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Analysis of the neutral-current interaction in the inclusive neutrino
reactions
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Abstract. We attempt a general phenomenological analysis of the neutral weak
current in the inclusive neutrino reactions using the parton model as a tool. From
the recently reported data on these processes we determine the sirength H of the
neutral-current interaction as well as the amount of the VA interference. We find
(H/GY* = 0-54 4- 0-06 where G is the Fermi coupling constant and the VA inter-
ference contribution turns out to be 334+ 23%. We also discuss the comparison of
the data with various models for the neutral hadronic current.
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1. Introduction

Possible evidence for a neutral current in weak interactions has been reported by
Hasert et al (1973) from experiments on neutrino reactions on nuclei. They have
seen a large number of events which can be tentatively interpreted as

v, (3 + & >, (?4) + Hadrons (1)

where gy denotes the nucleon. Although other explanations are not yet ruled out,
we shall assume that these are really the neutral-current events. According to

Hasert ezal (1973), the ratios of the neutral-current (N) to the charged-current
(C) events are

(%)v =021 4 0-03 @)

N
(‘c‘: ;=045 3009 (3)
Our aim is to try to determine the nature of the neutral-current weak interaction
from this type of data. It is rather unfortunate that the very first manifestation
of the neutral current has been seen in the most complex reactions, namely, the
inclusive processes in eq. (1). However, this is compensated by the circumstance
that such complex reactions are known to exhibit a very simple structure for the
niacleon, namsly, the existence of point-like scattering centres (partons) inside the
nucleon. This is what renders the analysis of these reactions possible at all.

Secti(_)n 2 conta‘ins a brief discussion of the relevant leptcnic neutral current.
In section 3 and in the Appendix we analyse the hadronic neutral current using
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the parton model and in section 4 we discuss various models for the neutral current.
Section 5 gives the conclusions of out analysis.

2. The leptonic neutral cusrent

If the neutrino* is a two-component object satisfying

VgV = v
then scalar, and tensor currents are not possible for the neutrino, for,
5(14y5)v=0

5oy, (1 ) v =10
Suppose, however, the neutral current does not respect the two-component
neutrino theory. In other words, consider the possibility that the neutrino is really
a four-component object although behaving like a two-component one in the usual
charged-current weak currents. Then, we could write a scalar current

pla_(l —yp) +ar(l +y5)} v

where a.. are arbitrary constants and a similar tensor current. But, if the neutrinos
in the beam were produced in the decays of K, = or p occurring through the well-
known charged-current weak interaction, then they have negative helicity, so that

(A—y)v=5(+y)=0

So, again the scalar and tensor neutral currents are effectively zero. Thus, although
the neutral current may have scalar or tensor parts, we cannot detect them by using
the neutrinos or antineutrinos produced in the conventional charged-current decay
modes, as is the case with the present experimental situation.

Hence, the leptonic neutral current involved inthe reactions in e¢q. (1) hasto be
vy, (14 v5) » and this is coupled to a hadronic neutral current N, so that the neutral
current interaction is #y, (1 + p5) vN,.

3. The hadronic neutral current and the parton model

Our aim is to try to determine the properties of the hadronic neutral current N,
from a knowledge of the inclusive neutrino cross-sections. We shall write NV, in
the formt

1
Ny = V2 (Hy*V,? + Hy°V,® + Hp A, + Hy*A,0) )
where ¥,%° and 4,%° are vector and axial vector currents and the superscripts 3
and 0 denote the isovector and isoscalar parts respectively. The four coupling
constants H,% % and H,% ¢, which we shall take as real, are to be determined from

experimental data.

* Hereafter, the symbol » will stand for v,. Our choice for y; is such that (1 4 y;)/2 is the
projection operator for the negative helicity of the neutrino. So the charged current in the well-
known weak interaction involves y, (1+ y5) which will be referred to as V' + 4.

t One may rule out a hadronic current in the form of the gradient of a scalar, for, in that
case, the matrix element for the semileptonic process is zero for a massless two-component

.
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For the analysis of the neutral-current inclusive processes we shall use the sim-
plest possible model which seems to be consistent with the existing data on the
charged-current inclusive processes as well as the electromagnetic inclusive pro-
cesses. Such a model is the so-called quark-parton model, according to which,
the proton is made up of two isospin-“ up > quarks (u) and one isospin-* down”
quark (d).

The relevant part of the basic weak interaction in our model can be written as

G -
Lt = ‘\‘/’E{WA (I +ys)vir(d +ypd+hc}

1 _
+ V2 Py (L 4 y5) vi{iy, (Hy + Hy'y) u

+ J)’M (Hy® + Hp%5) d} | ®

where G is the Fermi coupling constant and we have rewritten the neutral hadronic
current N, in terms of the isodoublet u and d. The connection between the two
sets of coupling constants is given by the formulae:

Hy, ;2= Hy s “HV.Ad} (6)
HV.A° = HV, A+ HV, Ad

We have ignored the A § =1 part of the charged-current interaction,

The total cross-section for the inclusive processes can be simply obtained in
the parton model by adding the cross-sections for the point-particles— in our
case v and d. We shall write down all the formulae for the case when the nucleon
contains three partons. The changes to be made in the more general case of arbi-
trary number of partons are indicated in the Appendix. Using v*and v~ to denote
v and 7 respectively, we have '

on, ¢ (vVED) = 20y, o (vEU) +op, ¢ (Vid)}
N, ¢ (vEn) = Ow, ¢ (vEu) +'2C’N. ¢ (th)

(7

where the subscripts N and C refer to the neutral and charged-current processes
respectively. It is straightforward to calculate the total cross-sections for the peint-
particles u and 4 using the interaction in eq. (5). In the limit of very high neutrino
energy E in the laboratory system, we get

o (vEu) = § CE{(H - (H2)° £ H,*H %) .
o () = | CE{CH A - (90 1 HeH 5] ®)
oc (vu) =0, (3d) =0

on (o) = o 51 = GG ©)

where C' is a constant. Hence, we get the cross-sections for proton and neutron

o () = FCEQR(HyM* (1 + B2+ B) + (Hy)2 (L + 852 & B} 10
o (=n) =3 CE{(Hy)* (1 + 8,2 &£ By) +2 (HyH* (1 + 8,2 ﬁa)}} o

og (vp) = CEG?; oc (v1) = 2CEG? }

oc (P0) = 2CEGY3; o, (vn) = L CEG? (11)
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where
H,® HS3
ﬁu=-H—3u; Ba:“—ﬁa (12)
The constant C is given by
C = 2milfr (13 a)

m, being the effective mass of u. If the distribution of the momenta of v and d
is taken into account, then the formula for C becomes

c=2m, f X (%) d (13 B)

0

where n1, is now the mass of the proton and f(x) is the normalised probability for
finding a point-particle with a fraction x of the four-momentum of the mucleon
(this probability being assumed to be the same for both u and ). However, the
value of Cisirrelevant for our analysis, since we shall be concerned with the ratios
of cross-sections only.

We may consider the following ratios:
209 (5p) — oy (5n) _ 1+ B — B,

2oy (p) = oy (1)~ TF BT B, "
20y 1) —ay (7p) _ 1 + B85 — Ba (15)
204 (1) —og(vp) 14 B2+ B,
20y (vp) — oy (vn) _(HM? -
ac (vp) ) (I + B2+ By (16)
2oy (vt) — oy (vp) _ (H 92
Cotp o (AR o

From these four equations, the four parameters g,, B4, H,* and H.? can be deter-
mined. But the solution is not unique because of the quadratic ambiguities which
can be easily enumerated. It can be seen that if B, is a solution of the first equation,
then 1/B, also is a solution; similar is the case with the second equation. Actually
this function

_1+p*—8
(which is the ratio of # to » cross-section on the point-particles u or d) plays an
important role in the analysis and so it is plotted in figure 1. Onc may note that
¢ () lies between 1/3 and 3 for all values of fand becomes unity in the case of pure
V or pure 4 mteraction. The third and fourth equations above determine only
the magnitude and not the sign of H* and H, To sum up, the magnitudes of
all the coupling constants and the relative signs between the ¥ and 4 coupling con-

stants are determinable, but there exist equivalent solutions with ¥ and 4 coupling
constants interchanged.

Thus, apart from these quadratic ambiguities, all the four fundamental coupling
constants H,»° and H*° of the neutral current can be phenomenologically deter-
mined from a knowledge of oy (vEp)/os (vp) and oy (vEin)a, (vp).
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Figure 1. Plot of the function ¢(f) =
(1 + g2~ B/(1 + B*+ B). This function
represents both oy (Fu)jog (V) and
T T T s o s i e T v o on(Pd)|ay (vd)) in terms of the 4/V ratio 8.

However, at the present stage, the only information available [givcn in eds. )
and (3)] is for a target of heavy nucleus. So, it is more appropriate to consider
the cross-sections on the isospin-averaged nucleon target

on, ¢ (v=8y) = 3 {oy,c (v2p) + o, c (vEn)} (18)
From eqs (10), (11) and (18), we get

o (vEov) = 3 CE{(Hy")? (1 + B2 £ )+ (HA (1 + B2 £ B} (19)

oc(Py) = Yo, (voy) = CEG? (20)
The ratio } occurring in eq. (20) is not far from the experimental value of
oc W) oo (vay) which is 0-38 & 0-02 (Perkins 1972) and this in fact is one of the

important supports for the simple model used here. But our interest is in the
following ratios of the neutral- to charged-current total cross-sections:

2= HCRY 0o () 0 i)
=8B () arse-mor (B asne= ) e

It is worthwhile to point out that these formulae on which we base all our sub-
sequent analysis are in fact valid even if we allow the nucleon to contain an arbi-

trary (but fixed) number of the isodoublets # and d. For details the reader is
referred to the Appendix.

We now identify r and 7 with the experimental ratios given in egs (2) and (3) so
that

r=0-214003 29
F=0454 0-09 | (3"

This is only of approximate validity since the experimental ratios of Hasert et al
pertain to only those events for which the energy-transfer to the hadrons is greater
than 1 GeV. As the energy E of the incident neutrino becomes higher, this identi-
fication would be better valid, in view of the expected Bjorken scaling. However,
this may not be the case at the present neutrino energy which is 1-10 GeV. Hence

-
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our numerical results should be regarded as tentative and they can be improved
when higher energy data become available.*

Although a complete determination of all the four parameters is not possible
from the two eqs (21) and (22), certain important combinations of the parameters
can nevertheless be determined. For this purpose we consider the sum and dif-
ference of 3r and 7 and thus get

3 @r+ 7)) = HYG* - (23)
3r—F\ _ o (HyH* + HH ) | 24
) =2 @9
wherec we have defined .
HE = (Hy)? 4 (Hg)® + (Hy? + (H)" (25)

Hence, from the already known experimental values of r and 7 given in eqs (2')
and (3'), we are able to determine the “‘total strength™ of the neutral current H
and the value of the VA4 interference term:

(H/G)? =054 4- 0-06 (26)
2 (Hv"HA"H T HVHS _ 033 40423 @7

Hence one may draw two conclusions: (a) The strength of the neutral-current
interaction is comparable to that of the charged-current interacticn as one would
have expected from the values of » and 7; (b) The VA4 interference term seems to
be small, in contrast to the case of the charged-current where it is unity. So, a
pure V -+ A or a pure V — A theory for the complete neutral current is not favoured
by the data. The tentative nature of this conclusion should be emphasized both
in view of the large error in eq. (27) and because of the cut in the energy-transfer
already discussed.

For the sake of completeness, we may also record herc the ratio of the antineu-

trino to neutrino cross-section for the neutral current. In our model it is given by

UN(V@,)__3F_O 71 +0-18 (28)

wheie we have used the numerical values of r and 7 from eqs (2) and (3"). If we

replace the factor 1/3 in the middle of this equation by the experimental value

of ag (3N )joe (v)=0-38 +-0-02 (Perkins 1972), we get instcad the purely
empirical value oy (G )/oy (v¥) = 0-81 < 0-20.

The procedure we have adopted thus far assumes only the point-constituent
nature of the nucleon, but is otherwise quite general. From the two eXperimental
ratios we have deduced two combinations of the neutral-current parameters. This

* One can correct for this cut in the energy-transfer by using the formulae from the parton
model (see Sehgal 1973). However, since this is a correction of order 1/E as compared to the
leading term, one should then also consider the non-scaling terms ‘which are also of order 1/E.
Needless to say such detailed estimates of the non-feading terms would depend sensitively on the
various assumed details of the parton models.
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is as far as we can go within the general framework at the present stage. In the
next section, we shall discuss the range of values of the four parameters H,%, H,9,

B, and B, allowed by the present data. We shall do this by considering a variety
of possible models for the hadronic neutral current.

4. Models for the neutral current

4.1. Model with same A/[V ratio for u and d

This model is perhaps the simplest and is defined by the equality
Bu = ﬁd =8

With this model, B can be determined from the equation:
F_1+4+pB82—8
FT T+ AT B

and then, {(H,%)?® 4 (H%)?/G? can be determined using

=g VL END | ge g

Remembering the quadratic ambiguity already discussed, the results can be written
in the form:

Hy _ Hg 13- D24 (Hp®? :

T = Fs=017£013; = =0-52 4 0-07
or

HV" . HVd

w) 2 a2
7a =7 =01740-13; Ha) E;'"z(H") =0-52 4+ 0-07
A A )

Heance, in the framework of this model, the present data are not inconsistent with
either a pure vector or a pure axial vector for the hadronic neutral current.

4.2, Model with equal and opposite A/N Ratio for u and d

This model is defined by

Bu = - Bd = B
If we further take (Hy*)?* = (Hy%)2, the interference term drops out from the isospin-
averaged cross-sections and we get

UN(VW)~§;= L

This should be compared with the experimental value given in eq.
extent that the discrepancy '

is only about 1.5 d (28). To the
S only about 1.5 standard deviations thj
probably be ruled out.t Then, from r one gets tio: his case cannot
()2 H )2
Vv é-a( J) =0.32i0_05
T If there i 1di “
of this classmo ;_S :1 ;c;iad:%mcrcpancy, one may take (H*)? to be unequal to (

H,%)3, which is a variant
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Note that 8 is left undetermined so that it can be as high as unity. So, a pure
V — A interaction for u and a pure V -4 A interaction for 4, or vice versa, is not
ruled out by the present data.

Thus, models (4.1) and (4.2) illustrate two rather distinct ways of achieving the
small VA interference term in eq. (27).

4.3, Weinberg-type model

Consider the neutral-current interaction
1 .

LN = V“Z PYu (1 4 yg) v [Hp,® {u)’p. A+ vy u""'JV/.L (14 ys) d} + Hy! ,u,']
where j,* is the hadronic electromagnetic current. Unfortunately, a specification
of the charges of u and d is now necessary and consequently there are several
possibilities. If we take the partons to be the Gell-Mann-Zweig quarks, then,

Ju® = %ay,u— 3dy,d. ..
We can now determine Hy,® and H,® from the values of r and 7. We find

o—joxvirss a=%(525)
Hy, 5

3r—F
Hma 2_“1 e ( HVO -1
(.—_-G ) =53 —n(2+ —'Hma)

Using r and 7 from eqs (2') and (3") we get the two solutions:

Solution 1:
H L : 3y 2
V= — 1643025 ( ra) =023 4003 (29)
Hya G
Solution 2:
3 B8y 2
Hye® _0.11 +0-10; (5{1) — 064 - 0-25 (30)
H, G

MNote that the second solution is consistent with a pure *“electromagnetic > neutral
current, i.e. Hy,®=0.

Weinberg’s model (Weinberg 1971) is a one-parameter model with

HVAs = G/2 (31)
e
Ifr{;az — 4sin? By, (32)

where 8,, is Weinberg’s mixing angle. The prediction of Weinberg’s model (Hy,,%/G)?

== 025 is in remarkable agreement with solution 1 above, obtained with Gell-

M™Mann-Zweig quarks. And we get the value of sin? @y, from’eqs (29) and (32)
sin? 8y, = 0-41 4- 0-06

T hese results on Weinberg’s model have been previously obtained by Palmer (1973)
and Sehgal (1973).
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4- 4. Sakurai-type model

As a last example, consider the model

Lt = :/L S (1 + ve) v [Hya® {fiy, (I +ys) 0 — dyu (1 +vs) d}

pa

where j, is the baryonic current
Jut =ty A dyud A -

absorbing the baryonic number of u and d in Hy'. We get

Ho 3\ 2 3r—F < k
BE) msgopn 0B E0Y .
by 2
(&Y =1 —n=0182007 (34)

We sce that ey. (33) is consistent with a purc *‘ baryonic’’ neutral current, /.c.
Hy,,® =0, recently advocated by Sakurai (1973).

5. Conclusions and discussion

When new phenomena (such as the possible existence of the neutral weak current)
are experimentally discovered, it is essential to analyse the expcrimental results
within a sufficiently general theoretical framework rather than interpret the
Jdata using a particular model of the new phenomenon. This is the point of view
pursued in our analysis, ’

Such a general theoretical framework involves at least four parameters for the
hadronic neutral current and they can all be determuned [rom the formulac dis-

cussed in section 3 and in the Appendix, provided data for proton and neutron
targets are separately available.

Since the averages } {oy (¥=p) + oy (v*n)} are essentially what are measured in
tac cxperiments of Hasert ef afl. performed with the Gargamelle bubble chamktecr,
we need in addition oy (v*p) which can perhaps be obtained from experiments with
a hydrogen bubble chamber suitably modified to increase the amcunt of matter.
We should stress the importance of these latter experiments from the point of view
of a general analysis of the hadronic neutral current.

From thf: available data on the isospin-averaged target we have detcrmined the
strength of the neutral current and the value of the VA4 interference term [given in

egs (26) and (27)]. The VA interference term appears to be rather small as com-
pared to unity.

HW;: ﬁavc al.so_cumparcd the v_ia.ta with various models of the neutral current.
owever, until og (v=p) and oy (v*n) are separately measured, a definitive statement

on the models cannot be made. One can i ' :

: _ . n in fact construct a large class of ’
all consistent with the data on the isospin-averaged target. . pe
is not favoured by '
current,

: The only model which
the present data is, ihe.pne with a pure V — 4 or)elx bure VYV - A4

L.
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We should now enumerate the assumptions and approximations made m our
analysis. SR

(@) As already explained, we have ignored the effect of the exclusion of events with
energy-transfer to the hadrons < 1 GeV. Strictly speaking, this is justified
only for neutrino energy E> 1 GeV. :

(b) 1n fact, use of the parton model itself is justified only for much higher values
of E than the present values (1-10 GeV). However, the. fact that experi-
mental data on the charged-current inclusive processes exhibit a behavicr
(such as the linear rise of ¢, with E) expected from scaling, already fer E
in the range 1-10 GeV (Perkins 1972) indicates that the gross features of
the parton-model are perhaps valid even at such low energies.

(11 2

(¢) We have ignored contributions from the “sea’” of quark-antiquark pairs.
The deviation of o FH')/oo (v from 1/3, if it persists for still higher values
of E, can be parametrized in terms of this contribution which can then. be
used to correct our formulae. ‘

(d)- We have also ignored the contributions from the “gluon”. This can be justified
if the gluon has some quantum number (such as “ colour’) which forbids
its contribution to the neutral current.

Two other minor sources of error in our work are

(e) neglect of the small difference between the number of protons and that of
neutrons in the target used (CFzBr); and

(f) neglect of the strange hadrons.

Finally, one should keep in mind the possibility that the events seen by Hasert
et al which we have so far attributed to the reaction in eq. (1) may be really due to
the production of some heavy lepton mainly decaying into hadron channels.
However, Llewellyn Smith (1973) has given some arguments indicating this possi-
bility to be unlikely. We may remark thatif this heavy lepton L is neutral and
not too heavy and if the lepton current is assumed to be of the ¥V -~ A form

ZyM (1 4+ ys) v, tnen our analysis, especially that in section 3, remains valid even
for this cacse.

Acknowledgement

We thank Probir Roy for discussions on the parton model.

APPENDIX

Here we shall briefly discuss the modsl with an arbitrary (but fixed) number of
the isodoublet partons -inside the nucleon. If the number of d-partons in the
proton is &, then by isospin invariance, the number of w-partons is k -+ 1. The
number of « and d partons in the neutron also is determined by isospin invarianec,
it is straightforward to write the formulae for oy o (v%p) and oy, ¢ (#*n) by analogy
to eqgs (7), (10) and (L1). The equations corresponding to eqs (14)~(17) will now
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involve %k in the left-hand-side. However k& can be eliminated in favour of
oc (vp)Jog (vn) so that we get

on (5p) oo (vn) —oxGn) o (vp) _ 1 4+ B2 — B,

o (3p) o6 (1) — oy (Mo (p) ~ 1+ B2 T B e
0w (1) 96 (v1) — o (8) 06 (3p) _ 1 + B — By A.2)
og(m)og(vn) —ox (vp)oc(vp) 1+ Ba® + Ba

nlp) oot —onCnloell) L (ZY a 485+ 80 (a.3)
- (m);‘i E:’;; = Zﬁa(;f;)% P (H_'G"V')2 (1 + B2+ Bo) (A-4)

These equations replace eqs (14)-(17). So the four parameters of the neutral

current can still be determined from a knowledge of the total cross-sections on
proton and neutron targets.

As far as the isospin-averaged target is concerned, the cross-sections for the
neutral-current processes as well as the charged-current processes get multiplied
by the same factor (2k 4 1)/3 and hence eqs (21) and (22) are left unaffected.
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