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ABSTRACT

The structure functions Fi which describe high
energy neutrino-nucleon scattering are discussed. The ana-

logue of +the Callan-Gross result for electroproduction is

Lim Fo=Lim =0
9‘_9_‘. q‘la—a
with the algebra of field commutators and

Liw (F-wF)=0

with +the quark model commutators. A sum rule for F3 is

derived, viz.

derived assuming that F3 satisfies an unsubtracted disper-
sion relation, as suggested by Regge theory. The breakdown
of these current algebra results in perturbation +theory is
discussed. The Fi ~are also discussed in the "parton" model,

in which it is shown that F is a measure of the average

baryon number of the partons. 3In the "quark-parton" model of
Bjorken and Paschos F3 is small and our sum rule valid. In
the "field theory parton" model of Drell, Levy and Yan F3 is
large, in contradiction to Regge theory, and our sum rule in-
valid. This model predicts +that anti-neutrino scattering

vanishes in the backward direction.

*
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INTRODUCT ION

Recently there has been much interest in the study of in-
elastic lepton-hadron scattering at high energies and large momentum
transfers. Stimulated by the SLAC experiments on high energy elastic

electron-proton scattering L y various models have been proposed to

correlate and explain the data. These include current algebra 2)-4),
the "parton" model of a point-like structure within the nucleon 5)'7),
Regge poles 8),9) and vector dominance 10 .

We discuss here high energy neutrino-nucleon scattering and
in particular the vector-axial vector interference term (VAIT), which

is especially model dependent.

In Section 2 we discuss the kinematics of neutrino-proton
scattering. In Section 3 we show that the (VAIT) is excluded in the
limit of large momentum transfer if one aésumes the commutation rela-
tions of the algebra of fields. For the quark model we derive a sum
rule, relating the space-space commutators of the weak current to the
VAIT.

Section 4 is devoted to the "parton" model. We argue that
the size of VAIT in this model is a measure of the average baryon
number of the constituent partons. Therefore, a model which assumes
a large cloud of quark-anti-quark pairs 6) will lead to a small VAIT.

This is compared with Regge theory and current algebra.

In Section 5 we examine a field-theoretic model which
attempts to justify the parton model 7). In this model the contribu-
tion of anti-particles is suppressed dynamically and therefore the
VAIT is large. This is in contradiction to the predictions of Regge
theory, since the vacuum trajectory cannot contribute to the VAIT.
This model also predicts that the cross-section for the scattering '
of anti-neutrinos off nuclei should vanish in the backward direction,
and allows one to relate the structure functions of neutrino scat-
tering to those of electron-scattering.' A comparison is made with

recent CERN data.
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KINEMATICS

The inelastic scattering cross-section of a neutrino from

an unpolarized nucleon may be written as 2),11)

L q\&\'ﬂ - tv,9) _
€e' Jajde' T %‘ :
&) 6 1o Wcm PILLNERY) W""‘-'_)]
= ‘4%‘55'[:605 2 2 +2sSm 2" + M (A |
(1)
with E (B') being the energy of the incident (scattered) neutrino
(muon or electron) in the lab. frame, © +the scattering angle of the
lepton, q2 =-4EE'sin29/2 the momentum transfer squared to the nucleon,
Y =q:P=(E-E')M the energy transfer to the nucleon, and P (q) the
momentum carried by the taz'_get nucleon (the weak current). The

structure functions WP‘ ’y) are functions of q2 and Y y and

‘;Tr &“X eCQ'X<£’ [ -3-’3(*)'3;':/“]'3> - (a’v_ ’/A%‘)VJ‘II-:)"V)

are given by:

(5 ‘ v)
+ *& (?ﬁ- %\ 9)‘\ (Pv' %‘19) Wa_ (T‘,V)-- ¢ grvdpgf Mé (11. v).‘. ‘e

(2)
The terms deleted in (2) are proportional to P/K ay +q,u. B and
q}’« dy and do not contribute to the cross-section when one neglects,
as we do, the lepton masses. Our normalization is that the weak

current is

AL (:;:)t T (-1 (w0 8.+ X s B

<1p!> =am? S §3(2-80.

All matrix elements will be averaged over nucleon spins.
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It is convenient to use the dimensionless variables

v
X= /ME (3)

1
w q/\’ (4)

an o define, (%) (v)
F(w,‘): MW, ' (V.q‘)
(%) %)
2 (Uu 1') /MW (v' 1)
v) (%)
E(Vm.q‘): o W, ng)
(5)

In terms of these variables we have

'Y ) L ] (v)
;QXW'-' Ga:E [(\-X MN)F -\-’%w\:, -/(l-’%)ugv
(6)

and for large E, O0&x¢1, O0O&SW¢ 2.

The expression (2) is a positive semi-definite form. The

Wi's therefore satisfy the inequalities

(¥) (¥) a (¥)
OS%’M‘.\‘\)‘-M‘W‘ ‘W3 \\< W, < (\" ,\:‘/“Q‘) wa

2
We are interested in the energy region where q —--® ,

(7)

and W is kept fixed. In this limit Bjorken has argued that the

2 - 2
functions Fi(‘w ,q°) approach finite limits ), ng ¥ )(w ) ("scale
invariance"). A sufficient condition that guarantees the existence

of these finite limits is that

Lwn (- ")f W. ‘)(q"\’)

9t >-
@ ‘/«.
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The corresponding condition in the case of electron-proton scattering

seems to be well satisfied 1 s and the indications are that the same

holds for neutrino-nucleon scattering 12).

We then have the inequalities

(%) (¥) )
os B W ¢ Ria ¢ 0§ vm\,

which contain the positivity requirements on the transverse (F1)

(8)

and longitudinal (Fz-h)F1) cross-sections of the virtual weak

current.

Finally we note that under crossing

W;vl 1‘, V)= - Wf(t)‘,-v).

(9)



CURRENT ALGEBRA SUM RULES

Sum rules for inelastic neutrino-nucleon scattering have
been derived by Adler " and Ejorken 13). There are sum rules for
the combinations 'W: (q2,v )sz (qz,v ); i.e., they correspond to
the isotopic spin odd part of the amplitude. However one can also

derive sum rules for the crossing even combinations

W I+ W ) = 2 W lgt) o)
10

These are of particular interest,{since in experiments that
scatter neutrinos off heavy nuclei the average cross-section per
nucleon is given in terms of the Wi's (if we neglect terms propor-

tional to sinzoc).

The sum rules for W1 and W2 are equivalent to those
derived by Callan and Gross, Ref. 4), for electron scattering.. They
are derived by writing a fixed q2 dispersion relation for the T

product of the currents, and equating the large Iqol limit of this
dispersion relation to that obtained from the Bjorken limit in terms

of equal time commutators (ETCR). Thus, we derive, analogously to

" Ref. 4), that:

Au’ E (a)- wF(u\)?.O +1JF'\°\(?.,6 Sq\ C.J(E)
(11)

C')‘z\ Jm a“‘a 33X (X)[DOT (X Q T ' &] \9>AVE
(12)

where the average is over neutron and proton states. The value of
the equal time commutator in (12) is unknown. However, one can
derive its tensorial structure given the structure of the currents.
As in Ref. 4) one can easily show that'if the weak current satisfies

the ETCR of the algebra of fields, or is constructed from spin zero .



fields, then

C&S(g\= C:&S . (algebra of fields, spin zero)
| (13)

Similarly if the weak current is bilinear in spin % fields only (as

in the quark model) then

C“[ p\ =C ( 6‘:6)-5‘)\ (quark model, spin & constituents)
N ' (14)

Since Fz-uF1 and F1 are positive definite, one immediate-

ly concludes that
N . lgeb f field i

Lin Filugl: Lin Blogdzo R

L“w\ [Fﬁ l\,).’t\-uqlq.),q*\l:o (quark model, spin 3 constituents)

9*>-o (16)

The vanishing of F3 in the algebra of fields is guaranteed by the

(15)

inequality (8) .

One can also derive a sum rule for W3 in terms of ETCR of
the space components of the weak current with itself. Using the

method outlined above one derives that

2
1k <AL 30,0, QL) RNz dim 6% b Rbugd),
o - q'-;-o\)

(-]
(17)
where again the average is over proton and neutron states.

This commutator vanishes for the algebra of fields, con-

sistent with (14). In the quark model the commutator in (17),
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averaged over an isotopic spin multiplet, is given by matrix elements

of the hypercharge and baryon currents. The resulting sum rule is

then

2 2 -
- v 7
u Bl = 21 au]Rr R0 = 48+ YIa-3m4),
o R
(18)
The right-hand side of (18) is surprisingly large (N 6 1in the case
of nucleons), especially when compared to the experimental size of

FEM, measured in the SLAC experiments ! . There one has

2
a
j&w F:M(w\ & 0.3 (u?uivau'\'\.
o
One should note that if the inequalities (8) are saturated
then F3rvd%F2. Furthermore, if F,—const. as ) -0, as would be
expected from either Pomeranchuk dominance, the analogy to FgM or

14)

from the experiments themselves y then the integral in (18) is

logarithmically divergent. This is due to the fact that if FB(w)—>1—
2 W
as UQ-*O, then WB(q V¥ )-const. as V - ®, and one can no longer

derive a sum rule for W since the derivation rests on the

39
assumption of unsubtracted dispersion relations. If, however, W3

vanishes for large Yy , as Regge pole dominance suggests (W3 has
the gquantum numbers of W , ¢ in the t channel) then the sum

rule should converge rapidly.

A serious objection has been raised to the use of the Bjorken

limit to derive sum rules such as (11) and (17) by Adler and Tung 14),

and by Jackiw and Preparata 15). They show that the Bjorken limit
breaks down, and the resulting sum rules are untrue in second order
perturbation theory. However, there is no reason to assume that
perturbation theory is relevant to the discussion of high energy
behaviour. In particular, in second order perturbation theory all

2
the limits, 2lim Fi(q ,1&) are infinite, due to logarithmic factors
R A e »
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logq?/mz. Even when these are removed the sum rules given by (11)
diverge. In the case of electron-nucleon scattering, this contradicts
experiment. Thus, the real world seems to be less divergent than

perturbation theory indicates.

Alternatively, one can sa} that the sum rules are certainly
correct (and trivial) to lowest order in perturbation theory (no
interaction). If, as is suggested by the "parton™ model, leptons,
at high energies and large momentum transfer, interact with hadrons
as if the latter were bare particles, then the sum rules could be
valid. This is certainly the case in the parton model for the
relations (15) and (16).



THE PARTON MODEL

The basic idea of the model 5),6) is that in a frame in
which the proton has infinite momentum (to which the neutrino-proton
centre of mass frame is a good approximation at high energies) the
time of interaction may be short compared to the lifetime of the
virtual states of the proton (which are slowed by time dilation).
For large (—q2) the neutrino is supposed to scatter incoherently
off the virtual constituents, or "partons", which are supposed to

behave like free particles.

In electroproduction the longitudinal cross-section vanishes
if partons have spin % and the transverse cross-section vanish=2s if
they have spin O 6 . The latter case seems t0o be excluded expe-

16),17)

rimentally so we will consider spin 3 partons here, indicating

finally how the results are modified for an admixture of spin O

partons.
Assuming that the partons have small mass and negligible
transverse momentum, compared to -q , then the ith parton has

momentum Bﬁ ::xiﬁp where Bu is the proton momentum and

Sx, -1. Tho ith particle contrivutes
W,m= P4 e {lqraanq®)

W;(%)- YxM| '&(%)laffquaxaq-&\ ,

ngg uM3; IT:!)\aﬂquax:q-E\)

Py (1T 10l o KU1 wnts,)

4

(19)
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}‘= - (+) if the i%® particle is a baryon (anti-baryon), IF (Ut)
are the I (U) spin raising (lowering) operators and we have assumed
gA/gV==—1 for partons. Inserting these relations in Eq. (1) we See
that anti-neutrino (neutrino) scattering off a baryon (anti-baryon)
vanishes in the backward direction. This can be simply understood

in terms of helicities since the 1—Y5 projects out definite
helicity states. Thus angular momentum cannot be conserved when

0= for anti-neutrinos (neutrinos) incident on baryons (anti-
paryons), as indicated in Fig. 1. (We are indebted to Professor

J.S. Bell for this observation.) Hence, if partons are all baryons

the model is very simply tested.

WP % 5 RTT% [ £t Sipeaond b
k3
W, = um g'. p..(f;'&}“).eb Ful) T1qrezvAdx=
3 PCIR) BN,
W =-um 5 Ry JRIT [Ctafige avidns
=% T RQUTD A,

(20)



where

P(N) = probability of finding a configuration of N partons;
<‘ )N indicates the average value for a configuration of N
partons;
fN(y)==probability of finding a parton with a fraction y of
the proton's longitudinal momentum;
y=-a°/2V =+5W.

Similar relations hold for w‘flgcwmagne“c with
2 ’
24 )| Dy replaced by < Q?) - 6), In that case it is known
experimentally that \)W2—+const. as y—0; hence it is clear

that E%]PN<éb§> N must diverge and configurations with an infinite

number of partons are required.

The value of W3/W compared to the value for a free

1,2
baryon is clearly a measure of the ratio of the average effective

baryon number to the average effective value of Jz. Since configu-

rations with large N are required [énd presumably contain 1+(N_1)

baryons and ggéll anti-baryons] it might seem naively that this

ratio would be small.

In Section 5 we discuss a model in which this is not the
case (the anti-baryon contributions being dynamically suppressed).
Here, however, it is instructive to consider the model discussed by
Bjorken and Paschos 6 in which the naive expectation is realized.
The nucleon is envisaged as consisting of three quarks and a statis-

tical distribution of quarks and anti-quarks with:

P = ——

(1= GnQ) NIN=1

F,uy) = w-\\(\-y\"'a .

(21)
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fN(y) is derived by assuming that the joint distribution function
of the Xi‘s for all the partons is. a constant and PN is a simple
function with a form which ensures ‘tirlat vW —-const. as y-—0.

E.‘hls model gives a reasonable fit to the shape, but not the magni-
% tromagneti
tude, of F 3‘ (j

AT wbetmr | AT 14

QAT 2@+ Yt , Az v

We have

<2§,\‘&Vl\>?= m\.Q’ ¢ Ej-&?‘t)?-: a
<Z.E’|T¢v“ >"' sl <'E:.\T?P>“= 1

(22)

Summing over N we obtain:

) (mw I) -y
W" (y«“n\ mh-h‘t\ [ 3(ay yz) a“,”\. (‘ —i(\'\]

= %, W;v (pw\‘on\)

) = - M Y cal-
oWy S L () 2] e

(23)
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W1 and W2

dominance as y—0; V W3~logy' while Regge behaviour is
9w3~y'°‘(°) with ©{(0)~0.5. The model is therefore in qualita-

have the 'behaviour expected from Pomeranchuk

tive agreement with Regge behaviour and does not predict any striking
difference between V and.‘g scattering; asymptotically (y-»O)
Y and v scattering off neutrons or protons all become the same,

In this model W;—0 (y-»0) and the sum rule of Section 3 should
hold.

If one adds spin O partons then OIL no longer vanishes.
However, these partons do not contribute to either W1 or W3

whose ratio remains unchanged.
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5. THE DRELL=LEVY-YAN MODEL

Drell, Levy and Yan (DLY) 7) have studied W, and W, for
elecﬂrOproduction in a canonical field theory of pions and nucleons
with the additional assumption of a cut-off (ki-max) in transverse
momentum. By analyzing all possible diagrams as ) and q2—*m

they "derive" the parton model. DLY argue further that if the limit
is taken in such a way that W —O0 then the time ordered ladder

diagrams in which the current couples only to the proton dominate to

each order in the strong coupling constant g.

DLY's arguments do not depend on the nature of the current;

in the case of the weak current their equations give immediately

(%) ¥) 3)
\IWa6 = My W,‘ =-}§va3 ~ WS+

Kp\
sedr Tramlie ]

(24)
These results are supposed to be true for q2 large enough for scale
invariance to hold and VYY) q2, so that they correspond to the

following asymptotic behaviour in Y for large fixed q2:
VJ| ~ \)g
3-2
Wy ~ ¥

3-1
VJ; ~V (25)

As DLY remark, with 3 =1 (corresponding to k maxfﬁSOO MeV)

this behaviour is in agreement with the SLAC data for W2 and

corresponds to the usual assumption that W1 and W2 are dominated
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Pomeranchuk exchange; furthermore kﬁLmax is in reasonable
agreement with the cut-off observed in high energy diffraction

scattering.

We notice, however, that in this case W, also behaves
as if it were dominated by the Pomeranchuk — which cannot be the

case as negative G parity is exchanged in the crossed channel.

It is therefore hard to accept the statement by DLY that
they have derived the ladder model and that the asymptotic behaviour
of their structure functions is dominated by Regge poles. The fact
that k.\.max is consistent with strong interaction data may be

fortuitous.

In this limit the model predicts that the nucleon inter-
actions like a bare nucleon so that according to our helicity
argument (or the explicit relations among the W's derived above,
which also hold for a free nucleon and saturate the inequalities)
vy scattering will vanish when O=1r. This is in striking contrast
to models with Regge behaviour and provides a test of the model. 1In

fact in this case, Eq. (6) gives

&(W\ GIME
dw dX :-vm am E(w\

e’ EIME £ 1y (1-9)°

dwdX Ede> W

(26)
In the CERN neutrino scattering experiments a relatively

flat x distribution is observed 12 , consistent with (26). Anti-

neutrino scattering experiments at large energies have not yet been

performed.
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In order to relate W:eak to wilectromagnetlc

realistic to generalize the model to the whole octet of baryons and

it is more

mesons (this clearly leaves the results above unchanged). The
dominant contribution comes from the ladder graphs with n rungs
as n—®. We require the probability P?(k) of finding a baryon
i after n interactions when the initial baryon state was k.

If Pij is the probability of a transition from a baryon i

to a baryon j, then:

Pl S By PR
Pi= B

3
Z P‘:S"
3

Vc;>,o
As n—-o a state of equilibrium is reached and

P () = P77 () => N 1w,

(27)

S Pi NI = NilW.
3

Clearly a solution of this equation is that all the ]‘i's are equal
and provided Pij cannot be brought into block diagonal form by
reordering rows and columns it is easy to show that this is the only
solution. Therefore as n-® the probability is the same for all
the baryons and independent of the initial state, provided some sets
of baryon do not decouple from others (as is the case), - which 1is,

perhaps, obvious.
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Adding up the contributions from all baryons, and taking
into account the fact that the weak current (AJVJV+5AJA) gains a
factor of two compared to the electromagnetic current (~JVJV), we
find (independent of the Cabibbo angle)

wvlﬁﬂ( =3 W.EM.

EAR €M,
w}.w =3 W;

The SLAC data give wg‘m' ~0.35 while a fit to the CERN
neutrino data 12) with the inequalities saturated gives szveakz 0.5f0.2,.

This is not really a stringent test of the model. It is easily

altered (e.g.) by adding the contribution of decuplet states which

give W:veak=2w1e.m. etc. Adding this with some dynamical weighting

factor, gives 3w$.m.>lwx‘1|veak>/ 2W$'m'.
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