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Abstract

The differential cross section of quasi-elastic neutrino scattering by nuclei is computed. The numerical
analysis of energy dependence of the spin asymmetry, the angular electron-neutrino (ev) correlation and the
charge asymmetry coefficients shows that the relative contribution of the second-class current (SCC) tensor
form factor can reach some tens of percents in the case of particular values of final nuclei alignment and

polarization.
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1. Introduction

The most general expressions for the matrix elements of vector currents V), and axial - vector currents

A, between nuclei states p; and ps are given by the formulae [1]

(p1| Vi p2) = a(pr) [F1yu + Foouqu + iFsq,) u(p2) O
1
(p1| Ay lp2) = u(p1) [Favy + Frouwqy + iFpqu] vsu(pz),

where ¢, = (p1 — p2), is the 4-momentum transfer to the nucleus, u(p1), u(p2) are Dirac spinor amplitudes,
Fy1, F4 are vector and axial-vector form factors, Fy, Fis, Fr and F), are respectively weak magnetic, effective
scalar, induced and induced pseudo-scalar form factors. All these form factors depend on the square transfer

momentum q2 :
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Fy (¢2) = Fu(0)/ (1+ ¢2/(855MeV)?)?,

F, (qi) =2MF4(0)/ (qz + mi)

where © = 1,2, A, T, S,m, and m, is the pion mass, F1(0) = 1.0, F4(0) = —1.23, F1(0) + 2M F»(0) = u(0) =
4.706, Fr(0) = 5-10"3MeV ™', We assume the conserved-vector-current hypothesis (CVC) in which case there
are no induced scalar currents, and the form factor F is zero.

According to S. Weinberg classification [2], based on the G parity transformation (interchanging particles
with their anti-particles and rotating the system in isospin space around the T axis), vector and axial-vector
currents can be decomposed into first-class currents (FCC) and second-class currents (SCC). Fy, Fa, F4 and F),
are the form factors of the first-class currents and Fg and Frare the form factors of the second class current.

Issue of second-class currents and their existence are being widely discussed. Some contradictions between
different experimental data do not allow a definite solution of this issue. For example, the experimental study
of angular distribution of positrons in 3 decay process of polarized 9 Ne nucleus [3] and the study of angular
distribution of electron and positron in 3 decay from polarized 2B and 2N [4, 5], show the existence of SCC
whose tensor form factor is of the same order of magnitude as the form factor of weak magnetic interaction.
Yet, Morita’s data [6] show that the value of tensor form factor is next to zero within the limit of experimental
errors, in agreement with the hypothesis of SCC shutting.

An important development has arose in recent years, in which the experimental study of neutrino
interactions with nuclei offers opportunity to investigate subtle detail in the structure of the standard model as
well as that of the nucleon. Study of neutrino interaction can offer a solid understanding of cross sections in
neutrino-induced reactions, particularly with nuclei such as '2C, a component of liquid scintillators, and 60,
the basic component of water Cerenkov detectors [7].

The present study deals with effects due to the possible existence of SCC in quasi-elastic neutrino (and

anti-neutrino) scattering by nuclei and the influence of polarization on the final nuclei on these effects.

2. Differential cross section of quasi-elastic neutrino (anti-neutrino)
scattering by nuclei

Second class-currents are difficult to detect without any assumption [8], so we try to extract SCC effects
by calculating the differential cross section of neutrino scattering by nuclei.
In first order of perturbation theory, the process of neutrino (anti-neutrino) scattering by nuclei described

here can be written as

v(D)+ (A, Z2) = (A, Z+ 1)+ 07 (¢) (2)
with matrix elements expressed as
Gr
Mfi = —ﬁéuc}“, (3)
where Gp = 107°M 2 is Fermi coupling constant for weak interaction; M is the mass of the nucleus;

b, = a2y, (1 +7s5)uq and J, = (f| [dx exp(—igz)J, () |i) are, respectively, leptonic and hadronic currents;
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u;(j = 1,2) are Dirac spinor amplitudes; jﬂ (x) is local current operator of nucleus; g, = (¢,iq0) = (Pr — P,),
is the 4-momentum transfer to the nucleus; P, is the 4-momentum of electron for ¢ = e~ (and positron for
¢ =et); P, is the 4-momentum of neutrino (anti-neutrino). The initial (final) state of nucleus is determined
by the parity m; (m¢), the spin J; (J¢), the isotopic spin T; (T%) and also by their projections M;, Mr,
(Mg, Mr,).

Using multipole decomposition [1, 9, 10] in a cyclical basis, and with respect to the spin orientation of

the final nuclei, we can put the components of the hadronic current into the following forms:

Jo = Z (—i)J(47r(2J+1))1/2<JfM}|MJO|JZ-MZ-)DJf* (0%, %),

My M,
J>0,M} o
Js= > (=i)! (4m(2T + D)2 (T M}| Lyo |1 M) D]‘{jf*M} (0%, px), (4)
J>0,M}
== 3 (i) @] + )2 (MY AT+ TR | TM) D]‘{;;‘M} (0%, px), A = £1.

7
J>1,M},

Here, DMf Yo (6%, o) is the Wigner D-matrix [11] and |J; — J;| < J < J; +J;, Myo, Ljo, j%—x and jﬁ—x
are the coulomb, longitudinal, magnetic and electric multipole operators [1, 9]; 6% and ¢+ are the angles used
in determining the spin orientation of final nuclei [9].

The differential cross section of the process described in equation (2) is given by the following, by taking

into account final nuclei spin orientation:

do _ 2Jy +1 EngG%—‘
dQy n 2J; +1 2

Z féf)PL(cos 0x) (W + 02 Wy' + vsWy' +vaWi +vsW5) +
L>0
even

Z féf) [Pp(cos 0%) (v Wi + 0o Wy + vsW5 + v Wi + vsWF) + PJ(cos %) cos ¢ * (v W+

L>1
odd
VW 4 oW 4+ vgWE ) Z (f) [P} (cos0) cos ¢ * (vs Wi + ve Wi + vsWi + veWyg )+
L>2
even
P7(cos ) cos 2¢ * vioWiy]| + Z (f) P? (cos 0%) cos 2pxv1gW i (5)
L>3
odd
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Here, 0 < L <2Jf and Pj" (cosfx) are Lagrange functions;

(" Jy—M Jp Jy L

= 1)~ L P(M

S S L] WV N FEETe
My

is a Fano tensor [9], where [z] = +2x+1 and P(M/) is the population of magnetic substates; v;(i =

1,2,---,10) are leptonic functions and W', WF(k =1,2,---,10) are hadronic functions.

Leptonic functions are defined by:

v = (0105 + £o05) vy = =5 (0als — Lof})

vg = U303 vy = —2Re (L305) ,

vs = Lol vg = 2Re ((103) (6)
vy = —2I'm (2£5) vy = —2Re ({145)

vg = 2Im (£20f5) V10 = —%(flﬁ — £203),

where ¢;(i =0,1,2,3) are the components of leptonic currents.

Hadronic functions are given by:

Wi = -3 AN {Ph.; (FesFer + FusFar + Fo oy + Fy Fy ) —
J'J

P, (FusFey + FpsFauy + FpsFary +FasFag)}b,

Wi == AN {PE, (FyFer + FesFiyy + FausFoy + F Far) —
J'J

—P5 ., (FE‘JFEJ’ + FY Farg + FargFrp gy + FEJFE‘J’)} ,

Wi =" AP} (FLiFry+ Fi,F} ),
J'J

W4L = ZA&{/O)P};_’_J (FLJFCJ’ + FEJFgJ,)’
J'J

WE=3N"ASPY ., (FesFor + Fo FS,),
J'J

WGLZZAng)Pj;J,-J (FEJFLJ’+F2'JF2J/+FMJFEJ/+F]%4JFLJ/),
J'J

Wy = Z Ag;L(J)Pf+J (FesFLy + FpyFry + Fi g FLy + FusFro),
J'J

W =N AP, (FesFor + Fy Foy + FasFe . + iy For), (7)
J'J
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Wg —ZA J’+J FEJFcJ/+FEJFCJ’+FMJF0J/+FMJFCJ/)
J'J

Wi = Z A(L) Pjy (FerFpy — FagFag + FpyFry — FyFagp ) +
J'J
+Py; (FrsFpy — F Py + Fy s Fpy — FeaFu)}

Wi =" AS) Py (FLiFy + F} Frp),
J'J

r = ZAg%)P;+J (FLJFgJ/ +F2JFCJ,)’

J'J

Wh = S APy (FosBy + B For),
J'J

Wio ==Y APl (FirsFes + FrsFy — FjyFarg — FusFip) +
J'J
+P ., ; (FE‘JFEJ’ + FriFp — FyvsFR — F]?4JFMJ’)} ,
W = W = W WE = W W= W,
Wg =Wy, Wy = Wy
Here, Fcy, Fry, Fary and Fry (FgJ, FEJ, F]@Jand FEJ) are matrix elements of the vector (axial-vector),
coulomb, longitudinal, magnetic and electric multipole operators.

The coefficients Agf,)m and Pj? 4 are defined by:

. 1/2 / /
=i (Gam) (S )L T )

1 1( 7/ _ 1( _ 1 1(q/_ 1( 7
Py, = 5(_1)2@ J) (1 +(—1)EU +J)) Py, = 5(_1)2@ J+1) (1 _ (1) +J)) ,
The cross section of the process of neutrino (anti-neutrino) scattering by nuclei (2), taking into account initial

wk

nuclei spin orientation, is obtained using formulas (5), (6) and (7) in which W} and f(f ) are replaced by (i)

and fg) defined as

L. _ 7 -1 J+J+LwL
k(7) 2Jf+ 1( ) ks
i M. Ji Ji L
L= (- [L]< w o )P(M».
M; i i

After summing over the spin states of electron (positron) and, in the case of zero mass neutrino, the leptonic

functions are expressed as

vy =1~ 3,Cs, v =1(C1 — BeCa), vz =1+ 23,C3 — cos 0, vy = —=2(C1 + 3eCo),
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sin 0 sin 0
vs =1+ Bycost ve = 2(E. — B{E})—5- el vr = 20B(Ep — Ev)T (8)
0 EE, sin” 0
=-20(E/ + E )Suql 5 vg = 213y sin 0, V10 = Al qzsm :

Here, FE; and E, are electron (positron) and neutrino (anti-neutrino) energies; # is angle between electron
(positron) and neutrino (anti-neutrino) momenta; 3, is electron (positron) velocity; ¢ = |¢] is momentum
transferred to nuclei ; n is +1 for neutrino scattering,—1 for anti-neutrino scattering; and Cy, Cy and C3 are
coefficients given by the relations

Ci1 = (BeEscos® — E,)/q, Cy = (BeEr — E, cosb)/q, C3 = C1Cs.

3. The differential scattering quasi-elastic cross section of 2C

Consider the process

v(0) +12C =12 N(2B) + e (et), (9)

for which J; =0 — J; = 1. The quanta numbers L,J and J' are defined then by
0<L<2Jp=0<L<2, |J; = Jp| < T < Ji+Jp=J =1, | —=Jf| < T < J+Jp=J =1

The differential cross section of the process described in equation (9), obtained from (5), is given by

j_g{ — E?;:% {Rg + A (Pg(cos 0+) RS + PJ (cos 0%) cos p * R3
(10)

+P§ (cos 0x) cos 2¢ x R3) + P (Pi(cos 6%)RY + Py (cos fx) cos ¢ * R}) }

A and P are alignment and polarization coefficients of the final nuclei [12]. Functions R, are given by the

relations
R = v Hy + voHo + v3Hs + vy Hy + vs Hs,
1
Rg = 5 [U1H1 + voHy — 2(U3H3 + vgHy + U5H5)]
1
R} veHe + vsH R2 = —vi0Ho, 11
22\/—(66 sHsg), 2 = 7v10t10 (11)
R(lJ = —§(U1H2 + U2H1), R} = (U7H6 +U9Hg)
2 2\F
where

Hy = (Fa)® + (Fpy)?  Hs=2F\iF,, Hs=(F},)%,
Hy=F}\Fgy, Hs=(F&)? He=Fp(Fiy+ Fan),
Hy = F2(Fpy + Fann),  Hio= (Fp1)? — (Fan)*
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The matrix elements of the vector magnetic, axial-vector electric, coulomb and longitudinal multipole operators
computed in the shell model are

Fun = 5o — (R o+ 2MF) 2= ),

Fhi =~ 3= Fa2 = )e ™,

where y = (bq/2)°, b = 1.77 fm is the oscillator parameter, and 1 = —0.003 [1].

4. Spin asymmetry coefficient
Consider the spin asymmetry coefficients defined as
do (Sy 11 P,) —do (Sy 11 P,)
do (Sy 11 P,) +do (Sy 11 P,)

Ay (B, 0) (13)

where Sy is the final nuclei spin and P, is the neutrino momentum. Analysis of angular dependence of spin
asymmetry shows, for given values of P and A, that the maximum Fp contribution calculated due to AA, is
moving opposite of increasing neutrino energy (see Figures 1(a, b)). This maximum also depends on the angle

0 for given values of P and A (see Table).

0.8 — : : : : : : 0.6
0.7t ——E=500MeV ]

0.6l — —E=600 MeV |

0.5¢ a)

>
Z 04p 2
< 3

0.3}

0.2}

0.1}

Ot P=1 A=l P=07A=03
_Ol 1 1 1 1 1 1 1 1 _01 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Angle (degree) Angle (degree)

Figure 1. Contribution of SCC to the asymmetry coefficient for different value of the neutrino energy as a function of

angle.
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Table. Contribution of SCC to spin asymmetry coefficients, with AA, = A, (Fr =5 - 1073M6V) — A,(Fr=0).

P=07A=03 P=1A=1

E,(MeV) | 200 | 200 | 400 | 400 | 500 | 500 | 600 | 600

O(degree) | 47 | 163 | 54 | 80 |415| 66 | 34 | 62
AA, [0.07]053]027054]026]0.73]0.21]0.72

In Figure 2 we show the energy dependence of the contribution D to the SCC, defined as

Ay(Fr=0)— Ay(Fr =5-10"3MeV 1)

D= A, (Fr =0) ’

(14)

relative the asymmetry coefficient for § = 60°. It seems that the SCC relative contribution is less than 16%
for neutrino energy below 300 MeV. This relative contribution can take value in the range of 75% to 92% when

neutrino energy is more than 400 MeV.

1.2

P=1 A=l
———  —P=0.7 A=03
[ e P=0.5 A=0.1

0.8}
0.6
0.4}

0.2t

0.2 - : -
25 225 425 625 825

Neutrino energy (MeV)

Figure 2. Relative contribution of SCC to the asymmetry coefficient for 8 = 60°.

5. Electron-neutrino correlation and charge asymmetry coefficients

The ev correlation coefficient is defined by the formula

do(0 ~0) —do(0 ~ )
do(0 =~ 0)+do(d ~m)

Aey = (15)
When the final nucleus is oriented in the direction of neutrino and in the ultra relativistic case (8; = 1), the
coefficient A., takes the form

D1 —Dy

Aeu— - N
D1+ Do

(16)

with
Dy =2(1— A1 — )2 ((E, — E¢)Fr + Fa)* exp(—2y1),
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Dy =(1+3A+30P) 2 —y2)2 (B, + Eo)Fs — nFa)” exp(—2y2),

vi1.2 = (b(E, T E0)/2)°.

In the maximum polarization case (A =P =1), D; =0, A., = —1 and ev correlation do not depend on SCC
form factor Fr. However, in the case of partial polarization of the final nucleus, the relative contribution of
SCC depends on the value of the alignment coefficient A. For example, when A= 0.1 and P = 0.5 (Figure 3),
this value reaches between 1% to 17% in the 80-120 MeV neutrino energy range. When energies E, are above
200 MeV the coefficient A., = +1 and it is no more sensitive to SCC form factor F; variation.

The charge asymmetry coeflicient is defined by the formula

do, — dog

_ 17
do, + doy’ (17)

where do, (doy) is the differential cross section for neutrino (anti-neutrino) scattering.

B is determined with respect to the parameter 7, which is equal to +1 for neutrino scattering and -1 for
anti-neutrino scattering.

The curves (see Figure 4) for which the neutrino energy is in the range of 350 to 423 MeV show that
the charge asymmetry coefficient is negative and takes values between —2.6% to —2.5% when Fr = 0. But it
becomes positive with value between 30% and 60% when Fr =5 x 1073 MeV ~'. So, in this neutrino energy

area, the coefficient B presents only pure SCC effects.

0.25
0.8 T T T T
0.2} ] FT=0.005 |
0.6/l — — FT=0 ~ ]
0.15} g
E > 0.4
=] 51
S 0.1} g
= £ 02
g 00t 1 % of
0 0.2
-0.05¢ 1 -0.4}
_0& 1 ! ! ! -0.6 ! ! ! !
5 65 105 145 185 25 145 265 385 505 625
Neutrino energy (MeV) Neutrino energy (MeV)
Figure 3. Relative contribution of SCC to the Figure 4. Charge asymmetry coefficient for P = 0.7,
evcorrelation coefficient. A = 0.3 and 6 = 60°as a function of energy.

6. Conclusion

Theoretical analysis of different characteristics possessed by processes of quasi-elastic neutrino scattering
by nuclei has shown that the relative contribution of SCC to spin asymmetry, ev correlation and charge
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asymmetry coefficients for Fr = 5 x 1073 MeV ™!, can reach some tens of percents for particular values of

alignment A and polarization P of final (initial) nucleus and that of neutrino (antineutrino) energy.

Therefore, the experimental study of quasi-elastic neutrino (antineutrino) scattering processes can allow

more accurate expression of the SCC tensor form factor when the nucleus polarization is taken into account.
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