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IN NEZIUTRINC-ELZCTRON ELASTIC SCATTERING
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ABSTRACT

4 covariant formulation is given for the mass dependent
¢ifferential cross—seccioné for neutrino(antineutrino)-
electron elastic scatrtering with massive neutrinos., It is
explained how these cross~-cections along with a formulation

for neutrinc oscillations may be used to describe the helicity
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o
H

ormation effect for neutrinos passing through matter,
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1. INTRODUCTION
In recent years much effort has been devoted to developing
1
a better understanding of the properties of massive neutrincs
and their relation to the gauge theory of electro-weak forces.
In this paper, I investigate phenomena which are associeted

with the scattering in matter of massive neutrinos from electrons.

An important consequence of the massiveness of neutrilnos

~is the prediction of oscillations which can occur both in

vacuum and in matter, Among the oscillations which have been

2
considered are those which change the lepton type(flavor changes) ,
3 o
particle-antiparticle oscillations , heliclity changes and
4

doublet-singlet neutrino changes . Other consequences are also

associated with passive neutrinos. These include mass dependent

effects in the scattering cross-sections, changes in the direction

of the neutrino's spin polarization vector as the result of

scattering or as the result of interacting with a strong

5
magnetiz field ,

3

o

In this paper, I give invariant cross-sections for ¢
scattering of massive neutrinos from electrons, From these

expressions, one may determine the changes in the spin polarization



e

the neutrinc as the result of scattering from electrons in

i

o

et

matter, - This effect is shown to be enhanced in the presence

of neutrine oscillations. An estimate is made for the helicity
vtransfcrmations which can occur for neutrinos passing through
It is suggested that scattering induced helicity

matter,

ocscillations may appear in certain astrophysical environments.

11, NEUTRINO-MASS DEZPENDENT CROSS-SECTIONS
In this section I present the details of a derivation of

ross-sections for the elastle scattering of a massive

f
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neutrino from an electron, In the derivation, I use the
units m_ = ¥ = ¢ = 1 and the conventions which may be found
in Ref, 5, 1 consider the proéess in which a neutrino of
mass m, polarization four-vector s,, and four-momentum a

is scattered from an electron to a final state of spin
polarization Sq and four-momentum ¢. Initially, the electron
is unpolarized and has four-momentum b, Its final state
four-momentum is d.

The neutrino and the electron are described respectively

by the current four-vectors

© sl

(2.1a)
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where
Fq ) M M [y
ChvaYy =¥ (VHAY ) (2.2)
In (2.la) the parameter A has the value 1 for a right-handed
projection and the value -1 for a left-handed projection of the
neutrion's helicity, For a Dirac neutrino produced by a V - A
process, the value of ) distinguishes between the neutrino and
) 7
the antineutrino, However, for the case of Majorana neutrinos
where V(f)- C )/-(—f?) (C represents charge conjugation) the
values ) = 1 and -1 represent respectively right- and left-
handed projections of the neutringds helicity,

In the remainder of this section, I will restrict the
discussion to that of Dirac neutrinos, and 1 will assume that
these neutrinos are produced from V-A pracesses so that they
are predominately left-handed, The case of Majorana neutrincs

can be easily understood with the above mentioned

change in the interpretation of the parameter A .
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Althouch information for all scattering configurations with

In this expression, I have used the representation

with different values for s, and s, can be found from (2.6), a

considerable simplifica‘:ion occurs when the neutrino mass is /b?—; )1? { ]gf ) (f__,_'P Q{") o) O) (2.8)

small relative to its energy ( m/u%~4 1). With this approximation,
for the polarization four-vector of a particle of mass m,

one finds for the scattering of helical neutrinos

- — - : ‘ energyLQ?and momentum t?léif‘ I have also defined the scalar
ML m 226 (12 )D=2200) @

products

L@+ @dOVI+IAT) = @a(Iv=1a0) + R Z 20 (pg-mT o, ()

——

m

a2 2 % * )
(e = (@d)y Y (VAT V'AY] + DA B ) (a.c-m“ﬁcas«m“'ﬂ(cv)

W26 L= (RN ab + L@ ad)+

(2.9)

where

(200, (£ ab +£ (B ad)f(VHIAL TC(%)___E__ 11 e

26 [O=0)0 £ + 0= £ @] (V1477 | | )

The scattering of a helical wmeutrino without a change

R }‘ﬂll G“ I (>\ })c’“mha (’,[;(i'a) a"b he ";CQ (d) (a g')\ -+ in helicity is described with the values A;_)Q_}c_.:l .,  The

corresponding scattering for an antineutrino is described

' o x
(A/\?a‘ }) AC_(T(;M)QE - .f( (E) (a d)\-] (\/A +V A) . when these parameters have the -opposite values,  The case of
a helicity transformation is described when hc::_)&.' In the
standard model the parameters V and A have the values

\

i

1/2 + 2sinzew, - (2.10a)

A

1/2
for the scattering of a neutrino and a charged lepton from the

same flavor family where both neutral and éharged vector bosons
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For the scattering of a neutrino and a charged

contribute,

lepton from a different flavor family, when only the neutral

vecdtor boson contributes, the parameters have the values

<3
i

-1/2 + 2sin’g, (2.100)
A= -1/2
4s a check on the formulae, it is easy to see that the
cross-section for the scattering of a massless neutrino can
be recovered in the limit m -—» 0, If one introduces'the

variable

vy = b-(a~c)/arb,

then
dT(yA = =(w,/2) dT(V,A) (2.11a)
dy dt
Upon integrating y from O to 1, one finds the total cross-
section for elastic electron-neutrino scattering
T A= W, G ﬁfﬂ\/mmz (vl = 1A (2.115)
(GAY= WG 1VsAT s DEAL -

7] 2 W,

The result for antineutrino scatuering is fouud from the

above expression when A =y -4,

-9
III. OSCILLATION EFFECTS
As a massive neutrino passes through matter, its helicity
may be reversed as the result of interacting with électrons_
As one can see from the previous discussion, this effect has

the energy dependence (mﬂag)z and is expected to be small,

-t
th

on the other hand, the neutrino oscillates to a neutrino type
with a larger mass, then the helicity reversal effect can
become enhanced, After scattering in the larger mass state,
tﬁe neutrino can oscillate back to the original or to another
lepton type with reversed helicity. For the Dirac neutrino,
this combined effect could simulate particle-antiparticle
oscillations,

In this sectioﬁ, I give a formulation to estimate the
significance of these combined effects, Although it now
. 10
appears that Lé4——¢-%& oscillatio§s have a small probability
oscillations of the type Lé‘%__y lé may still be sigﬁificant,
especially 1f the mass of Lé is sgch‘that m ~ 1, At present,
this is allowed as the result of the current terrestrial

experimental bounds for the neutrino masses.

To begin the discussion, one can use 1%;) (oo =1,2, or 3)

3

T

e e it
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" to represent eigenstates of the neutrino energy operator with As the result of coherent scattering effects, the probabilities
mass eigenvalues m. , and \yﬁ) (9= e, or z ) to represent (3.3) become modified for oscillations in matter. The
the observed physical neutrinos. To describe oscillations, one appropriate expressions for oscillations in matter can be
considers the superposition , found in Ref. 11, For either }/ ¢= ) or ) = 3y oscillations
S : & A e z
—_ (3.1) in matter, the transition probabilities become
llﬁ ) - L}O‘i \2473 ! ( S ]1 ) ( y ! y ‘&z
LIV ] =1 - X
where there is a summation on repeated indices, The time e M e € (3.6)
2
: . v L
development of this state is generated by the Hamiltonian H - —;: M@* ev\) ( LW\/L.’J) (.Z - COA (2. WX/ L'?Y\Y;
so that
-~ HE N " Here the oscillation length in matter is
A — : 3.2) ,
) =¢e Qo) (
The probability to observe a neutrino of lepton type {' at i ’ 2 ) - Vs (393
L.= L [1+(}£>'2C0A29,, Lvﬂ '
time7 , if a neutrino of lepton type (] is present at time zero, v Lo Lo .
ie 1_; LJ ; and L, = 2W7GNe where N is the electron density.
w o (oy=1G, =0 ,0 U, U - e
33 LA Tl Toe TR TR (3.3) . ‘
One can now use the above results along with the cross-
Corl(E, - EN7] -
sections derived in Section II, to obtain expressions for

where o .

ﬂu61222<2) = (,Qi,z (Z)) the passage of neutrinos through matter when they interact

- . (3.4)
CRESERVA

s ¢
. | o - }
. | (Lo’ = le,f
If the neutrino energy is large relative to its mass, one finds

with electrons, This provides a description of the helicity

transformation effect which 1s coupled with lepton type

oscillations., If one assumes that the flavor of the neutrino
where the vacuum oscillation length is

( N is unchanged as the result of the interaction, then the
3.5 :

3

L = _4anif
v 2 2
M= |

a-d

differential cross-section at time Z becomes
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,.7:0)/? 4 (3.8)

av
“di . S
\ :IQM(Z;-Z)\ 1&}2,2(”&—7:0) .

14
In this process, a neutrino of lepton type}? at time 77 interacts
©

at time T as a neutrino of lepton type X with an electron, At
time 7,the neutrino is detected as a neutrino of lepton type ¢ .

f o
£
. ¥

and s_ are functions of

In (3.8) the four-vectors a, ¢, s, c

the value of m. at the time of interaction, The probability
functions are found form (3.3) when the neutrino is in vacuum
and from (3,6) when it is in matter,

If only the final stateveléctron is detected, then one
finds upon summing over the final neutrino types and integrating
over t as done in deriving (2.115 the expressions for the total

cross~section for an interaction at time 7T,

T N= Y W, (1) T 00, -5). &2

2=e, .
I, the limit where one neglects terms which depend upon

3

m/wy ; one finds the expressione used in Ref, 12 to study

oscillations iny e scattering, In the same limit, one

4 -
(<3

‘obtains: from (3,8) the differential cross-section used in
Ref. 13 to study oscillation effects in Eé— e scattering.

As a final contribution in this paper, I give an estimate
for the helicity transformation effect as neutrinos pass
through matter, I start by considering the passage of a Dirac
electron type neutrino through matter in which neutrinos and
antineutrinos can be produced by reactions, In thils matter
neutrions and antineutrinos have the local production densities

: ea(x) and EL(X) respectively, This is the type of matter one
would expect to find within certain stars.‘ It is also assumed
that a helicity reversed neutrino interacts with matter as an
antineutrino., The corresponting property is assumed also for
antineutrinos. The wodifications in the formulation without
this assumption can be easily made. I usec{(x) to represent
the absorption coefficient for the process .y -~y 1) and @(x)
to represent the absorption coefficient for the process

; ——»4J . The densities Na and Ny of neutrinos and ant;-

neutrinos respectively found at a distance x from the origin

is found from the differential equations
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- o (X) NQ\ +E>Q(x) B [\[b

a (3.10)
Np= =g N+ e en vy N, .
These equations have the solution
~{ (et ¢ +E)d
j(% @)dxr j E)ax (3.11)

, ”
N=e b(\’f (gnw +»(°q) dx + c‘}

= N+ N = S (B, +@)dx *+C,,

For the interesting case of terrestrial experiments, an
estimate of the helicity transformation effect can be made
for the observation of neutrinos in the forward direction

at a distance L from the neutrino source, This situation might

o
©

2]
[
ju)
ot
o
™
o
[N
%

[l
o)

eutrinos are observed after passing through a
portion of the earth., The cross-section for this case is

found from (2,5), (2.,7) and

ﬂ”{ka)?b%)m;e:oﬁzgg‘“g“ dt S(er-)dn (3.12a)
dt 40

p=pe m’ - l;' 2 .
v U‘a,\)u%,m;@“‘ﬂ“ W, =m ég-()\m)\c)m}@:o)‘ (3.120)
217 di '

For both ) =1 and X = -1, one finds in this case

B

-15-

U_(hq, 3& ,m)@:o): le:(}vi +/zf%/2)(1- mq"/u):) (3.13a)

27T+
%

2
2a o in
T (2 )"‘A v, 020) = G m !Ai' (3.13b)
a a ) ) 25—7?:

For matter of uniform density n,, one finds for the
absorption coefficients
Xy =pxy = N T2, m e=0),
With the initial contitions that N, (0) is a constant and that
NQ(O) is zero; one finds from (3.11) for a distance L from

the orizin the ratios

2 Nq(L}/NQ(OS (1 + VC};-Q ) | (3.142)

i

. e
2 /\/E(L)/NQ(O\ = _(1 - C ) o . (3.145)

with
Q=2T (., me=0) &N L
where N ~6.022 x 1023 ang ng = € N,

Numerical results for the ratios (3,14) and for the

parameter E;mzL = 4,739 x 1021 Q can be determined from

Table 1, From this table, one can determine the ratios (3.14)

at a distance L(cm) for a given value of Q. The parameter m

is the ratio of theneutrino mass to the electron mass, The
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The alectronAdensity parameter'gg has = the following approximaté
values:
@e ~ 1 -2 Sun, Earth

1010( ee < 1013

. 10t8< €

Neutron star
Black hole,

Although one can conelude from this numerical estimate
t@at the helicity transformation effect is unlikely to be
observed for neutrinos passing through the earth or the sun,
the effect may be present in very dense stars if m~1 =« 10-1,

Values in this range are within the experimental bounds

for &/ or 1% , but they are larger than the cosmological
e
i4
bounds | ™ +m + QE+ m, ~ 40 eV, 1f one now

considers a condensing star where electron neutrinos are
produce dfrom the reaction n + e = p +¥ and observes from
{3.6) that the probabilities with small oscillation lengths
or 4 ¢ 4/ oscillations are

¢ 'z
then the helicity transformation
effect could be signifcant in producing helicity transformed
neutrinos in the universe, This effect would have to be

considered along with the expected precession of the neutrino's

-17
polarization vector which can occur if the neutrino has a
15
magnetic moment and passes through a dense magnetic field ., As
a final remark, it is worthwhile to note, until. such time
that the cosmological bounds on the neutrino masses are
better established, that it .may be of interest. to use the

cross-sections (2,5) in looking for (m/&é) dependence in

precision ¥ - e scattering.,

This research is dedicated to the memory of my friend

,
and colleague Sedn Browne, Beannacht De leis a anam,
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TABLE 1,
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,0952 ,0099 10 10 10 10

I
o
w
N

2Nb.‘\ L)jﬂa( O) =

TABLE 1. Neutrino flux ratioc.at a distance L cm from the origin'

w (L) + Nb(L) = Na(o),




