VOLUME 64, NUMBER 23

PHYSICAL REVIEW LETTERS

4 JUNE 1990

Vector and Axial-Vector Meson Dominance in Neutrino Scattering
and the Measurement of sin 20y

Jon Pumplin

Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824
(Received 27 December 1989)

Contributions to neutrino scattering which are proportional to 1/Q? are estimated using vector and
axial-vector meson dominance. They are found to be potentially larger than previous estimates of non-
leading twist. They lead to an additional theoretical uncertainty, on the order of 2§83, in the value of
sin0y which is extracted from the neutrino cross-section ratio N/a“¢. This suggests that the mass of
the top quark is likely to lie near the lower end of its currently allowed range in the minimal standard

model.

PACS numbers: 13.15.—f, 12.15.—y, 12.40.Vv

The ratio R=0N%/6 ¢ of neutral-current to charged-
current neutrino cross sections provides one of the most
accurate measurements'™ of the fundamental weak mix-
ing parameter sin’0y. The result is so precise that it can
be compared with the measurement based on m_ to test
standard-model radiative corrections at one-loop order,
and thereby to set limits on the mass of the top quark.’
The importance of doing this motivates a careful study
of all possible sources of systematic error in the neutrino
result.

Except for small corrections due to strange quarks,
nonisoscalar targets, and radiative corrections, the stan-
dard model predicts®
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in the deep-inelastic (DIS) limit Q2— oo, v— o Q?/v
=const, where r =5 °%"/5¢C¥. Cross sections elsewhere
in the paper are for neutrinos, since the antineutrino data
have larger errors and less sensitivity to sin?6y.

Neutrino experiments actually measure
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where o', etc., correspond to “higher-twist” 7 (twist 4)
effects which we assume here to be given by the vector
and axial-vector meson-dominance processes shown in
Fig. 1. These processes fall as 1/Q? relative to the lead-
ing hard-scattering mechanism, which varies only loga-
rithmically with Q2 in the DIS limit. Their effect in Eq.
(2) is further suppressed because their NC/CC ratio is
similar to that for the DIS process, as emphasized by
Llwellyn Smith.® The meson dominance processes have
therefore been neglected, along with all other power-law
corrections, in the experimental analyses of R.'™ The
point of this paper is to make an estimate of them. We
find that they can have a significant effect on the deter-
mination of sin@y.

There are additional contributions to the neutrino

cross section from pion exchange and PCAC (partial
conservation of axial-vector current).® Their observa-
tion® lends credibility to the analogous processes con-
sidered here, but we need not include them because they
are important only at very small Q2 so they do not
affect the determination of sin?6y.

A number of authors have calculated the coherent pro-
duction of vector and axial-vector mesons in neutrino
scattering.'® The mechanism is similar to Fig. 1, with
the meson total cross section replaced by its elastic cross
section. The apparent observation'®!" of such processes
in neutrino bubble-chamber experiments supports the ex-
istence of the mechanism of Fig. 1. Cross sections ap-
propriate to Fig. 1 can be obtained simply by substitut-
ing p and a, total cross sections for the integrated elastic
ones which appear for coherent production. The result
for the charged vector current is

dosC G? Vi 02 2 +
e =
dQ°dv 2x° vy, E Q°+my, l1—¢
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where
4E(E—v)—Q? @

CAE(E-v)+01+20?

FIG. 1. Vector and axial-vector meson-dominance contribu-
tions to (a) charged-current and (b) neutral-current neutrino
cross sections. The blob represents the total cross section for
the virtual meson on the target nucleus.
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with E the incident-neutrino energy. The following
paragraphs discuss various factors in Eq. (3) and their
estimated uncertainties.

The Wp coupling at Q2= —m/} is defined as V,,(gw/
V8)v2m}2/y,. lts strength y?/4r=2.5%+0.1 can be ob-
tained from t decay'? using the narrow-resonance ap-
proximation:

2 12 2
Foop=at V“Z" D (m2+2mD m2—m2)?. (5)
8r Y, m;

A similar, though slightly inconsistent, value 2.0 £ 0.1
can be obtained from p° electromagnetic decay:

T, . .+e-=@n/3)a’m,l/y; .

or is the total cross section for off-shell transverse p
scattering. For “large” Q2 I assume it to be given by
or=28.5 mb, corresponding to on-shell o,:,. For
“small” Q2 I assume it to display shadowing,'® and
therefore to be given by o7 =(28.5 mb)A4°%7°/A4, which is
a fit'* to 7 T -nucleus inelastic cross-section data. (The
dependence 4°7° is similar to the naive 4%* of the
black-disk limit, but differs from it because surface
effects are non-negligible at moderate A. The extra 1/4
appears because of the convention that cross sections
here are per nucleon.) The coherent elastic part of the
cross section on the nucleus can be neglected here, since
it involves an integral over momentum transfer ¢ which is
strongly suppressed by the elastic form factor of the nu-
cleus. This suppression occurs because !y, is significant
over most of the range of Q% and v.'® We assume a sim-
ple parametrization for the transition between “large”-
tmin (A" behavior) and “small”-t ., (4%7° behavior) re-
gions. Our results are insensitive to the details of this as-
sumption.

The longitudinal cross section o; must be 0 at Q% =0.
Reasonable guesses'® for o, /o7 range 0 to Q¥/(Q2*+1
GeV?), where I have built in a prejudice that it remains
=<1 at large Q°. The flux factor @ is slightly ambiguous
because the meson scattering is off mass shell. Reason-
able choices are v, |q| =(Q2+v?)'? or v—Q?/2M.
The distinction between these choices is of little impor-
tance, because most of the cross section comes from a re-
gion where Q2 <K 2Mv <K v?,

I take account of all off-shell effects by including an
additional suppression factor

S=[1+(Q2+m?)/So] ~2 (6)

in Eq. (3), where 1 GeV?*<So<woo. It is here that a
broad range of model dependence enters, from no
sug)pression at all to substantial suppression already at
0?=0.

The parameters of Eq. (3) for the p-dominated
charge-vector-current cross section c5< have now been
specified. To obtain o5, it is only necessary to substi-
tute a,(1260) for p(770) in Egs. (3)-(6). I assume the
weak current couples equally to vector and axial-vector
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states, so that I'; . ,, and I'; .,,, would be equal in the
limit of large m, This implies y,/m,=y,/m,, and
hence y3|/47r=6.7, which is consistent with the value
7.6 = 2.4 which can be obtained from I'; . ,,, using the
analog of Eq. (5).

Figure 2 shows the charged-current cross sections cal-
culated using Eq. (3), assuming no off-shell suppressions
(Sg— ), o;/c7=0, and 4=21.6 which is the 4°7°-
weighted average number of nucleons for the marble tar-
get used in the CHARM experiment. Also shown is the
DIS cross section, calculated using the Duke-Owens ' fit
1 to structure functions. For simplicity, the contribu-
tions of s quarks to the DIS cross section is ignored.

The dotted curves show predicted cross sections for an
enviably high monochromatic neutrino energy E =400
GeV. Contributions from p and a, are seen to fall off at
large Q2—as expected of higher-twist processes— while
the leading-twist process persists to very large 02
Hence p and a, would have very little effect on the in-
tegrated cross section.

The solid curve shows the predicted cross section using
the neutrino energy spectrum of the CHARM experi-
ment.! (That energy spectrum contains two peaks: 83%
of the probability is in a peak with energy-weighted aver-
age energy 46 GeV, while the remaining 17% is in a peak
with energy-weighted average energy 127 GeV.) With
this actual experimental energy spectrum, the DIS pro-
cess is seen to fall at large Q* almost as rapidly as the
higher-twist ones. Integrating the cross sections of Fig.
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FIG. 2. Contributions to the charged-current neutrino cross
section as a function of Q=(Q?)"2 The solid curves are for
the neutrino energy spectrum of the CHARM experiment
(Ref. 1). The corresponding dotted curves are for a fixed in-
cident neutrino energy £ =400 GeV.
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2 over all @ leads to p and a, contributions amounting to
sizable fractions of DIS: 3.90% and 7.29%.

The cross sections due to p and a,; are sensitive to any
extra off-shell suppression at large Q2 since they other-
wise contain significant contributions from fairly large
Q2. Using the suppression factor of Eq. (6) with Sy
=20, 10, and 4 GeV? leads to 65 </afis =1.75%, 1.19%,
and 0.60%; and o5 /afs =2.68%, 1.62%, and 0.66%, re-
spectively. A suppression factor of exp(—BA?), where
A=(Q?+m?)/2v and B=5 GeV ~2, which operates at
small v, and which might arise according to a forma-
tion-time argument, reduces oy “/oSls (05 /offs) to
2.5% (4.0%).

There is less sensitivity to the other ambiguities in the
model. For example, the choices o, /o7 =0, Q%/(Q?+2
GeV?) lead to o5/af(s=3.9%, 5.1%, respectively, for
So=02; or 0.98%, 1.5% for So=10 GeV>2 The choices
o=v, (Q*+v»)'? and v—Q?%2M lead to o5 /o5l
=39%, 4.0%, and 2.6%, respectively, for So=wo0; or
0.98%, 0.99%, and 0.82% for So=10 GeV .

A cut requiring v> 10 GeV is included in Fig. 2, and
in the above cross-section ratios. This approximates the
hadronic-energy cut E; > 10 GeV made by the CERN-
Dortmund-Heidelberg-Saclay (CDHS) Collaboration,?
and the cut E; >9 GeV made in part of the CHARM
data.! The intersection of this cut with the kinematic
boundary Q2 < 2Mv is responsible for the kinks which
appear in the p and a, curves.

Thus far, we have only considered higher-twist contri-
butions to the charged-current cross section [Fig. 2(a)].
Contributions to the neutral current [Fig. 2(b)] are sim-
ply related to these by

e =1 [(1—2sin0y) %+ (% sin%6y) ], (7a)
oy
NC
O A 1
=— (7b)
a§¢ 2

The approximate agreement noted above between the
determinations of y, from 7 decay or from the elec-
tromagnetic decay of p° supports the validity of these
quark-model relations. A Kobayashi-Maskawa matrix-
element factor V,;2, where V,4 = 0.975, has been omit-
ted, to be consistent with the neglect of s quarks in the
calculation. The second term in brackets comes from the
contribution of w(783), which is taken to be proportional
to the p, since their masses are so similar. Note that
there is no quantum-mechanical interference between
the contributions to the cross section from p, @, and a;,
since the Pomeron which is responsible for these total
cross sections is assumed to have isospin 0 and natural
parity.

We now have expressions for each of the higher-twist
cross sections ovC, ¢5€, oP'C, and o€ which appear in
Eq. (2). We are therefore in a position to study their
effect on measuring sin’0y via Eq. (1). A simple way to
do this is to first “correct” the experimental data for

higher twist, and then proceed with the traditional
analysis. To this end, we rewrite Eq. (2) in the form

Rpis=Rep+ (ac§5C+b55) /055, )

where a=Rep—08/c5C and b =Ry — P /aFC.
The CHARM experiment' (with E, > 9-GeV cut) finds
Rexpt =0.3052 £ 0.0033, while the CDHS Collaboration?
finds a very similar Rexp =0.3072 +0.0033. Using Egs.
(7) even with a generous range of 0.235%0.015 for
sin20y leads to rather well-defined values for the coef-
ficients in Eq. (8): a=—0.194%0.004 and b= —0.153
+0.020.

The coefficients a and b have opposite signs, so the
effects of p and a, tend to cancel each other. This hap-
pens because the average of the NC/CC ratios in Egs.
(7) is quite close to that of Eq. (1). Indeed, that average
is given exactly by setting r=1 in Eq. (1), which makes
sense because the higher-twist terms are the same for
neutrinos and antineutrinos. Hence a + b is proportional
to sin*0y, and is therefore small. Since oFC and o§€
might be expected to be equal, the a and b terms in Eq.
(8) might be expected to effectively cancel each other.
This cancellation is the basis for the usual expectation®
that higher-twist contributions to R can be neglected.
The possibility we find here of a significant effect on R
arises because the cancellation is incomplete, since (i)
a+b is actually not zero because of the sin“0y term,
and (ii) ot and o$C are actually different because of
the mass difference between p(770) and a,(1260). The
dimensional scale of the 1/Q? terms is thus set here by
mZ —mj, rather than the much smaller 7 3,.rk.

Using Eq. (8) and the charged-current cross sections
calculated above, we obtain Rpis— Rexpr = —0.0050,
—0.0016, —0.0008, and —0.0002 for So=-o0, 20, 10,
and 4 GeV?, respectively. This quantity is more sensitive
to the off-shell parameter Sy than are the cross sections
themselves, because the difference between p and a; con-
tributions is small at small Q2 and even changes sign
there. Using Eq. (1), these results translate to changes
in the value of sin’6y which should be extracted from
the CHARM data of +0.0078, +0.0025, +0.0013, and
+0.0003. Since the actual extent of off-shell suppres-
sion is unknown, we must interpret this as a systematic
theoretical error in the measurement of sin 20,. Be-
cause of additional uncertainties in o;/c7 =0 and ®, the
actual error range is somewhat larger: approximately 0
to +0.010. Note that sin’6y can only increase as a re-
sult of the meson-dominance correction.

I have used the CHARM experiment as an example.
Nearly identical results apply to the CDHS experiment,?
which used a very similar neutrino spectrum. The fact
that they used a target of iron rather than marble
matters little, because the nuclear fn;, effect implies
rather little shadowing of the meson-dominance terms.
(Even a shadowing behavior of 4%7° for the meson-
dominance terms would suppress them by only a factor
of 0.8 in CDHS relative to CHARM.) The remaining
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two high-statistics experiments®* are also similar, but

have somewhat larger statistical errors, so that the effect
considered here is of marginal importance for them.

To conclude, measurements of sin’8y based on neutri-
no cross sections contain a systematic theoretical uncer-
tainty due to the nonperturbative higher-twist processes.
These processes could, according to a meson-dominance
calculation, allow the actual value of sin?6y to be larger
than the published experimental results by as much as
0.01. This maximum value occurs only if there is no
off-shell suppression: S— 1 in Egs. (3) and (6). That
would perhaps be surprising, but it cannot at present be
ruled out. Note, for example, that the pointlike cou-
plings of the weak current make the process of Fig. 1
different from a purely hadronic one such as =~ p
— 7°X. The analogous p-exchange diagram for that
process is suppressed exponentially at large Q2 in the
triple-Regge limit; but that suppression is associated
with the “wave-function” effect of requiring the 7° to
come out intact.

The result of this paper has an important implication
in the minimal standard model, since electroweak radia-
tive corrections generate a difference between the sin6y
discussed here and the sin26} which can be obtained
from the accurately measured mass of Z°° The
difference is sensitive to the mass of the top quark (and
mildly sensitive to the mass of the Higgs boson). Our re-
sult suggests that sin’6y measured by neutrino scatter-
ing may be somewhat larger than previously thought,
which in turn hints that the top quark is most likely to be
found near the low end of the range of masses which is
currently allowed.

Expcrimcntl7 E733 at the Fermilab Tevatron, whose
data are now being analyzed, employs significantly
higher neutrino energies, for which the power-
suppressed contributions will be negligible. Results of
that experiment, and its possible successors, are eagerly
awaited.

I wish to thank R. Brock for useful discussions.
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