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One of the fundamental parameters in the standard electroweak theor_y1 is
sin?3,, and its precise determination is a subject of considerable current
interest, particularly since its value bears heavily on the issue of grand
unified theories, such as? SlI{5), in which the standard electroweak theory is
embedded. The perturbative radiative electroweak corrections to sinfe,, as
extracted from various data, have been calculatedd and typically amount to
about 5%. In deep inelastic neutrino scattering, which can be used to measure
sin?6,, there are also nonperturbative Quantum Chromodynamic effects; namely,
the higher twist corrections and these are, to some extent, intrinsically
model dependent and therefore difficult to calculate reliably. Glick and Reya
have estimated that they could amount to as much as a 10% correction to sin?o,
and, in view of their uncertainty, such a large effect would then obscure
the issue of the precise value of s5in?6, at the level of the electroweak
radiative corrections.

We have explored this question of higher twist effects in deep inelastic
lepton scattering following the established systematic procedureS: The
bilocal product of the two quark current operators is expanded into local
operators using the Wilson operator product expansion6 {OPE). The coefficient
functions obey the renormalization group equations and the anomalous
dimensions of the operators are calculated using perturbative techniques. The
model dependence of the higher twist effects is then isolated in the nucleon
matrix elements of the local operators and numerical results can be obtained
using some quark confinement model for the nucleon wave function,

In the following we specifically consider the twist-four, spin-two
effects in neutral current neutrino scattering and show that their effects on

sinzew, as extracted from these data, are considerably smaller than estimated



by Gluck and Reyaa. They are, however, comparable to the electroweak radiative
correctionsd and cannot be ignored in certain kinematical reqgions, hut do
. become negligible at large (¥, as expected.

In our célcu]ations we shall essentially adopt the hasic approach of
Po]itzer7, but we shall use the rather convenient local operator bhasis
introduced by Jaffe and SoldateB in their analysis of electroproduction and
also follow some of their techniques, as well as those in the related work of
Luttrell, Wada and Weber? and Luttrell and Wadal® in computing the coefficient
functions. As in these previous analyses, we shall make the approximation
that the difference between 0¢ and the renormalization scale p? can be
ignored, which is equivalent to neglecting the anomalous dimensions of the
Tocal operators; in fact, this is tantamount to computing the coefficient
functions perturbatively in the quark-parton model using the running 0CD
coupling constant ag((?). And, finally, we shall use the MIT Bag Modelll to
evaluate the nucleon matrix elements of the local operators,

We begin by briefly reviewing some standard definitions and formulas we
shall need later®, The inclusive cross section for neutral current

neutrino-nucleon scattering v(k) + N(p) » v(k') + anything is of the form

do G2 uv
= FASE ' 1
de? dv 4w ME uv (1)
and the standard kinematical variables are q = k - k', (® = -¢2,

v = pq = M(E-E'), x = (B/2v and y = pq/pk = v/ME

b

(E-E')/E. The leptonic

tensor is simply

- ] 1 [} &) s } |B
By T jO KKk kD k ke - A koK . (2}



The hadronic tensor is defined by

W, =z e Vel (2), A (M7 p 3)

and can be written in terms of the familiar structure functions

va’QJ(U,OZ) = FL’2’3(\;,02):

Wy, = (9, - 9,0,/¢2)0vH (v,02)/2x)

[gu-\) + DuquZ/\ﬂ - (puqv + puqu)/\)]tvﬂz(\),ﬂz)/zx} (4)
- ieuvqs(papﬁ/v)[uw3(v,02)]

where an average over nucleon spins is understood in Eq. (3). The neutral

current in the standard model is

Ju = l-] Yu[(‘f - %Sinzaw)(l - Y5) - —% S'in:‘:ew (l + YG)]U

()
+d Yu[(--% + -% sinzew)(l - 75) + %-sinzew(l + YS)]d

where we have kept only the light quarks, u and d. The twist-two contributions
to W,, correspond to the free quark-parton model and the structure functions

Wi ,2.3 then depend only on the Rjorken scaling variable x = M /2v and can be
written in terms of the (valence) quark distribution functions.

Due to the Quantum Chromodynamic (0CD) interactions of the quarks there are
two kinds of (2-dependent corrections to the scaling limit:; logarithmic scaling
violations, which can be calculated in NCD using perturbation theory, and
"higher twist" or nonperturbative OCD corrections, which decrease as powers

of ™, Phenomenologically, these are difficult to disentangle in the present



datal?, thus hampering precise tests of perturbative 0OCD.
To estimate the higher twist effects we consider the Wilson operator

product expansion® (OPE) of

T =i/ dze'% 71 fo () 0 (M1, ()

uv

where the connected part is understood. T,, can be decomposed into scalar
structure functions T » 3 completely analogously to W,, and in the physical

region they are related by

!
W, = = Incp|T,|p> (7)

where, again, an average over nucleon spins is understood. In the 0OPE of Tyv
we shall use the very convenient basis of local operators 0?1"'"" due to
Jaffe and So]datea, which is completely symmetric and traceless, as well as

free of contracted, convariant derivatives:

Tuv nz,'i [(guu - quqv/qz )ﬂu P iL n(QZ )

- 2 _ ; ]
(9%, ® = 9y BNy By, %% * 99,,9,,)C 2 n( . 9)

(8)

. 1 E- g n UIQOOUn
- 1euuu39qu1qaquzc3,n(u2 , gz)Jqu3 cesqy (02) 05 .

In Eq. (B) n is the spin (dimension-twist) of the operators in the basis,

while i = 1,2,... simply enumerates them. The coefficient functions
C}’n(gé , 92) (i = L,2,3) obey the renormalization group equation and their
values at ® = u2 can be determined using perturbation theory, which is

sufficient since we shall neqlect their anomalous dimensions, T;,n' As noted
ahove, the twist-two terms in Eq. (8) correspond to the free quark-parton model.



We shall be concerned here with the twist-four, spin-two corrections to
Tuv (or Nuv) and there are contributions coming from both diaqonal diagrams
like Fig. 1 and nondiagonal diagrams like Fig 2, Tt is convenient to consider
the comhination of products of the Vv - A and Y + A currents V¥V and AA in the
NPE, (The VA and AY interference terms do not contribute to twist-four,
spin-two). The VV and AA contributions coming from diagonal diagrams like

Fig. 1 are the same; viz.,

Ty = T(AR)
S g 3ol o
¢ {(a"- ¢ )a, g /P H - > B2 (0) + B1M2 (0)}3
where
Ty ™ Sy Sp® 7 G oy + g0, (10)

Simitarly, the corresponding twist-four, spin-two contributions coming from

nondiagonal diagrams like Fig, 2 are

aq2
T, (W + AR) = a-g-— Taqpl 1 2(0) + 05152 ()] (11
and
POy - ) = -16 & PV QRI2 (0, (12
2 - ST g mM2 % -

We have checked that Eq. {9) and the sum of Eqs. {11} and (1?) agree with the

results for e1ectroproduction8.



Next we turn to the evaiuation of the matrix elements of the loca)

operators W 1M?2  Which must be of the form
P k

PIEM2(0) [py = A (1942 - 1R gH1M2), (13)

The coefficients Ag can be evaluated in the nucleon rest frame using some quark
confinement model wave function for the nucleon. Since we are considering
only transverse components, using rotational invariance, one finds
22 00 1 A .
where <N|...|[N> represents the isoscalar nucleon matrix element; that is, the
average of the proton and neutron matrix elements.
We shall consider quark confinement models for which the four-component
ground state quark wave function is of the form
f(r)

q(r) = X
3-; q(r) (15)

where xy is a two-component spinor. Both the diagonal and nondiagonal matrix
elements of the four-quark operators can be expressed in terms of only two,

model dependent, integrals over the space coordinates:

Iy= [ &Sr[|F(r)]2 + {g(M) 2P (16)
and
L= [ @rif(r)|2{g(r)|2 . (17)

In addition, one needs the matrix elements of nine different spin, color

and flavor dependent four-quark operators in evaluating the complete matrix



HY W9
elements of the operations ﬂk . For isoscalar targets these are the
following:
SN (DPA372) - (A3/72) Iy = .1pJQ (13)
| (0o 2372 )+ (03 x3/2) I = -14/0 (19)
SN (02 o xd/2) « (o 2372} IN> = 10/3 (20
AN (I3 28/2) « (13 23/2) |N> = 1/3 (1)
+ >
<N (I3 0 23/2) = (I30 A3/2) N> = -5/3 (22)
- +>
N| (132 0 A372) « (o A372) N> = -1 (23)
<N| (I3 0 2a372) « 2372y 1> = -1 (24)
+ >
<N| (I3 00 23/2) « {0 A3/2) N> =1 (25)
> +
AN{ (I3 0 A3/2) « (0o 23/2) N> = -5/3 (26)

Here, of course, 0 and [3 denote the quark charge and weak isospin while ;
and A4 are the usual quark spin and color matrices. The matrix elements of
gluon operators will he neglected since they enter with a conefficient smaller
by an order of magnitude and the gluon content of the nucleon (at rest) is
negligible,

Combining our results above, one finds the neutrino neutral current cross

section, including twist-four, spin-two effects to he

02)
parton ;_ , 1sno 5 (%

a (02)

e (- B8y e T000 ?/M)——EZEH Isin2o (»7)

0

a (M)
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: 0



where, solely for convenience, we have normalized oy to the quark-parton
macdel vatue of the charged current reutrino cross section for isoscalar
targets

-parton

GPATEON o @mgsn s nL70 x 10738 (E e (78)

felt ~ oo
and have integrated over the entire range of y and values of ¥ > ﬂi. nf
course, in analyzing any specific experimenal data one should take into
account the appropriate kinematical cuts as well as the experimental
sensitivity.

To numerically illustrate the effect of the twist-four, spin-two correc-
tions on sin®s,, we shall that assume all other corrections have already been
included in oyc. That ts, we shall equate UNC/cggrton to the naive result
1/2 - sin2s + 53 sin‘s  evaluated at sinZe = 0.220 £ 0.010, the world
averagela. One then finds cNC/cggrt°n= 0.310, Using the MIT Bag Model va]ues8
for inteqrals Ty = 20.36 x 10~* GeV? and Ip = 3.21 x 10~* GeV3 one finds then
from Eq. (?7) that sin?e, = 0.226 for as(Oi) = 0,27 and ni = 2 GeVZ, which
corresponds to present neutral current neutrino scattering data in the regime
where the twist-four effects might be expected to be the most significant.

At higher values of Pi these effects are yet smaller.

We conclude that the effect of twist-four, spin-two corrections to the
neutral current neutrino cross section on isoscalar targets is to decrease
sinZ8, by about 1%. Clearly, this is certainly much smaller than previously
estimatedd; indeed, quite small compared to the present experimental
uncertainties. MNevertheless, these higher-twist effects will have to be taken

into account when sin28w can be determined to the precision of the electroweak

radiative correction53, which also decrease sin?s,, by a few percent,
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Addendum: After this work was completed we learned that the higher twist
effects on sin‘d, have been estimated by C. Llewellyn-Smith (Oxford
University preprint) to be quite small, in agreement with our calculations.

We thank Jorge Morfin for providing us with the unpublished manuscript of this
work as well as for several very helpful discussions of the various

experimental determinations of sin?e,.



3.

10.

11.

11
REFERENCES AND FOOTMOTES

On leave from the lniversity of Sarajevo, Sarajievo, Yugnslavia,

S... filashow, Nuct. Phys. 22, 579 (1961); S, Yeinberg, Phvs, Tev, lett.

19

, 17264 [19A7): A, Salam, in Flementary Particle Physics: fGroups and

Analyticity (Nobel Symposium No, B) edited by N. Svartholm (Atmquist and
Wiksells, Stockholm, 1968), p. 367.

H. Georgi and S.L. Glashow, Phys, Rev, Lett. 32, 438 (1974},

W.J. Marciano and A, Sirlin, Phys. Rev, N22, 2695 (1980); Phys.'Rev.
Lett. 46, 163 (1981}; Nucl. Phys. B159, 442 (1981) and J.F. Wheater and
C.H. Llewellyn Smith, Phys, Lett. 1058, 486 (1981); Nucl Phys. B208, 27
(1982). |

M. Gluck and E. Reya, Phys. Rev, Lett, 47, 1104 (1981},

For excellent reviews see H.D. Politzer, Phys. Rep. 14C, 129 (1974} A,
Petermann, Phys. Rep. 53C, 167 (1979) and A.J. Buras, Rev, Mod. Phys.
52, 199 (1980),

K. Wilson, Phys. Rev. 179, 1499 {1969).

H.D. Politzer, Mucl. Phys. B172, 349 (198n).

R.L. Jaffe and M, Soldate, Proceedings of the 1981 Tallahassee Conference

on Perturbative Quantum Chromodynamics, edited by N.W. Duke and J.F. Owens

(AIP, New York, 1981), p.60; Phys, Lett. 105R, 467 (1981); Phys. Rev,
n26, 49 (1982).

S.P. Luttrell. S. Wada and B.R, Weber, Nucl. Phys. Ri188, 219 {16R1).
S.P. Luttrell and S. Wada, Mucl. Phys, R197, 29n (]1082).

T. NeGrand, R.L. Jaffe, K. Johnson and J. Kiskis, Phys. Rev. D12, 206N

(1975) and references cited therein.



12

12, L.F. Abbott, W,8, Atwood and R.M, Rarnett, Phys, Rey, N?7

Lo

582 (104}

"

T Duke and R.A, Rnherts, Phys, [ett, 048 417 (|0eMY: A, DPannachie

A

and P, Landshaff, Phys, lett, Q&R 437 11920 and S,P, luttrell

and 8, dada, “ucl. Phys, A187, 221 (10R1Y,

13, J.E. Kim, 2, Langacker, M, Levine and H,H., Williams, Rev. Mod. Phys, 83

211 (19R1),



13

FIGURE CAPTINMNS

Fig. 1. Typical hicher-twist diagonal dfacrams,

Fin, 7, Typical higher-twist nondiagonal diagranms,
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