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ABSTRACT

In this work the neutral-current scattering cross-section for neutrinos on electrons is calculated assuming that a massive
Dirac neutrino is characterized by a phenomenological parameters, a charge radius <r2> and the right-handed currents
are present in the framework of a Left-Right symmetric model (LR). Using the CHARM 11 result for the charge radius

of the muon-neutrino Kr2>‘ <6.0x107 cm?, we place a bound on —7.9x107** cm? S<r2>LR <7.9%x107 cm®. We

discuss the relationship between the electron neutral couplings g,° and g,° and the LR model parameters. We also

estimate a bound on the heavy massive neutral vector boson mass M, >650GeV of the LR model. These results

have never been reported in the literature before and could have practical or theoretical interest, such as in the case of
the neutrinos produced in core-collapse supernova explosions, that is to say, right-handed Dirac neutrinos emission

from supernova core v, € — Vg€ .

Keywords: Weak and Electromagnetic Interactions; Non-Standard-Model Neutrinos; Neutral Currents;

Electromagnetic Form Factors

1. Introduction

Although in the framework of the Standard Model (SM)
[1-3] neutrinos are assumed to be electrically neutral, the
electromagnetic properties of the neutrino are discussed
in many gauge theories beyond the SM. Electromagnetic
properties of the neutrino [4-8] may manifest themselves
in a non vanishing charge radius, thus the neutrino is
subject to the electromagnetic interaction.

The charge radius of v, has been bounded by the
LAMPF [9] experiment

<r2> =0.9+2.7x107% cm?

obtaining, more recently LSND [10] limit from measure-
ment of electron-neutrino electron elastic scattering is

—2.97x1072 cm? <<r,§><4.14><10'32 cm?,

while for the muon-neutrino the bound from the scatter-
ing experiment of CHARM II [11] is

Kr2>‘ <0.6x1072 cm? .

To our knowledge, there are no bounds on the charge
radius of 7-neutrinos from scattering experiments. How-
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ever, the corresponding bounds from Super-K and SNO
observations [12] for the neutrino charge radius are
2

()
()

Experimental evidence for neutrino flavor transforma-
tion [13] implies that neutrinos are the first elementary
particles whose properties cannot be fully described
within the SM. This hints to the possibility that other
properties of these intriguing particles might substan-
tially deviate from the predictions of the SM. As a result,
this has motivated vigorous efforts, both on the theoreti-
cal and experimental sides, to understand the detailed
properties of neutrinos and of their interactions more in
depth. In particular, electromagnetic properties of the
neutrinos can play important roles in a wide variety of
domains such as cosmology [14] and astrophysics [15,
16], and can play a role in the deficit of electron neu-
trinos from the sum [17-19].

In general, a photon may couple to charged leptons

vy >

<2.08(1.53)x107" em?

and
< 6.86(5.26)>< 1072 cm?.
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through its electric charge, magnetic dipole moment
(MM), electric dipole moment (EDM) and the anapole
moment (AM). This coupling may be parameterized us-
ing a matrix element in which the usual y* is replaced
by a more general Lorentz-invariant form [4]:

I =Fo(q*) 7" + Fy (0 )ic™q, + Fe (a) 0™ q, 7, 0
+FA(C]2)(CI2}’# _q#q)ys

where FQ’M’E’A(qZ) are the electromagnetic form fac-
tors of the neutrino, corresponding to the charge radius,
MM, EDM and AM, respectively.

Electromagnetic properties of neutrinos are of funda-
mental importance and serve as a probe of physics be-
yond the SM. Several authors have shown that the charge
radius of the neutrino is not a physical quantity [6,20], as
demonstrated by the fact that it is gauge-dependent [21].
However, other authors claim that they can extract a
gauge-independent neutrino charge radius, which is,
therefore, a physical observable [22]. A definition of the
neutrino charge radius that satisfies physical require-
ments, i.e. it is a physical observable, has recently been
provided [22] in the framework of the Pinch Technique
formalism [23].

In this paper, we start from a Left-Right symmetric
model (LR) [24] and assuming that a massive Dirac neu-
trino is characterized by a phenomenological parameter,
a charge radius <rV2> we calculate the cross-section of
the process v,e” —>v e . We also estimate bounds on
the charge radius of the muon-neutrino in the framework
of the LR mode

~7.9x107 ¢m? < <r2>LR <7.9%x107 cm?,

using the limit of CHARM II for the charge radius of the
muon-neutrino |(r*)[<0.6x10™ cm”.

In a previous papers [25], possible corrections at the
couplings of the fermion with the gauge boson were cal-
culated, in particular the lepton couplings ¢, and g,
with the neutral boson Z, , which were measured with
great precision in LEP and CHARM 1I [11]. In the pre-
sent work, we calculate the simultaneous contribution of
the neutrino charge radius, the additional neutral vector
boson Zg, the mixing angle ¢ of the LR model on the

electron couplings constant (g\‘f’)LR and (g,vf)LR. We

also obtain bounds on the heavy massive neutral vector
boson mass M, of the LR model. The neutrino charge
radius in the LR model is simply treated as a new pa-
rameter. One is thus dealing with a purely phenomenol-
ogical analysis. For an analysis of the electromagnetic
form factors of the neutrino from a theoretical point of
view in Left-Right models, see [26].

This paper is organized as follows: in Section 2 we
carry out the calculus of the process v, e” —>v,e . In
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Section 3 we achieve the numerical computations and,
finally, we summarize our results in Section 4.

2. Muon-Neutrino Electron Cross-Section

In this section we obtain the corresponding amplitude for
the process

v (k)+e (p)=v, (k) +e (p,), @

mediated by the photon y and the neutral gauge bosons
Z, and Z,. We assume that a massive Dirac neutrino
is characterized by a phenomenological parameter, a
charge radius <rv2 . Therefore, the expression for the

cross-section of the process v, e~ — v, e is given by

ot

:_GémeEv{252+25(P+s)+(P+S) QR )
2 2

+§[252+25(P+S)+(P_S) ;(Q_R) },

where the neutrino charge radius, the heavy massive neu-
tral vector boson and the mixing angle ¢ contribute to
the total cross-section. P,Q,R,S are given by

P=(A+2B+C)g,,

Q=(-A+C)g,, @
R=(-A+C)g,.

S=(A-2B+C)g,.

The constants A, B and C [27] depend only on the pa-
rameters of the LR model

A= C———Sy +y[—c¢+s¢J R
Iy fy
2 2 2 2
B= c¢—is¢ (—i%]ﬂ/[igﬁsﬁ)][icﬁ,}
r{N rW r-W rW
2 2 2 2
c- is(ﬁJ +y(ic¢J , 5)
T Iy
MZ
r=lo—| >
[MZR]
- D)
3G, ’

where c, =cosg, s, =sing, ¢, =cosf,, S, =sinf,,
fy =4/cos26, and M, , M, are the masses of the

light and heavy massive neutral vector bosons that par-
ticipate in the interaction. y together with ¢ are the two
new parameters that are introduced in the LR model,
while r2> is the charge radius of the muon-neutrino.
Bounds on this quantity are reported in the literature
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[11,28,29]. We can in addition take the limit ¢ =0 and
M, — o and get the standard model cross-section.
Notice that it is not possible to factorize the neutrino
current in Equation (4), since P, Q, R and S are different,
and therefore we cannot parameterize the electron weak
coupling in terms of the effective couplings gjﬁ and

gx -
2.1. Charge Radius of the Muon-Neutrino

From the cross-section expression (3), we obtain the in-
terference cross-section which is given by

2G62m,E
o =%(2P+S), ©6)

where P,S and 6 are defined in Equations (4) and
(5), respectively.
We rewrite the interference cross-section as the follow

a,LR=K<r2>(ZgV+gA)
¢ (7
. 1+(29vaw+9AhNJy+(y_l)(29V+9Amjs¢c¢ ’
20, +0, 209, + 0,
where
4G.m,cE 1
K=—F++— v, =—, =r, b, =-2r,.
9\/5 aW r\-/i hN W hN W

Evaluating the limit when the mixing angle is ¢ =0
and MZR —o0, ¥ —0, the second and third terms in
(7) is zero and Equation (7) is reduced to the expressions
(A.5, 17) given in Refs. [30,31]:

o) = K<r2>(2gv +0,). ®)

In order to identify the neutrino charge radius in the
LR model, of Equations (7) and (8), we define

2 2 2 \ A
()= et

2 b"
+(7_1) Oyay + 0,0 5,5 |,
209y + 0,4
where <r2> is the charge radius of the muon-neutrino

X LR R . .
in the LR model and (r®) is the charge radius in the
minimal extension of the standard model.

(€))

2.2. Electron Coupling Constants ( g,‘;e) and

LR
(gff )LR

In this subsection, the total cross-section Equation (3) is
written in such a way that we can express the theoretical

predictions for the electron couplings constant (gJe)LR

and (g;e )LR such that give the SM couplings in the limit
¢=0 and M, —oo:
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L5 :%{52 +25(f,00° + £,0°)
+l( fou + ggff)z o1 £ (ov° +gif)2
f 2 (10)
+§[52 +25( 9 - £,9)

+%( fov — o) + 12 (0 - )2}},

2
f=u? +\r/_27, f=w(i-y), f=v+u’hiy, (1D
W

and
sin ¢
W

with y and & as defined in Equation (5). We get the
SM [28] formula after taking 6=0, ¢=0, and
M, —> o in Equation (10):

{(g%g:ﬁ)z+§(g$—gf)2} (12)

U=cos¢-— , V=cosg+I, sing,

O_SM — Gl% me Ev
2n
and by analogy with the standard model, likewise we have
of = Gim,E,
2n

o) (w20, (o), T

Using Equation (10) which includes the right-handed
current of the neutrino, we would obtain new limits on
the LR model parameters. We already mentioned in this
section that it was not possible at the amplitude level to
define g¢" and g% for the electron couplings. How-
ever, looking at Equations (10) and (13) we see that this
is not the case for the total cross-section. As a matter of
fact we can identify the LR model couplings of the
electron in the following way:

(gxe)LR[MZL’MZR’¢’5’Sin0W’gZe]
o3 1)](6),
(g\;e)m[MZL’MZR’¢’5’Sin6<N’gCEJ

=5, Jr%(f1 f,+ f;)(gvve)SM

In these expressions, with the limits ¢=0 and
M, —>o, y—>0 theSM couplings are recovered.

(13)

(14)

(15)

3. Results

In this section, we present the numerical results obtained
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for the charge radius of the muon-neutrino in the frame-
work of a Left-Right symmetric model <r2> , the elec-

tron couplings constants (g\je)LR and (g;e . and of

the mass of the heavy massive neutral vector boson
M, . For the SM parameters, we adopted the following:

M, =91.187+00.007 GeV

and sinzﬂ,\, =0.2312 [28]. At the present time, the
most precise direct measurements of g,°, come from
the LEP and CHARM II experiments [11,28]

g,° =-0.035£0.017
and
gy =-0.503+0.017

at lo in agreement with the SM and the world average
values. For the mixing angle ¢ between Z, and Z,,
we use the reported data in [32-34]:

—1.66x107° < ¢ <1.22x107, (16)

with 90% C.L. Other limits on the mixing angle ¢ re-
ported in the literature are given in [35,36].

In order to estimate a limit on the charge radius of the
muon-neutrino <r2>L in the framework of the Left-
Right symmetric mogel, we plot the expression (9) to
analyze the general behavior of the 5r2> function
(Figure 1). In this figure, we observe that the mixing
angle ¢, around —0.75 rad, <r2>L can be as high as
10.4, and for values of ¢ around 5.8 rad, r2> is as
low as 5.5. This shows a strong dependence on $ Ff there-
fore, if (r? is the charge radius, the restriction on
the charge radius can be “softened” if we consider a LR
model. In Figure 2, we show the allowed region for
<I’2> as a function of ¢ with 90\% C.L. The allowed

JIR . .
region is the rectangle band that is a result of both factors
in Equation (9). In this figure, the second factor gives the

rectangle band while <r2 > gives the bandwidth. This

10 |
M,, =680 GeV
9
5
E
Lo}
=
LT
o
v L
6 \
5
-] -0.5 0 0.5 1

¢

Figure 1. ‘<r2>m‘ as a function of the mixing angle ¢ .
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Figure 2. Allowed region for <r2>LR as a function of the

mixing angle ¢ with the value <r2> . The dashed line shows

the allowed region for <r2> , while the dotted line shows the

same result for the LR model.

analysis was done using the experimental value for <r2>
reported by CHARM II [11] with a 90% C.L. In the same
figure, we show the (r’) (¢=0) result at 90% C.L.
with the dashed horizontal lines. The allowed region In
the LR model (dotted line) for <r2> is wider than the

2 . . LR
one for the <r > , and is given by:

~7.9%107 ecm? §<r2>
LR (17)
<7.9%x107 ¢cm?,90% C.L.

whose value is quite close to that reported by other au-
thors [5,6,8,11,12,28,29].

Figure 3 shows the charge radius <r2>LR as a func-
tion of the LR parameters ¢ and M, . This figure
shows a strong dependence of the charge radius with
respect to the model parameters. In Figure 4 we plot x°
as a function of ¢ and M, . The minimum is obtained
for ¢=1.22x10" and M, =800GeV with
7> =1.78x107. In Figure 5 we have plotted (g;e)
from Equation (14) as a function of the LR parameters r
and M, . We have chosen the range

-1.66x107 <$<1.22x107 and 300<M, <800 GeV

where ¢ is measured in radians.

In Figure 6 we have plotted (g\je)LR from Equation
(15) as a function of ¢ and M, . The range of varia-
tion for the LR parameters is the same as in Figure 5. In
this case the experimental value, (g\jx" )LR =-0.035 is
reached for small values of M, and ¢. The effect of

these two variables on (g;e)LR and (gce)LR is similar.

In Figure 7 we plot »° as a function of the LR pa-
rameters taking the same range of variation. The minimum
is obtained for ¢=1.22x10" and M, =800GeV .
with y* =3.85x107°. In Figure 8 we plot y°, the
minimum is obtained for
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Figure 3. Plot of <r2 >LR as a function of the LR parameters
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Figure 4. Plot of 7 as a function of the LR parameters
¢ and M, .
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Figure 5. Plot of ( gl’f)m as a function of the LR parameters

¢ and M, .
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Figure 6. Plot of ( g;”)m as a function of the LR parameters
pand M, .
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Figure 7. Plot of y’ as a function of the LR parameters
@ and M, . The minimum of y® is obtained at

@=122x10" and M, =800 GeV .
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Figure 8. Plot of z* as a function of the LR parameters
@ and M, . The minimum of x’ is obtained at

=-1.66x10" and M, =300 GeV .
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$=-1.66x10"
and
M, =300 GeV with 77 =441x107.
In these figures the effect of ¢ and M, —on

(gz\e)LR and (QJQ)LR are opposite.

Finally, in Figure 9 we show the allowed region for
the mass of the heavy massive neutral vector boson
M, asa function of ¢.The allowed region is obtained
from Equation (14) and the analysis was done for 6 =0
and 6 =0.01 [11]. We obtain the bound:

M,, > 650 GeV,90% C.L., (18)

which is consistent with the bounds obtained in the lit-
erature [11,25,28,37] for MZR .

4. Conclusions

The intrinsic properties of the neutrino are a matter of
constant interest. Therefore, we have derived formulas
for the total cross-section, the interference cross-section,

1600 F AT
3=0
1200 r
= ALLOWED REGION
(\5 800 |
=
400 [
ok . "
-0.0015 -0.001 -0.0005 0 0.0005 0.001
¢
1600 F '
! \ 8=0.01
1200 r \
2 | ——
< L ALLOWED REGION
s 800 ¢
S L
L
400 T
¢
L
ok 4
-0.0015 -0.001 -0.0005 0 0.0005  0.001

¢

Figure 9. Contour in the ¢—M, plane with §=0, 0.01.

Values outside of the allowed region are excluded.
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the neutrino charge radius <r2>LR , and the electron

couplings constants (g)’f)LR and (gJe)LR via muon-
neutrino electron scattering in the framework of the
Left-Right symmetric model. We found that the con-
tribution of the mixing angle ¢, the heavy massive
neutral vector boson mass M, of the LR model, and
the charge radius <r2>is evident in the total cross-
section and in the interference cross-section which are
given in Equations (3) and (7), respectively. The SM
prediction is obtained when we take the limits ¢=0
and M, —o, y—>0, resulting in Equation (8),
which agrees with the term of interference reported in the
literature in References [30,31,38]. Our bound obtained
for the neutrino charge radius in the LR model is
competitive with those reported in the literature [5,6,8,
11,12,28,29]. In the case of non-standard couplings

constants (g)’f)LR and (gJe)LR (Figures 5 and 6), the

bounds are dependent on the LR model parameters, and
the bound on the mass of the heavy gauge boson (Figure
9) is consistent with that obtained in the literature
[11,25,28,37].

In summary, we have estimated bounds that can be
derived from the muon-neutrino electron scattering. Our

bounds on the neutrino charge radius <r2>LR , the elec-

tron couplings constants (g,vf)LR and (g\ye)LR and the

heavy massive neutral vector boson mass M, —are
consistent with those reported in the literature and in
some cases, improve the existing bounds. However, new
experiments dedicated to the detailed study of electron
(anti) neutrino interactions with matter, for example the
reactor MUNU [39], as well as radioactive sources of
neutrinos such as the BOREXINO detector [40], should
be able to improve existing limits on the neutrino charge
radius, magnetic moment and other parameters. In
addition, these results have never been reported in the
literature before and could have practical or theoretical
interest, such as in the case of the neutrinos produced in
core-collapse supernova explosions, that is to say,
right-handed Dirac neutrinos emission from supernova
core v, & —wvge [41-43].
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