applying the standard algebraic relations of the gamma matrices :

1

f3 =303 fa = —2R.({345)

1
= Lot} = ———Re({143
fs =0ty fe 7 e(f103)
fr= ——Im(6s65)  fs = ——Re(0162)
= —1Im = —=1te
7 \/i 243 8 \/§ 1%0
(23)
1 1
fo = \ﬁfm(fz%) fio = 5 (Gly = £03)
fi= ifm(m ) fa= —iRe(m )
1= \/§ 3€1 2 = \/5 3t2
ra 1 * r3 1 *
f3 = _ﬁlmwleO) f4 = ERG(EQKO)
fs = Re(0103)  fo = 2Im({ol})
In the case of massless neutrinos, the leptonic functions take the form :
V1 = 2(1 — 01C2), = 27](02 — Cl), V3 = (1 +2C1Cy — cos 0), Vg = —4(01 + CQ),
—2 2
vs = 2(1 +cosh), vg= n\Q[( ~C}), wvr= n;g(C&%—Cg)(cosG—l),
22 21v/2
vg = 51119(02 —C1)(1+cosf), wvg= ey (Cl + O3 — 2C1Cy cosb),
vig = —%(Cg — Cycosb)(Cycosh — Cy)
sin“ 0
(24)

Here, 6 is the angle between the neutrino(antineutrino) and electron(positron) pulses, 1 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, Coy = (Ey— Eycos0)/q

The hadronic functions are given by the following formulas :
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T 5(r - ') o(7) 5(7") H5(T
= _Q\TZA J’+J(ﬁV BV CJ’FJ‘(L“}+ﬂA BA CS’)F : ))+PJ/+J(61(4 )/B,(Ll)FC(J’)FJ\}J)_
77

B(VT B E))

5 T’
J/J
5(1
BB ES) ES>>}

Yio == AL {PSL A8 B (Fi, Fi) — Fip ) Fopy) + 84 B0 (FS PRy — Fon) Py )y +
J’J
Py A8 8D (FG FT 4+ PRI EN)) — 8 8D (TR, + FG O FS)YY




vk =S ab(py, A8 8D (FS) ) —F ) e+ 85 B0 (FRG F — P FE) Y+
J’J

T 5(1 5(1 (7) T 5(7
Py, A8 B FNE) + FRFO) — 8T 80 (B A FND + S F )1
YIL — Y2L’ }72L — Y1L7 ?'GL — —Y7L, }77L — _Y'GL , YSL — _}/QL’ ?E)L — _}%L‘

Fung Fgy,Fog and Frp(F3,Fpy, Fo, and FP ) are matrix elements of the magnetic, electrical,
coulombic and longitudinal multipole vector (axial-vector) operators calculated in the core layer

model.
FE = o | = a5 )+ ()
%(QOFP — 2nM Fr) <\/5 (1 — §y> ‘I’l,l(g, g) -2(1- ?J)(‘Pm(ga %) + ‘P1,1(%> g))
1 11\ _,
- S
Py — - wlﬂ M[Fl(f%l( f>+f<\1m<2 §>+\P <§ §>>+2‘1’11<§ %»

+H<\/ﬁ (1§y>‘11 (; g)*%f (1;y> (W, 1(; ;)7“1’1,1(1 g))

-2y e

F = (B ) [V (1= 20) G5 20 -G ) + w5
- g
Fp == Fa VIO (1= 30 ) w5, 5) - 22 (1= ) (914G 5) + 915, 5)
— (-2 p)|e

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

The coefficient Aﬁllm is given by :

_ 1/2 , ,
Ao = (50 ({537 (;; ’ ]@){j M f} (25)
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