Precision measurements with high-energy neutrino beams
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Neutrino-scattering measurements offer a unique tool for probing the electroweak and strong
interactions as described by the standard model. Electroweak measurements are accessible through
the comparison of neutrino neutral- and charged-current scattering. These measurements are
complementary to other electroweak measurements due to differences in the radiative corrections
both within and outside the standard model. Neutrino-scattering measurements also provide a precise
method for measuring the F,(x,0?) and xF5(x,Q?) structure functions. The predicted Q? evolution
can be used to test perturbative quantum chromodynamics as well as to measure the strong-coupling
constant «, and the valence, sea, and gluon parton distributions. In addition, neutrino charm
production, which can be determined from the observed dimuon events, allows the strange-quark sea
to be investigated along with measurements of the CKM matrix element |V 4| and the charm quark
mass. [S0034-6861(98)00504-2]
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. INTRODUCTION

Neutrino-scattering experiments have strongly influ-
enced the development of particle physics over the past
three decades. Neutrinos couple to other particles only
through the weak interaction, which is well determined
in the standard model. For this reason, neutrino-
scattering measurements can be used as a probe to mea-
sure many of the standard model parameters or to look
beyond the standard model for indications of new phys-
ics. The effects of the small interaction cross section for
neutrinos has been overcome by modern experiments
through the use of high-intensity beams coupled with
massive detectors which give luminosities in the range of
10°* ecm™2s™!. Data samples in excess of one million
events are now available, which allow measurements of
strong and electroweak parameters comparable in preci-
sion to other fixed-target and collider determinations.

This review addresses three broad physics topics ac-
cessible to high-energy neutrino deep-inelastic scattering
experiments: nucleon structure functions and tests of
quantum chromodynamics (QCD) (Sec. III), neutrino-
induced charm production (Sec. IV), and electroweak
physics with neutrino beams (Sec. V). We begin with a
brief introduction to the relevant kinematics and cross-
section formulae and follow with a summary of experi-
ments whose results we review (Sec. I.LA). We then de-
vote an entire section to the difficult problem of
normalizing data through the determination of the neu-
trino flux and total cross section (Sec. II). The main
physics sections follow.

The experiments we review date from roughly 1980
until the present, although in some cases we reach back
further if the results are still of interest. We also restrict
ourselves to high-energy measurements; thus we empha-
size the CERN SPS and Fermilab Main Ring and Teva-
tron programs. Earlier and lower-energy experiments
have been reviewed elsewhere (Barrish, 1978; Fisk and
Sciulli, 1982; Diemoz et al., 1986; Mishra and Sciulli,
1989; Winter, 1990).

A. Kinematic formalism

The tree-level diagram for charged-current neutrino-
nucleon (vN) scattering is shown in Fig. 1. A neutrino
(or antineutrino) with incoming four-momentum k;
scatters from a quark or antiquark in the nucleon via
exchange of a W* (W™) boson with four-momentum q.

Rev. Mod. Phys., Vol. 70, No. 4, October 1998

Hadron
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FIG. 1. The first-order Feynman diagram for deep-inelastic
neutrino scattering. (E y is the energy of the final-state hadron
system and is referred to as E,q4 in the text.)

In the laboratory frame, the variables that can be mea-
sured in this interaction are the energy and angles of the
outgoing muon, £, 6, ¢, , and the energy and angles
of the outgoing hadrons, Ey.q, Ohaa> $naqa- In practice,
experiments are located sufficiently far from the neu-
trino production point that the neutrino beam can be
considered, to high accuracy, parallel to the z axis; thus
the difficult-to-measure hadron scattering angles are not
necessary to specify the kinematics. In the laboratory
frame, the four-vectors of the event can then be written
intermsof £, 0,, ¢,, En.g, and M, the proton mass:!

ki=(E,00,E,),

k,=(E,,E,sinf,cos¢, .E, sinf, sing, ,E cosb,),
p=(M,0,0,0),

q=ki—ks, 1)

with EV:E,U,+Ehad‘
Useful invariant quantities that describe the interac-
tion are

v=(p-q)/M (energy transfer),
y=p-q/p-k, (inelasticity),
0?=—¢? (negative squared 4-momentum),
x=0Q%(2p-q) (Bjorken scaling variable),
W2=(p+q)?

(squared invariant mass of final state). (2)

In the laboratory, these reduce to

v=Epad,
_ Ehad
EvatE,’
Q2:(Ehad+E,u.)E,u,gis

'We use the conventional units of high-energy physics in this
review: i=c=1, and all dimensionful quantities are in GeV
unless otherwise indicated.
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_ (Enaat E,E,0,
2MEp,g
W2=M?*+2ME, 4+ 02, ()

using the small-angle approximation and neglecting the
muon mass.

If the interaction is with nuclear constituents, generi-
cally called “partons,” then the kinematic variables x, v,
and Q? acquire further physical interpretations. The
Bjorken scaling variable x can be considered the frac-
tion of the nucleon’s momentum carried by a struck par-
ton in the infinite momentum frame, where the parton
mass and transverse momentum are negligible. The
four-momentum of the struck parton is xp+g¢g. Then
(xp+q)?=0 leads to the relation x=Q?/(2p-q), where
x2p?=x>M?*<(Q? was used. The variables v and Q? are
related to the ability to resolve “free” partons within the
nucleon. To resolve partons, the interaction time scale ¢
must be sufficiently small to guarantee that the partons
do not interact, while the spatial resolution must be sig-
nificantly smaller than the nucleon size D. The time
scale on which the free partons can then be resolved is
given by the uncertainty principle: AE~v>1/t or Ap
~\J0%>1/D.

In principle, for a given beam of neutrino energy £,
the accessible kinematic region is bounded by

mi E, £
<y<
8xME2 "~ (1+2Mx/E,) ="

m* 1
= —1

® <y<
SXME3 (1+2Mx/E,)

’

m? 2ME x

My —pre  SMEX
22~ = TramuE,) HMES

m2

y2

—2MEV$X$1. @)
The lower limits are given to leading order in the final-
state lepton mass and can always be set to 0 for the high
energies considered; the arrows indicate the high-energy
limits of the upper range on the variables, which, for
most purposes, are also sufficient. In practice, experi-
mental restrictions to select regions of high acceptance
and small corrections reduce the available range. The
accessible kinematic range of a given experiment can be
described in the plane of any two of the above variables.
The resulting kinematic range in the x and Q? plane is
shown in Fig. 2 for four high-statistics, deep-inelastic
neutrino-scattering experiments.

In the case of neutral-current scattering, the scattered
neutrino is not reconstructed; all event information must
be inferred from the hadron shower. The important ki-
nematic quantities are identical to the charged-current
case up to small effects due to the muon mass.

B. The neutrino-scattering cross section

The cross section may be written using Fermi’s golden
rule:
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FIG. 2. The kinematic regions accessible to the high-statistics
neutrino experiments discussed in this review.

M
5 5)

where M is the invariant amplitude for the scattering,
dT is the phase-space factor, that is, the density of final
states per incident particle, and @ is the incident-particle
flux. The heart of the physics is in the squared matrix
element, and we shall concentrate on this. The deep-
inelastic scattering invariant amplitude at the Born level
can be factored into a leptonic vertex, a hadronic vertex,
and the connecting propagator. In the case of v charged-
current scattering, this is

do=dI'

M=V2G pulk")y*(1 = ys)u(k) 7577
F ’ 1+Q% M3,

X(X| " p. o). (6)

The square of this matrix element can be written in
terms of two tensors describing each vertex:

2
F

2_ aB
M| mLaﬂW : (7)
The leptonic tensor is
Lop=[ulk)yo(1=ys)u(k")J[u(k")ypg(1—ys)u(k)]
=8[k kpthkpk,—(k-k'—m})g .7 i€ap,sk k"],

where €,4,s is the totally antisymmetric tensor: +1 for
€912z and all even permutations, —1 for all odd permu-
tations, and O if two or more indices are the same. The
most general form for the hadronic vertex must be con-
structed from the only two independent vectors, p and
q, and the identity matrix:

aBy

a, B :_afyd
o o Pp i€P’p q 5
W= —g W, + 7 W 2M2y Ws (8)
a, B a, B B a
q°9 p"q”+p-q
+ o Wat Vs )
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a, B_ B,
P9 —pPq
+1TW6. (10)

Evaluating LaﬁW“'g, we find

(i) the Wy is eliminated because LaBW“ﬁ
— e“ﬁyakak/’g(p 2qP—q*pP)=0, where q=k—k’
is used.

(i) the W, and W5 terms are neglected because they
are proportional to the mass of the Ilepton:
q°L pem kP and gPL ,zcm>ke.

This leaves three remaining terms, proportional to W,

W,, and W3.

If the nucleon has constituents that are resolvable for

\/Qz,v> M, then these W terms would be functions of
the kinematic variables v and Q?:

Wi— W, (0%v),

0’ 02
where 2MW1(Q*.»)= 2Mv5(1_ ZMV)’
Q2
Wo—Wa(Q%v),  where vW2<Q2,v>=5<1—zMy),
Q2
W3—W3(Q%v), where VW3(Q2’V):5<1_2MV).

In the deep-inelastic scattering regime, where Q2?— o
and v—o with x=Q?%2Mv fixed, “Bjorken scaling” is
expected, and the W functions are rewritten as the tra-
ditional structure functions:

MW (Q%v)—F(x),
vW,(Q%,v)— Fy(x),
VW3(Q2, v)—F5(x).

However, experimentally Bjorken scaling is observed to
be violated, leading to O dependences of the structure
functions. This can be interpreted as direct evidence for
QCD, as discussed in the following section.

Often, the cross-section formula is written in terms of
the structure function R, (x,Q?) rather than F;(x,0Q?).
R, (x,0?) can be interpreted as the ratio of the longitu-
dinal to transverse virtual-boson absorption cross sec-
tion. The two structure functions are related by

Ri(x.0%)= "
_ Fy(x,0%)(1+4M°x*/Q%) = 2xF,(x,0?)
B 2xF(x,07%) )

(11)

In this review, we shall describe the cross section for
scattering from an isoscalar target in terms of the struc-
ture functions F,, xF5, and R; defined by
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dZO_V(;)N
dx dy

GIME, |
_ v (V)N 2
ﬂ_(l_’_QZ/M%V)Z\‘FZ (va )
y2+(2Mxy/Q)?
X SN ot
2+2R}N(x,0%)

Mxy
YT 2E,

ing@Ny(l—X) ) (12)

2

where the * is +(—) for v(v) scattering.

Analogous functions F5“N(x,0?) and RSN (x,0?)
appear in the cross section for deep-inelastic charged-
lepton scattering. The function x F5(x,Q?) appears only
in the cross section for the weak interaction because it
originated from the parity-violating term in the product
of the leptonic and hadronic tensors.

C. Neutrino scattering from partons

The cross section presented in Eq. (12) makes no as-
sumptions about the underlying structure of the hadron
involved in the interaction. However, the results of early
experiments provided clear evidence that the neutrinos
were interacting with quarks in the nucleon (Perkins,
1975). This section discusses neutrino-parton scattering
at the simplest level. The interpretation of the cross sec-
tion within QCD is discussed in greater detail in Sec. I11.

The “‘naive” quark-parton model describes the struc-
ture functions in terms of momentum-weighted parton
distribution functions (PDFs). For neutrino interactions
with the partons in the proton,

FYopm(x)=2x[d(x)+ul(x)+s(x)+c(x)], (13)
xFl pp(x)=2x[d(x) —u(x)+s(x) —c(x)]. (14)

In these equations u, d, s, and ¢ indicate the PDFs for
up, down, strange, and charm quarks, respectively, in the
proton. These PDFs describe the probability that the
interacting parton carries a fraction x of the proton’s
four-momentum.? Note that because the neutrino inter-
acts via emission of a W, only the negatively charged
quarks contribute to the interaction.

In a similar way, neutron structure functions can be
written in terms of the proton PDFs by invoking isospin
invariance,

FYpa(x)=2x[u(x)+d(x)+s(x)+c(x)], (15)

XFYy pp () =2x[u(x)—d(x)+s(x)—c(x)].  (16)

When neutron and proton structure functions are
combined for an isoscalar target, one obtains

F3% pa(x) =x[u(x) +d(x) +2s(x)

+u(x)+d(x)+2¢(x)], (17)

2This interpretation of x is an approximation that we employ
due to its intuitive appeal and because, at high energies, this
definition of x differs negligibly from its more rigorous inter-
pretation as a light-cone variable (see Sec. L.A).
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XF5 pa () =x[u(x)+d(x)+2s(x)

—u(x)—d(x)—2c(x)]. (18)

Antineutrino interactions proceed via emission of a W~
boson. Therefore only the positively charged quarks
contribute. Following the prescription for the neutrino
case and assuming that s(x)=s(x) and c(x)=c(x), we
obtain the antineutrino structure functions

FZ%PM(X) = F;zPM(x% (19)
xF%PM(x)=xF§zPM(x)—4x[s(x)—c(x)]. (20)

In this review x F3= % (x F¥¥+x F3V) will refer to the av-
erage of the neutrino and antineutrino measurements;
A(xF3)=xF3N—xF%" will indicate the difference be-
tween the neutrino and antineutrino structure functions.
We use F, to refer to either neutrino or antineutrino
scattering because the structure functions are equiva-
lent.

In the quark-parton model, the interaction probability
for each PDF depends on the square of the charge asso-
ciated with the interaction. In the weak interaction, this
is unity. For charged-lepton scattering mediated by a vir-
tual photon,

Film(x) = 5| 1) +d(x) +ulx) +d(x)

2 8
+ L) 4500 1+ e+l

1)
The structure-function definitions of the quark-parton
model must be modified to accommodate strong interac-
tions between the partons and to include mass effects.
Within the framework of QCD, discussed in Sec. II1.A.1,
the parton distributions acquire a Q2 dependence. Small
transverse-momentum quark-gluon interactions may oc-
cur at the time of the scatter. The probability that the
interaction resolves such processes depends on Q2 and
modifies the parton distributions, leading to a Q2 depen-
dence known as ““scaling violations.” Thus at leading or-
der in QCD, the structure functions are

Fyro= Ed xqi(x,0%) +xq;(x,0%), (22)

i=u,d..

*Fip0= 2 xqix,0%)=xqi(x,0%). (23)
(In the above equations and subsequent sections, g and
q are introduced as the generic notation for the various
parton distributions in the proton.) Parton mass effects
further modify the parton distributions, an effect called
“slow rescaling” (see Sec. IV.B), which leads to
q(x,0%)—q(&0%?), where £ depends on the mass of the
parton.

To leading order, R, (x,Q%)=0, and the Callan-Gross
relation (Callan and Gross, 1969), F,(x,0?%)
=2xF;(x,0%), is valid because spin-3 massless quarks
cannot absorb a longitudinally polarized virtual boson,
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reverse direction in the center of momentum frame, and
still conserve helicity. A nonzero R (x,0Q?) is a mani-
festation of nonperturbative and higher-order QCD ef-
fects and is described in Sec. III.A.1. In all formulations
that we are aware of, the structure function R; is the
same for neutrino and antineutrino scattering.

These tree-level expressions can be used to point out
some of the interesting information accessible from vN
scattering:

() F2N(x,0% and Fy¥(x,0%) measure the sum of
quark and antiquark PDFs in the nucleon.

(i) The average of xFYV(x,0%) and xFiM(x,0?%)
measure the valence-quark PDFs,

xF3=u(x,0%)+d(x,0%)—u(x,0) - d(x,0%)
=uy(x,0%)+dy(x,07). (24)

(i) FV(x,0%) and F{®N(x,0%) together confirm
the fractional electric charge assignment to the
quarks and provide sensitivity to the strange-
quark PDF.

(iv) The difference A(xF3)=xF}N(x,0%)
—xF?V(x,QZ) is sensitive to the strange and
charm quark content in the nucleon.

Neutrino scattering from d or s quarks can produce a
¢ quark in the final state, which can be identified by
either a lifetime or, more easily, a semileptonic decay
tag. This ability to tag final-state charm permits a series
of unique strong and electroweak tests, including the di-
rect measurement of s(x,Q?) and s(x,0?), extraction
of the Cabibbo-Kobayashi-Maskawa (CKM) elements
V.s and V., a measurement of the mass of the charm
quark m,., and a sensitive probe of the dynamics of
leading-order and next-to-leading-order QCD. This
physics is described in Sec. I'V.

Neutral-current vN scattering is described by a closely
related set of structure functions. While these can be
measured, the primary interest in this process lies in in-
clusive cross-section measurements for electroweak
physics tests of the standard model. The detailed de-
scription of vN neutral-current scattering will be dis-
cussed in Sec. V.

D. Overview of experiments

This section provides an overview of the beams and
experimental apparatus used in deep-inelastic neutrino
scattering. Table 1 summarizes the data samples ob-
tained by the high-precision neutrino experiments that
are discussed below.

1. CCFR experiment

The CCFR collaboration has performed a series of
experiments at Fermi National Accelerator Laboratory
(hereafter, “Fermilab”’) using the Lab E neutrino detec-
tor. This paper includes results from data runs E616,
E701, E744, and E770, spanning a period from 1979
through 1988. A new experiment, E815, is presently tak-
ing data.
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TABLE I. Overview of high precision neutrino experiments. Target refers to the bulk of the material in the experimental target.
Total events vary for each type of analysis depending on cuts; the numbers here are approximate.

Experiment Beam Target v events v events Flux method Ref.
energy (GeV)

CCFR (E616) 30-300 Fe 150 000 23 000 Secondary MacFarlane et al., 1984
momtormg

CCFR (E701) 30-300 Fe 35000 7000 Secondary | hincloss et al., 1990
monitoring y-int.

CCFR (E744/770)  30-360 Fe 1,300 000 270 000 Fixed v, Selyman et al., 1997a,1997b

CDHSW 20-212 Fe 640 000 550 000 Iterative y fit Berge et al., 1991

CHARM 10-160  CaCO, 116000 6000 Secondary Allaby ef al., 1988
monitoring

CHARM II 5-100 Glass 750000 Q.E. 1300000 Q.E. o, Geiregat et al., 1993

BEBC 15-160  Ne (D,) 15000 (12000) 10000 (11 000) Iterative y fit Allport et al., 1989

The E616 and E701 experiments took data using the
Fermilab dichromatic neutrino beam. The primary pro-
tons had an energy of 400 GeV. The secondary beam
traversed a 60-m chain of magnets and collimators,
which selected pions and kaons based on energy and
charge. The neutrino energy spectrum from this beam
has two relatively narrow peaks from the pion and kaon
decays, which gives the beam its dichromatic nature.

The most recent results from the CCFR Collaboration
come from the 1985 (E744) and 1987 (E770) fixed-target
runs at Fermilab. The CCFR neutrino beam resulted
from decays of pions and kaons produced in interactions
of the 800-GeV FNAL proton beam with a beryllium
target. The FNAL Quadrupole Triplet beam line, which
had no sign-selecting magnets, was used to transport the
secondaries. This resulted in a wideband beam of neu-
trinos and antineutrinos, with a relatively uniform en-
ergy spectrum ranging in energy up to 600 GeV. This
beam resulted in approximately 86.4% v,, 11.3% v,
and 2.3% v, and v, events.

Neutrino events were observed in the Lab E neutrino
detector (Sakamoto et al., 1990), shown in Fig. 3. The
detector is constructed as a target calorimeter followed
by a toroid muon spectrometer. The 690-ton calorimeter
consists of eighty-four 3 mxX3 mX10 cm iron plates in-
terspersed with scintillators and drift chambers, with a
measured  hadronic  energy resolution o/E; .4
=0.89/\JEpaq- The toroid spectrometer has five sets of
drift chambers for muon tracking as well as hodoscopes
for triggering; its momentum resolution is limited by

Blue Cart

FIG. 3. Schematic representation of the CCFR detector. The
neutrino beam travels from left to right. The target calorimeter
is on the left and the muon spectrometer (toroid) is on the
right. (The “Blue Cart” refers to downstream chambers that
extend the angle measurement for precise momentum deter-
mination.)
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multiple Coulomb scattering to Ap/p=0.11. The detec-
tor was periodically calibrated by a test beam of pions
and muons.

NuTeV (Bolton et al., 1990), the next generation of
deep-inelastic neutrino scattering experiments at Fermi-
lab, began taking data in May, 1996. NuTeV has modi-
fied the beam line to select the sign of the charged pions
and kaons (Bernstein ef al., 1994). The resulting beam is
almost purely v, or _M, depending on the sign selection.
The enhanced purity of the antineutrino sample will im-
prove a number of QCD studies, especially those con-
cerned with small-x physics. Separate running will also
permit the first high-statistics simultaneous measure-
ments of the electroweak mixing parameter sin’ 6y, and
neutral-to-charged-current coupling strength ratio p.
The substantially upgraded Lab E neutrino detector is
continuously calibrated with a test beam of pions, elec-
trons, or muons throughout the running. The new test
beam also provides a broader range of hadron and muon
energies than were available to CCFR.

2. The CDHSW experiment

The CDHSW experiment (Holder et al., 1978a, 1978b;
Abromowicz et al., 1981) measured the total neutrino
cross section using 100-, 160-, and 200-GeV narrow-band
neutrino beams and performed precision electroweak
and structure-function measurements with a wideband
beam during the early 1980s. Primary protons from the
CERN SPS were used to produce secondary pions and
kaons. For the wideband running, the secondary beam
was focused using a magnetic horn. Depending on the
sign selection set by the magnetic field, the tertiary beam
consisted mainly of neutrinos or antineutrinos. An an-
tineutrino contamination in a neutrino beam will result
in single-muon events with a muon that has positive
rather than negative charge. This contamination is
therefore called the “wrong-sign’ background. The frac-
tion of wrong-sign background events for CDHSW neu-
trino running was 2.3%. For antineutrino running, the
wrong-sign background was 17% (Berge et al., 1991).

This experiment used the upgraded CDHS detector,
which consisted of toroidally magnetized iron plates
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sandwiched between planes of scintillator and drift
chambers. The calorimeter was 3.75 m in diameter, 21 m
long, and had a total mass of approximately 1100 tons.
The hadronic energy resolution of the detector varied,
depending on the segmentation of the iron, from
0/ Eyq=~0.58/VE,q to 0.70/\Ey,q. The momentum of
the muon was determined by the bend in the magnetic
field, with an average resolution of 9%. The field of the
toroid was chosen to focus ™ or u~ based on the set-
ting of the magnetic horn.

3. The CHARM experiment

The CHARM experiment (Jonker ef al., 1982) made
high-precision measurements using the 160-GeV
narrow-band neutrino and antineutrino beam and the
wideband beam at the CERN SPS during the early
1980s. The CHARM detector was composed of a fine-
grained calorimeter followed by a muon spectrometer.
The calorimeter consisted of 78 marble plates (CaCO3),
hence an isoscalar target, of dimension 3 mxX3 mX8 cm.
Scintillation counters, proportional drift tubes, and
streamer tubes were located between the plates. The fi-
ducial mass of the target was approximately 90 tons,
with a mean target density of 1.38 g/cm®. The muon
spectrometer consisted of an iron toroid spectrometer
surrounded by a magnetized iron frame and instru-
mented with proportional chambers. The calorimeter
was calibrated with electron and pion beams.

The CHARM apparatus could resolve hadronic
shower angle as well as the shower energy, muon en-
ergy, and angle. The detector was capable of measuring
hadronic shower energies as low as 2 GeV. The resulting
hadronic energy resolution was o/ E},q=0.49%/VEpag-
The hadronic shower angle could be measured with a
resolution function given by 0(6p,q)~V0.16/E} .4
+0.2/E}q, Where Ey,4 is measured in GeV. The muon
momentum resolution, Ap/p, was 15% to 20% on aver-
age. The CHARM detector had a resolution on muon
angle of 5 mrad at 50 GeV and 2 mrad at 150 GeV. The
vertex position resolution was 3 cm at E,q=50 GeV.
The neutrino energy resolution was ~10% to 20%.

4. The CHARM Il experiment

The CHARM II experiment (Geiregat et al., 1993)
collected data during the period 1987—-1991, using the
wideband neutrino beam described in the above
CDHSW experiment section. This experiment was opti-
mized for detection of electrons. The combination of
low-Z target material and high granularity was used to
achieve good electron-hadron separation and shower
angle resolution. The detector’s target was composed of
48-mm (0.5 radiation length)-thick plates of glass, with a
total mass of 690 tons. Interspersed between the plates
were streamer tubes with 1-cm wire spacing, which pro-
vided digital hit information. The tube layers were also
instrumented with 2-cm-wide pickup strips, which were
read out as analog signals. Between every five sets of
plates and streamer tubes were scintillation counters.
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Test beams of electrons, pions, and muons were used
to calibrate the detector. The electromagnetic energy
resolution from the digital readout of the streamer tubes
was o/ E=0.09+0.15/\E, where the energy is in GeV.
The resolution for hadronic showers from neutrino in-
teractions using the streamer tubes was oy.q/FEnaq
=0.02+0.52/\E,q- The electromagnetic energy resolu-
tion using the pickup strips was o/E=0.05+0.23/\E.
The muon spectrometer consisted of magnetized iron
toroids instrumented with scintillation counters and drift
chambers. The resolution was Ap/p=13% at 20 GeV.

5. The BEBC experiment

The Big European Bubble Chamber (BEBC) experi-
ment (Baruzzi et al., 1983) ran with both narrow-band
and wideband beams provided by the CERN SPS during
a series of experiments that began in the late 1970s and
continued during the 1980s using a variety of targets.
This review discusses results mainly from the high-
statistics BEBC runs with deuterium (WAZ25) and neon
(WAS9) targets. The cryogenic bubble chamber had a
10-m® fiducial volume surrounded by a 3-T supercon-
ducting magnet and supplemented with a two-plane,
150-m? external muon identification system.

II. NEUTRINO FLUX AND TOTAL-CROSS-SECTION
MEASUREMENTS

Accurate measurement of the flux of neutrinos in a
beam is necessary for all of the analyses discussed in this
review. Flux monitoring is a difficult task for a beam of
neutral weakly interacting particles; hence indirect
methods must be employed. Flux determinations can be
based on measurements of the secondary pion and kaon
rates. This secondary measurement technique has been
used for narrow-band neutrino beams to determine the
total scattering cross section as a function of energy for
neutrinos and antineutrinos. The measured total cross
sections can then be combined with the observed num-
ber of events in a wideband beam to determine the neu-
trino flux as a function of energy. Alternatively, wide-
band neutrino beam fluxes can be obtained from fits to
the y distribution of the data or integration over the
observed low-y events. These methods rely upon the re-
lation between the cross section, flux (¥, ), and num-
ber of events (N, 3):

v,V
v

dN,,. - do 55
dy vl V)W- (25)

The flux measurement errors are among the largest sys-
tematic errors associated with neutrino precision mea-
surements; therefore an extended discussion of the sub-
ject is presented here.

A. Absolute flux determination

Neutrino beams result mainly from the decay of sec-
ondary pions and kaons, which are produced when a
proton interacts with a target. Most pion and kaon de-



1348 Conrad, Shaevitz, and Bolton: Precision measurements with neutrino beams

MUON SWICS
bump

PROTONS __ ;. R "

BERM (SHIELD) LAB E

MANHOLE
TARGET  _EXPANSION
[ ‘ PORT BEAM

/ \encLosure 100 NEUTRING EXR
[ON CHAMBERS
N30 TRAIN - swics ION CHAMBER
€ - COUNTER swic
RF CAVITY
f-30m
b~ 60mM -+te——340 fe 910m ~ ——30m-—|

TRAIN DECAY PIPE SHIELD v DETECTOR

FIG. 4. Schematic of the CCFR E616 neutrino beam line and
beam-monitoring ports. The figure has not been drawn to
scale.

cays are two-body, thus the neutrino energy and flux can
be determined using kinematic constraints if the inte-
grated intensity, energy, and spatial distribution of the
secondary beam are known. This method is most suc-
cessful when applied to narrow-band beams and was
employed by many experiments to measure structure
functions and the total cross section. These experiments
include CCFR E616 (Auchincloss ef al., 1990; Oltman
et al., 1992), CDHSW (Berge et al., 1987), and CHARM
(Allaby et al., 1988).

The primary and secondary beams are monitored us-
ing a variety of detectors, including RF cavities, toroids,
Cerenkov counters, segmented wire ionization cham-
bers, and hodoscopes. Redundancy is important to re-
duce the systematic errors in the measurement of the
secondary beams. As an example of a typical experimen-
tal setup, Fig. 4 shows a schematic diagram of the CCFR
E616 beam line including the locations of the various
monitoring devices. As an additional constraint to re-
duce errors, the CHARM and CDHSW collaborations
also monitored the muon flux from the tertiary beam.

Two uncertainties associated with this technique re-
sult from three-body decays of kaons and pion or kaon
decays that occur before the momentum selection mag-
nets (Auchincloss et al., 1990). The former are largely
from K— muv, which can be corrected using a Monte
Carlo simulation of the neutrino flux. The latter can be
measured directly by placing a dump in the beam after
the magnet, thus absorbing the sign-selected secondary
beam. All interactions in this mode would result from
neutrinos produced in decays before the magnet.

B. Relative flux

The structure-function measurements described in
Sec. III are very sensitive to the accurate determination
of the relative flux among the various energy bins and
between neutrinos and antineutrinos. Therefore it is im-
portant to establish methods of normalizing between
neutrino energy bins that have small systematic errors
and little dependence on assumptions of nucleon struc-
ture. These methods are crucial for experiments using
wide-band neutrino beams, where beam monitoring
methods cannot provide sufficient accuracy. In a
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narrow-band beam, these methods can be used to test
the accuracy of the measurements from secondary-beam
monitoring.

The energy-dependent neutrino flux can be obtained
from a Monte Carlo simulation of the beam optics com-
bined with measurements of parent spectra. Uncertain-
ties in the inputs to these types of simulations have led
experiments to use other techniques. For example, the
energy-dependent flux can be calculated from the distri-
bution of observed neutrino and antineutrino events as-
suming a total cross section that rises linearly with en-
ergy. Total-cross-section measurements have shown that
the rise is linear within 2 to 4% (see Sec. I1.D). This
method also requires an input set of structure functions
in order to correct the observed events for acceptance
and resolution smearing.

Other methods of flux extraction have been devel-
oped in which the events used for the flux extraction are
almost independent of the events used for the structure-
function measurements. The “‘y-intercept technique”” re-
lies on the premise that near zero hadronic energy trans-
fer, y=FE.q/E,—0, the differential inelastic cross
section divided by energy is independent of energy and
is the same for neutrinos and antineutrinos. The differ-
ential cross section for neutrino scattering, given by Eq.
(12), in the y—0 limit reduces to

[1 do? _[ 1 do”
E,dy| o, LE,dy] _,
GiM

1
= J Fy(x,0*—0)dx~C, (26)
™ 0
where C is a constant independent of energy. This is
true independent of incident-neutrino energy or neu-
trino type for scattering on an isoscalar target. Thus, for
each bin in energy, the flux of neutrinos or antineutrinos
is given by
1 dN"™(E))

1im(E— d—) =CXD"M(E,). (27)

y—o\Ew y
This method was applied by CCFR (E616) to cross-
check the flux obtained from secondary-beam measure-
ments for the determination of the neutrino total cross
section.

For wideband neutrino beams, the beam energy and
radial distribution are usually determined through iter-
ating the Monte Carlo simulation of the neutrino events,
successively varying the input flux and structure func-
tions until the Monte Carlo matches the observed distri-
bution of events. Initial distributions for the structure
functions are taken from previously published results.
These structure functions and initial distributions for the
neutrino flux are used to generate events, which are then
put through the Monte Carlo simulation of the detector.
The ratio of simulated events to detected events in each
x-y-E, bin provides the correction factors for the flux
and structure functions for the next iteration. Variations
on this method are used by both the CDHSW and the
CCFR Collaborations.
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The CCFR E744/E770 ““fixed-v, method’ provides a
specific example of one iterative technique for extracting
the relative flux (Seligman et al., 1997a, 1997b). This
method exploits the y dependence of the data to obtain
the flux. The relationships of Egs. (25) and (12) can be
extended to small » as a polynomial in terms of y
=v/E,,

v,V

=®(E)[A,5+B,#{VIE)+(C,#2)(VE,)?],

dv
(28)
where A, B, and C are given by
GiM (1
A=ZE | R, 02,
0
GiM (1
B=- - J'[Fz(x,Qz)ixFa(x,Qz)]dX,
0
GiM (1 ~
c=5-"2% [0k 0dx, @9)
0
with
% . 1+2Mx/v Mx 1 30
(x,0 )=m—7— . (30)

Except for small variations due to the scaling viola-
tions of the structure functions, A, B, and C are rela-
tively independent of v and E, . Integrating Eq. (28), we
find that the number of events with »<<y, for a given
energy, N9 (E,), is given by

v<v

O (EV)=CD(EV)fVOdvA
0

v<v

X

L v B 2 (B [F,Rdx
E,A 2E2\A [Fdx

14

(1)

From the values of N?ESVO(E ,), ®(E,) can be deter-

mined for both neutrinos and antineutrinos up to an
overall normalization constant. The overall normaliza-
tion is determined from the world-average cross section
for vFe (Sec. I.D) (Seligman et al., 1997a, 1997b),

o'/ E ,=(0.677+0.014) X107 *® cm?GeV.

The assumption that the integrals over the structure
functions are independent of v is only approximately
true. Recall that Q?=2Mvx. Therefore for fixed v, us-
ing F, as an example,

lez(x,Qz)dxz lez(x,Zva)deFizm( v). (32)
0 0

The systematic error introduced by this residual v de-
pendence was studied by varying the v range from which
the flux was extracted and found to be less than 0.5%
(Seligman et al., 1997a, 1997b).
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FIG. 5. The CCFR 744/770 neutrino and antineutrino event
spectrum.

C. Electron neutrino flux

Most neutrino beams are composed mainly of muon-
type neutrinos and antineutrinos, with a small contami-
nation from the electron flavor. Accurate determination
of this contamination is important for the precision mea-
surement of sin? 6y, discussed later. The v, /v, flux is
evaluated through detailed Monte Carlo simulations,
which are tied to the direct muon-flavor flux measure-
ments. As an example of the magnitude of the contami-
nation, the CCFR E744/770 Monte Carlo flux determi-
nation is shown in Fig. 5 (King, 1994). As a test of the
accuracy of this method, a recent analysis of the CCFR
data to determine directly the total number of v, inter-
actions has confirmed the Monte Carlo prediction (Ro-
mosan et al., 1997).

D. Measurements of the total cross section

The total neutrino and antineutrino cross sections
have been measured in a large number of experiments.
For these measurements, the neutrino flux is determined
by monitoring the secondary pion and kaon rates of a
narrow-band beam and combining this flux with the
number of observed events corrected for experimental
acceptance. The number of observed events is separated
into those from pion-decay neutrinos and kaon-decay
neutrinos using the kinematic correlation between the
neutrino energy and angle, as shown in Fig. 6.

This section reports on those experiments which have
measured the total cross section to an accuracy of at
least 10%. The BEBC (Bosetti et al., 1982; Aderholz
et al., 1986), CCFR E616 (MacFarlane et al., 1984),
CDHSW (Berge et al., 1987), CHARM (Allaby et al.,
1988), and CCFR E701 (Auchincloss et al., 1990) results
are from experiments described in detail above. Two
older experiments, the 15-ft Bubble Chamber at Fermi-
lab (Baker et al., 1983; Taylor ef al., 1983) and FNAL
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E310 (WHPFOR), a counter experiment with an iron
target (Heagy et al., 1981), also have results with small
errors and are discussed below. All results are presented
for interactions with an isoscalar target, and a correction
has been applied to the iron data to compensate for the
neutron excess.

A linear dependence of the total cross section on en-
ergy is expected if pointlike scattering between neutri-
nos and quarks dominates the scattering mechanism.
This behavior is observed in the neutrino-iron total-
cross-section measurements from CCFR E616 (MacFar-
lane et al, 1984), CDHSW (Berge et al, 1987), and
CCFR E701 (Auchincloss et al., 1990), as shown in Fig.
7. The ratio o /E, as a function of E, is in agreement
with a straight line with no slope for both neutrino and
antineutrino interactions.

The total cross section for neutrino scattering on iron
is used to provide the overall normalization of the flux
for the CCFR E744/E770 experiment. Table II summa-
rizes the isoscalar-corrected measurements for neutrino-
iron experiments. The world averages for these experi-
ments are indicated by the dashed lines in Fig. 7(a). The
data from all experiments are in good agreement with
these averages. The E744/E770 data also yield a mea-
surement of o/0"=0.509%+0.010 (Seligman et al., 1997a,
1997b), which is listed with the other measurements in
Table II.
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FIG. 7. Neutrino (solid) and antineutrino (open) measure-
ments of o/E,. (2) o /E, vs E, for iron targets: O,@,
CCFR E616; J,l, CCFR E701; A,A, CDHSW. (b) Average
o /E for a variety of targets (isoscalar corrected). Dashed
lines indicate average for iron data (see text). (The error bars
include both statistical and systematic errors.)

The world-average v/v cross-section ratio, in combi-
nation with the world-average neutrino cross section,
sets the overall normalization for CCFR E744/E770
data. Given this normalization, CCFR has measured the
energy dependence of o, /E, up to energies of 400
GeV. The result is shown in Fig. 8, where systematic and
statistical errors have been added in quadrature. The
data have been fitted to a model that allows a slope in
oo /E,, denoted &5 for neutrinos (antineutrinos),

oI E, =0 (1+e,5E,). (33)
The results are

£,=(—22%0.7)%/(100 GeV) (CCFR),

e3=(—0.2x1.3)%/(100 GeV) (CCFR).

A small slope for the neutrino cross section is expected
as a consequence of QCD and heavy-quark effects
(Hinchliffe and Smith, 1977).

Figure 7(b) shows the average total-cross-section
measurement for neutrino-iron targets as well as
neutrino-nucleon scattering from various isoscalar tar-
gets by CHARM (Allaby et al., 1988), the 15-ft Bubble
Chamber (Baker et al., 1983; Taylor et al., 1983), and
BEBC (Aderholz et al., 1986; Bosetti et al., 1982). The
approximate average beam energy of these lower-
energy measurements is 25 GeV. The results are in good
agreement with the average for the high-energy
neutrino-iron cross section indicated by the dashed line.

TABLE II. Measurements of the neutrino total cross section on iron. (The CHARM result has not been included in the averages

since the systematic errors are correlated with CDHSW.)

Experiment o'IE o"E a’lo” Ref.

CCFR (E616) 0.669=0.024 0.340=0.020 0.499+0.025 (MacFarlane et al., 1984)
CDHSW 0.686+0.020 0.339+0.009 0.495+0.010 (Berge et al., 1987)

CHARM 0.686=0.020 0.335=0.011 0.488+0.013 (Allaby et al., 1988)

CCFR (E701) 0.659+0.039 0.307+0.020 0.467+0.028 (Auchincloss et al., 1990)
CCFR (E744/770) 0.509+0.010 (Seligman et al., 1997a, 1997b)
World Ave. 0.677=0.014 0.334=0.008 0.500=0.007
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lll. MEASUREMENTS OF NUCLEON STRUCTURE
FROM INCLUSIVE SCATTERING

Precision deep-inelastic neutrino-scattering experi-
ments provide opportunities to test QCD evolution and
extract the QCD parameter A, which sets the scale of
the strong interaction. In the kinematic regions where
the structure of the nucleon can be interpreted in terms
of quarks, neutrino scattering possesses high sensitivity
to many individual parton distributions. Probing the
nucleon with neutrinos complements charged-lepton
scattering experiments, and comparisons between neu-
trino and charged-lepton deep-inelastic experiments
provide tests of the universality of the structure func-
tions. Global analyses that include the neutrino data and
other cross-section measurements yield the best param-
etrizations of the individual parton distributions.

This section reviews the contributions of neutrino
deep-inelastic scattering experiments to precision mea-
surements of nucleon structure. A brief review of the
theory of the structure functions is provided. Experi-
mental techniques and issues that must be considered in
the analyses are reviewed. Results of the high-precision
neutrino measurements are compared between experi-
ments and to charged-lepton scattering results. Finally,
the QCD analysis of the structure functions is presented.

A. Theoretical framework

This section describes the theoretical framework in
which the structure-function measurements will be inter-
preted. The QCD expectation is described along with a
discussion of nonperturbative and nuclear effects.

1. The structure functions within QCD

The general form for the differential cross section de-
pends upon three structure functions, F,, R; , and xF3,
as shown in Eq. (12). In the quark-parton model, the
neutrino structure functions can be written as functions
of sums and differences of the momentum-weighted
quark probability densities, as described in Sec. 1.C.
Quantum chromodynamics modifies this parton-model
interpretation in order to account for the interactions
between the partons.

Within QCD, partons with higher fractional momen-
tum may contribute to interactions at any lower x
through radiation or gluon splitting. The probability that
the interaction resolves such a splitting depends on Q2,
as described by the Dokshitser-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations (Gribov and Lipa-
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tov, 1972; Altarelli and Parisi, 1977; Dokshitser et al.,
1978; Dokshitser et al., 1980):

dg™S(x,0%) _as(Q?) (1 dy
0T " 2 ) 5 0 IRy,

dgS(x,0%) as(Q) (1dy
dln Q* 2= x Yy

+ G(y?QZ)PqG(X/y)]a

dG(x,0%)  agl
dln Q> 2

+G(y,0%)Pse(xly)]. (34)

The splitting functions, P;(x/y), give the probability
that parton j with momentum y will be resolved as par-
ton i with momentum x<y. The symbols ¢V=3,(q;
—g;) and g5=3,(q,+4q;) refer to the nonsinglet and sin-
glet quark distributions, respectively. The probability of
finding a gluon in the nucleon carrying a fractional mo-
mentum x is represented by G(x,0?).

From the DGLAP equations, it can be seen that the
change in the structure functions with Q? as a function
of x depends on «,. At next-to-leading order, ag is
given by

[45(y, Q) P35, (x]y)

2 1d
2 [ Piat0.00pe,0)

. 4w By I[In(Q%/A?)]
@@= 5 n@7AY |17 B, In(QUAY) .

where By=11-2n43, B;=102—-38n,/3, and n; is the
number of quark flavors participating in the interaction
at this Q2. The QCD parameter A must be introduced
when the renormalization technique is applied to re-
move the divergences within QCD. For the discussion
here, the modified minimal subtraction scheme (MS) is
used.

The structure function R; =0, /oy is zero in the
simple parton model. However, QCD effects, such as
quark-gluon bremsstrahlung and g¢ pair-production, in-
troduce transverse momentum leading to a small, non-
zero value of R, , which has a predicted x and Q? de-
pendence (Altarelli and Martinelli, 1978). Given well-
measured quark distributions and ag from xF3 and F,,
a precise measurement of R; can be a sensitive probe of
the gluon distribution.

2. Nonperturbative QCD effects

Nonperturbative QCD processes that contribute to
the structure-function measurements are collectively
termed higher-twist effects. These effects occur at small
02, where the impulse approximation of scattering from
massless noninteracting quarks is no longer valid. Ex-
amples include target-mass effects, diquark scattering,
and other multiparton effects. Because neutrino experi-
ments use heavy targets in order to obtain high interac-
tion rates, nuclear effects must also be considered.
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a. Target-mass and higher-twist effects

The target-mass correction (Georgi and Politzer,
1976) to the structure functions accounts for the mass of
the nucleon M by rescaling the apparent fractional mo-
mentum of the quark: x— ¢=2x/(1+k), where k=(1

1
+4x2M?/Q?)2. The structure functions are then

2 FOCD 2.3 4 4

x° F 6M* x 12M* x
MO 2t — i+ o 5,

k= & 0" k Q" k

2 oCD 2 .3
x° xF3 2M* x
XF?’TMC:PT—’_?FIS‘ (36)

In the above equations,

1
Ilzf du F€P(u,0%)/u?,
3
1 1
I2=f duf dv F€P(v,0%)/v?,
¢ u

1
I;= J du xFLP(u,0%)/u?. (37)
3

For the QCD analysis presented in Sec. III.E, the struc-
ture functions are corrected to remove the target-mass
effect.

The remaining higher-twist effects cannot be calcu-
lated a priori from perturbative QCD, but must be mea-
sured. Virchaux and Milsztajn (1992) compared SLAC
electron-scattering and BCDMS muon-scattering mea-
surements of F, to QCD expectations. Deviations were
attributed entirely to higher-twist effects and were fit to
the form

Frzneasured/sz)redicted: (1 + Ci /QZ) (38)

The constants C; calculated for each x bin are shown in
Fig. 9. This determination was done using a value of «;
smaller than the current world average, which may make
these higher-twist corrections too large.

The Virchaux and Milsztajn (1992) corrections are ap-
plicable to a measurement of F, in neutrino scattering.
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However, x F; may not have the same higher-twist cor-
rections as F,. Figure 9 also shows the measured higher-
twist contribution extracted from the CCFR xF; data
based on a next-to-leading-order analysis following the
prescription used for F, (Sidorov, 1996). In addition,
Fig. 9 shows the calculation by Dasgupta and Webber
(1996), which includes infrared renormalon contribu-
tions. The measured higher-twist contribution to the two
structure functions are consistent; however, the coeffi-
cient for the x=0.65 bin of xF5 is almost a factor of 2
lower than that for F,. A preliminary analysis of the
recent CCFR F, and xF; results also indicates higher-
twist corrections that are smaller than the Virchaux and
Milsztajn (1992) or Dasgupta and Webber (1996) deter-
minations. For these reasons, the new CCFR analysis
uses one-half of the Dasgupta and Webber (1996) val-
ues, with a systematic error given by repeating the
analysis with no correction and with the full correction.

b. Nuclear effects in neutrino scattering

Dependence on the mass number A of the nucleus
could arise from several effects:

(1)  Fluctuations of the intermediate virtual boson to
mesons. This might suppress the bound nucleon
(iron) structure function compared to that from a
free (hydrogen) or nearly free (deuterium)
nucleon (Bauer et al, 1978). The vector-meson-
dominance model ascribes the cause of shadowing
to fluctuations of the boson into mesons, leading
to strong interactions near the ‘‘surface” of the
nucleus. This model was developed for charged-
lepton scattering, where the photon can fluctuate
only into vector mesons. However, for neutrinos
the W has an axial as well as a vector component.
Vector- and axial-vector-meson-dominance ef-
fects are expected to affect mainly the low-x re-
gion.

(i)  Gluon recombination, which can occur in a large
nucleus between partons of neighboring nucleons
(Nikolaev and Zakharov, 1975; Mueller and Qiu,
1986). This leads to an A-dependent depletion of
low-x partons.

(iii) The EMC effect, which denotes a suppression of
the structure functions from high-A targets com-
pared to deuterium in the 0.2<x<0.7 range.
Many theoretical explanations have been devel-
oped to explain the EMC effect (Geesaman et al.,
1995), which has been most clearly observed in
charged-lepton scattering experiments. These in-
clude multiquark clusters (Krzywicki, 1976; Pirner
and Vary, 1981), dynamical rescaling (Nachtman
and Pirner, 1984), and nuclear-binding effects
(Akulinichev et al., 1985; Dunne and Thomas,
1986). In each of these models, the effect is inde-
pendent of the type of boson probe, and thus is
expected to appear also in neutrino scattering us-
ing high-A targets.

(iv) Fermi motion of nucleons within the nucleus,
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ams et al., 1995), SLAC E87 (Arnold et al., 1984), and SLAC
E139 (Gomez et al., 1994) nuclear data. The resulting fit is
used to correct the charged-lepton deuterium data for com-
parison with the CCFR result.

which is expected to affect nuclear targets at very
high x (Bodek and Ritchie, 1981a, 1981b).

Figure 10 shows the A dependence of structure func-
tion data measured in deep inelastic charged-lepton
scattering. If this A dependence is entirely attributed to
effects within the nuclear target, as opposed to propaga-
tor effects, then this figure should also describe the ex-
pected nuclear dependence for neutrino scattering from
a high-A target.

B. Experimental techniques for measuring xF; and F,

Various experimental techniques are used to extract
F, and xF; from the measured number of events. This
section considers the methods used by CCFR, CDHSW,
and CHARM as examples. In all cases, the assumptions
concerning the longitudinal structure function R; affect
the final result and must be considered in any compari-
sons.

1. The CCFR measurement of F, and xF;

The recent CCFR E744/E770 measurements of F,
and x F; provide an example of a technique of extracting
structure functions in neutrino experiments with very
small systematic errors. The resulting measurements
demonstrate the high precision that recent neutrino ex-
periments have been able to achieve. As a result of this
precision, neutrino experiments now quantitatively test
QCD at next-to-leading order.

The structure functions F, and x F; are extracted from
vN and vN differential cross sections, given the fluxes
(®,,®) determined by the method described in Sec. 11
(Seligman et al., 1997a, 1997b). The number of events in
each x and Q? bin is related to the differential cross
section by

2

(o
N=pLN ——P(E)dE|,
p A x binJ 0?2 bin[ fall energies dXsz ( )
(39)
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FIG. 11. CCFR F, measurement (Seligman et al., 1997a,
1997b). Errors are statistical only. Lines indicate the CCFR
QCD fit discussed in the text.

where p is the target density, L is the target length, and
N, is Avogadro’s number. The structure functions are
extracted by varying the Monte Carlo input to match the
number of events in each acceptance-corrected bin.

The CCFR results presented here are from the final
analysis of the E744/E770 data, which differ from the
preliminary results of Quintas ef al. (1993). Detailed in-
formation on the improvements to the analysis that led
to the differences from the preliminary results can be
found in Seligman et al. (1997a, 1997b) but a brief sum-
mary of the most important changes is given below. Im-
provements between the early and final analysis were
made in energy calibration and modeling of energy loss
by the scattered u in the target. New techniques were
developed for the handling of dimuon events, which
arise from charm and 7 and K decays. Improvements
were made to the flux extraction method, and more
complete radiative corrections were applied. Finally, an
updated R parametrization was used.

Figures 11 and 12 show the CCFR measurements of
F, and x F5 as a function of Q in various bins of x. Only
statistical errors are shown, and the systematic errors are
approximately 2%. The solid and dashed curves on the
plot indicate the QCD fits that are discussed in Sec.
IT1.E. The precision of the data is such that subtle devia-
tions from the QCD expectation can be probed.
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2. F, and xF; extracted from the cross section

The structure functions can be extracted by forming
the sums and differences of the differential cross section
given in Eq. (12). This technique was used by the
CDHSW and CHARM experiments. To make the mea-
surement, the number of events in each x and Q? bin is
related to the differential cross section by

1 d20_ _N(vaZaEV) O-tot/EV
E,dxdQ?  N(E, dxdQ*
where N(x,Q2%E,) is the number of events in each
(x,Q%,E,) bin and N(E,) is the number of events in
each E, bin integrated over x and Q?. The structure
functions can then be expressed in terms of the sums

and differences of neutrino and antineutrino cross sec-
tions as

(40)

1 d*¢" 1 d*e”
E,dxdQ E,dxdQ>
=f(y,Rp)F,+g(y)A(xF3),

5 d*o” 1 d*c”
(W/G M) E_ddeZ_E_ddeZ :28(Y)XF3, (41)

(W/GZM)(

where
2
_l1— Y R
f(vaL)_ 1 y+ 2(1+RL) Q2s
o122

g(y)—y(l 2) oLk (42)
and F, and x F5; can be extracted by solving the coupled
equations.

The difference between xF; in neutrino and an-
tineutrino scattering, A(xF3), is related to the differ-
ence between the strange- and charm-sea distributions,
(s—c), as shown in Eq. (20) and discussed in Sec. IV.

3. Assumptions concerning R,

The ratio of the longitudinal-to-transverse absorption
cross section, R; , can be measured from the y depen-
dence of deep-inelastic scattering data. Fits to the func-
tion F,

_ 2 v 2 v
Flx.0%¢)= m(1—€) (d o d o )

yzG%ME,, dx dy * dx dy
:ZXFl(xan)[1+ERL(X’Qz)]’ (43)

which follows from Egs. (11) and (12) for M3,> Q? and
M<Q, E,, can be used to determine R; . In this equa-
tion, e=2(1—y)/[1+(1—y)?] is the polarization of the
virtual W boson. This equation assumes x F3=xF}, and
therefore a correction for A(xF3) must be applied. The
values of R; =0 /o are extracted from linear fits to F
versus € at fixed x and Q? bins.

There are very few measurements of R; from deep-
inelastic neutrino scattering. Two experiments with pub-
lished results are CHARM (Bergsma et al., 1984) and
CDHSW (Abramowicz et al.,, 1983). A comparison of
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QCD fit discussed in text.

the CDHSW measurements of R; is made to the
charged-lepton scattering results in Fig. 13. The best fit
to the world’s data on R, is given by the parametriza-
tion “Ryonq”” (Whitlow ef al., 1992), which is also shown
in the plot.

CCFR E744/E770 is in the process of measuring R; as
a function of x and Q2. The wide range of CCFR beam
energies produces an extended range of kinematically
accessible y values in each Q? and x bin (Yang et al.,
1996). Therefore the lever arm for the fit in most kine-
matic bins is large.

For the F, and x F5 results compared in the next sec-
tion, various assumptions concerning R; were made:
BEBC and CHARM assumed R; =0, CCFR E616/E701
used R; ocp, CCFR E744/E770 implemented the R g
parametrization, and CDHSW used R; =0.1.

C. Structure functions from neutrino experiments

This section compares results from precision neutrino
structure-function measurements. Small differences in
the technique and assumptions used for extracting the
structure functions complicate this comparison. The as-
sumptions concerning the structure function R; were
discussed in the previous section. CDHSW and CCFR
assume nonzero values for the strange sea, while
CHARM and BEBC assume the strange sea to be zero.
All experiments apply radiative corrections, but the
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model and order of the calculation varies in each case
(De Rujula et al., 1979; Bardin and Dokuchaeva, 1986).
Finally, CHARM and BEBC have applied corrections at
high x for Fermi smearing, while CDHSW and CCFR
have not. The discussion below is divided between mea-
surements using high-A targets and those from deute-
rium. The recent data sets presented below are available
in tabular format via the Internet.> Older experimental
data are summarized in the tables of Diemoz et al

3The CCFR Collaboration E744/770 structure functions are
available in tabular form by contacting
seligman@nevisl.columbia.edu. Data from BEBC, CCFR,
CDHSW and many charged-lepton experiments are available
in tables from the Durham Structure Function Archive, http://
cptl.dur.ac.uk/HEPDATA/structurel.html.
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(1986); however, the structure functions for WHPFOR
are in error, and the tables of reference Heagy et al.
(1981) should be used.

1. Heavy-target experiments

The experiments with high-A targets have the advan-
tage of high statistics. In the comparisons between ex-
periments using high-A targets, various targets were
used, and no nuclear corrections have been applied.

Figure 14 compares the structure function xF3 from
experiments with iron targets as a function of Q2 for
various x bins. These are from WHPFOR (Heagy et al.,
1981), CDHSW (Berge et al., 1991), CCFR E616/E701
(Oltman et al., 1992), CCFR E744/E770 (Seligman et al.,
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FIG. 14. Comparison of x F; data from experiments with iron
targets.

1997a, 1997b). Of these experiments, CCFR E744/E770
has the smallest statistical error. The x F; measurements
are in good agreement.

The F, comparison as a function of Q2 is shown in
Fig. 15. At low x and Q?, CDHSW and WHPFOR data
lie below the results from the two CCFR experimental
analyses. The WHPFOR experiment used the 1981 av-
erage neutrino-iron total cross section to normalize their
data: ¢"/E=(0.63+0.02) 10" % cm*GeV? and ¢"/E
=(0.30=0.01) X 1073® cm*GeV?. These cross sections
are lower than the current world average, discussed in
Sec. II. Thus the WHPFOR data lie below the CCFR
results. As will be shown in Sec. IILLE, the shape of the
0? dependence as a function of x for the CDHSW data
cannot be described by a QCD-based parametrization.

Figures 16 and 17 compare x F; and F, measured on
various targets. The CCFR E744/E770 data are used to
represent iron targets. The BEBC (Varvell et al., 1987)
data were taken on a neon target. Gargamelle (Morfin
et al., 1981), an earlier and less precise bubble-chamber
experiment, used a C;Hg-CF;Br mixture. The CHARM
data were taken on marble (CaCQ,). The statistical er-
rors are sufficiently large that the data are consistent,
despite the apparent wide spread between experiments.

The qualitative behavior of the structure functions av-
eraged over Q2 as a function of x, shown in Fig. 18, can
be interpreted within QCD. Quantitative QCD studies,
interpretations, and measurements will be discussed in
Sec. IIL.E.
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FIG. 15. Comparison of F, data from experiments with iron
targets.

The structure function x F’5 is related to the sum of the
valence quarks, and the measured distribution is peaked
at moderate x, going to zero as x goes to zero or one. If
the proton consisted of three noninteracting valence
quarks, then this distribution would simply reflect the
Fermi motion of the quarks inside the nucleon and
would peak at x=}. However, because these quarks are
interacting via gluons, which carry some of the fractional
momentum of the proton, the distribution is smeared
further and peaks at smaller x. The position of the peak
will move toward smaller x with increasing Q2 due to
QCD evolution. Since each neutrino experiment covers
a different range of Q2, the data points on Fig. 18 are
not expected to agree.

The F, structure function is related to the sum of the
quark and antiquark distributions. The F, distribution
goes to zero at high x, but is approximately constant in
the low-x region. Gluon radiation and gluon splitting
into quark-antiquark pairs results in a large number of
low-momentum partons that dominate the low-x region.
In fact, the charged-lepton scattering results on F, from
HERA have shown that at very low x, outside of the
kinematic range accessible to present neutrino experi-
ments, F, rises dramatically (Aid et al., 1996b; Derrick
et al., 1996a).

2. Deuterium and hydrogen targets

The BEBC experiment has used neutrino and an-
tineutrino scattering from deuterium to obtain the best
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FIG. 16. Comparison of x F; data from experiments with vari-
ous high-A targets.

measurement of the structure functions on the proton
and the neutron separately (Allasia ef al., 1985; Jones
et al,, 1994). A neutrino or antineutrino interaction was
identified as coming from a neutron if it had either an
even number of prongs or an odd number of prongs with
a proton with momentum less than 150 MeV (thus inter-
preted as a spectator). All remaining events, with an odd
number of prongs and hence a net total charge, were
classified as interactions with protons. Misidentifications
were corrected on a statistical basis using a Monte Carlo
simulation.

The resulting structure functions for neutrino scatter-
ing on protons and neutrons, F5¥ and F}", are shown in
Fig. 19. The most evident feature is that F}"~2F}? over
most of the kinematic region. This is because the W
emitted in a neutrino interaction must interact with a
negatively charged quark, which at high x has the high-
est probability of being the valance d quark. Since the
neutron has twice the number of valance d quarks as the
proton, the neutron structure function is larger. These
data clearly indicate the flavor sensitivity of neutrino
scattering.

D. Comparisons of neutrino to charged-lepton
Experiments

Neutrino deep-inelastic scattering experiments now

have the statistical accuracy of charged-lepton scattering
experiments. In this section, neutrino results are com-
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FIG. 17. Comparison of F, data from experiments with vari-
ous high-A targets.

pared to charged-lepton results from SLAC (eN), NMC
(uN), BCDMS (uN), and E665 (wN). The kinematic
ranges covered by these experiments are shown in Fig.
20, with the CCFR region shown for comparison. The
HERA ep data are mainly at high Q2 and very low x,
with only small kinematic overlap with the fixed-target
neutrino data.

1. Comparison of F,

The parity-conserving structure function F, is mea-
sured by both charged- and neutral-lepton scattering ex-
periments. The definitions of F, in neutrino and
charged-lepton scattering were discussed in Sec. I.C. As
a result of the difference in the couplings, a conversion
must be applied in order to compare muon and neutrino
experiments. To lowest order with the charm sea set to
zero, the correction is

3(s+3)
S(g+q))

where g +4¢q represents the sum over all quark flavors.
This relation is true to all orders in the deep-inelastic
scattering (DIS) scheme, which maintains Eq. (22) as
the definition of F,.

Assuming that the strange sea is small at high x, one
expects F’Z‘N/FSN—>%=O.2778 as x—1. Comparing the
CCFR data and the CDHSW data (Mishra and Sciulli,
1989) to the results from BCDMS (Benvenuti et al.,

FiN= iF 1- (44)
18
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1987) at high x yields a ratio of 0.278+0.010, which is in
excellent agreement with the expected quark charges.

In the comparisons given below, all corrections for the
differences between the charged-lepton and neutrino
data have been applied to the charged-lepton data. The
strange sea (s,s) appears explicitly in Eq. (44), and
therefore a measurement of this distribution is needed
for the comparison. The strange sea can be measured
from the neutrino charm production cross section, which
is related to charged-current dimuon production (Baz-
arko et al., 1995), described in detail in Sec. IV. Addi-
tional nuclear corrections must also be made to the
charged-lepton measurements of F,, as discussed in Sec.
IILLA.2.b.

Figures 21-26 compare the CCFR F, measurement to
the measurements from NMC (Amaudruz et al., 1992b)
and E665 (Adams et al., 1995) over a range of x values.
The corrections for charge coupling, using the DIS
scheme, and nuclear effects have been applied to the
muon data. Also shown are several global parton distri-
bution fits including CTEQ4M (Lai et al., 1997; dashed
curve), GRV 94 HO (Gluck et al., 1995; dotted curve),
and MRS R2 (Martin et al., 1996; solid curve).

At low x there appears to be a disagreement between
the charged-lepton scattering data and the neutrino
data. The charged-lepton F, values are lower than the
neutrino F, results by 16% at x=0.01, 10% at x=0.03,
and 6% at x=0.05. The discrepancy decreases with in-
creasing x until x~0.070, where the data are in good
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agreement to the highest x bins.

The high-statistics data in the region of the discrep-
ancy come from CCFR and NMC. It is possible that one
or both experiments have underestimated their system-
atic errors. The most important systematic error in the
CCFR analysis is due to the calorimeter calibration. Ex-
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X

FIG. 20. The kinematic region accessible to various charged-
lepton experiments compared to the CCFR experiment.
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FIG. 21. Comparison of the CCFR (v) measurement of F,
(Seligman et al., 1997a, 1997b) to the NMC and E665 (u) re-
sults for x=0.0075, 0.0125, and 0.0175.

tensive studies of the test-beam data were undertaken in
order to determine the muon and hadron energy calibra-
tion, and the systematic error assigned to this source was
carefully estimated by the experiment.

Several publications have suggested that the discrep-
ancy is due to an incorrect strange-sea correction (Botts
et al., 1993; Barone et al., 1994; Brodsky and Ma, 1996).
The strange-sea correction, [1—3(s+5)/5(¢+¢q)], for
0?=4GeV?is 11% at x=0.01, 9% at x=0.03, and 8%
at x=0.05 and would need to be approximately doubled
in this region to account for the discrepancy. For ex-
ample, the required strange-sea distributions needed to
eliminate the discrepancy, as calculated at next-to-
leading order by the CTEQ collaboration (Botts et al.,
1993), are inconsistent by a factor of 2 at low x as com-
pared to the direct CCFR strange-sea measurement
from dimuon data (Bazarko ef al., 1995). The CCFR
measurement of the strange sea, which is to next-to-
leading order and includes corrections for the charm
mass threshold, would have to be incorrect by So to
account for the discrepancy. The CCFR strange-sea
measurement and its application to the correction pre-
sented here is described in detail in Sec. IV.

Another possible cause for the disagreement between
the neutrino and charged-lepton measurements of F,
may be the nuclear correction applied to the charged-
lepton deuterium data in order to allow comparison with
the neutrino results. As discussed in Sec. III.A.2.b, the
corrected charged-lepton data will only agree with the
neutrino result if the entire effect is ascribed to the tar-

Rev. Mod. Phys., Vol. 70, No. 4, October 1998

j T T T IIIIII T T T IIIIII “'I,.-“'l T T T TTTIT
18 E, 418
1.6 1.6

= x=.0250 E
14 o NMC 14

E < E665 3
L2 e CCFR 12
LOE — MRSR, 19

E ---CTEQ4M ]

0.8 4 e GRV 94 HO— 0.8

q 1 1 IIIIIII 1 1 IIIIIII L 1 II|III| 1 Loty

0.1 1 10 100 1000

j T T T IIIIII T LI II1II|
18| § 418
[ Y _: 16

E 3 x=.035 B
14 o NMC 314

E - E665 3
12F o CCFR 312
1O —MRSR, J1o0

£ ---CTEQ4M 7
0.8 - e GRV 94 HO 0.8

q 1 1 IIIIIII 1 1 IIIIIII i 1 lllllll 1 11 11118

0.1 1 10 100 1000

T T IIIIIII T T IIIIIII 'I T IIIIIII T T T TTTIT
1.83'- : = 3138
1.6 1.6
14 14
12 12
10 —MRSR, 9

F ‘ ---CTEQ4M 7

o8 GRV 94 HO— 0.8
1 1 IIIIIII 1 1 IIIIIlI 1 1 IIIIIII 1 1) 1111
0.1 | 10 100 1000
Q7 [GeVe?]

FIG. 22. Comparison of the CCFR (v) measurement of F,
(Seligman et al., 1997a, 1997b) to the NMC and E665 (u) re-
sults for x=0.0250, 0.035, and 0.050.

get material. Propagator effects, such as fluctuation of
the virtual boson to mesons, will not be the same for
neutrino and charged-lepton scattering because of the
additional axial component of the W. Such ‘“nuclear
shadowing” would be expected to affect the low-x (low-
0?) region most strongly, thereby accounting for some
of the disagreement. The data on these nuclear effects in
neutrino and charged-lepton scattering are discussed in
the next section.

2. Nuclear effects

Very few data on shadowing in neutrino scattering
have been obtained. The best measurements come from
the BEBC collaboration ratios of neon (A =20) to deu-
terium (Allport et al., 1989). This can be compared to
the muon-scattering results from carbon (A=12) as
measured by the NMC experiment (Amaudruz et al.,
1995). Figure 27(a) shows Ne/D, directly compared to
C/D,, while Fig. 27(b) applies a correction factor for the
theoretically expected A~ (**) dependence of the
nuclear cross section to the carbon ratio (Geesaman
et al., 1995), although it should be noted that some ex-
perimental results indicate less A dependence (Adams
et al., 1995). Data are shown for Q?>1 GeV?, except for
the three lowest-x BEBC data points, which are from
0%°<0.2 GeV?, (02<0Q?<0.5) GeV?, and (0.5<Q?
<1.0) GeV?, respectively. Within the combined statisti-
cal and systematic errors, the results from charged-
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FIG. 23. Comparison of the CCFR (v) measurement of F,
(Seligman et al., 1997a, 1997b) to the NMC and E665 (u) re-
sults and SLAC (e) results for x=0.070, 0.090, and 0.110.

lepton and neutrino scattering appear to agree. These
results are also in agreement with an earlier, lower-
statistics BEBC measurement of this ratio, which used a
3-m® track-sensitive target filled with deuterium sur-
rounded by neon (Cooper et al, 1984). CDHSW has
measured the ratio of structure functions in iron to hy-
drogen (Abramowicz et al., 1984) using a 35-m® hydro-
gen tank located in front of the CDHSW detector. This
experiment obtained 4457 vp events and 4178 wvp
events, which were compared to 50 000 neutrino and
150 000 antineutrino events in iron. Although the com-
bined systematic and statistical errors are too large to
establish A dependence, the behavior of the data is con-
sistent with the behavior observed in charged-lepton
scattering.

Although the NMC and E665 shadowing data that
were used to obtain the nuclear correction are in statis-
tical agreement, there appears to be a systematic shift
between the two data sets, as can be seen in Fig. 10. The
nuclear correction is dominated by the NMC result,
which has much smaller errors than the E665 data. How-
ever, if only the E665 data are used in a fit that is then
applied to the charged-lepton deuterium results, then
the CCFR/NMC discrepancy is reduced by approxi-
mately a factor of 2 for x<0.03. However, it seems un-
likely that the entire ¥N versus uN low-x discrepancy
can be due to nuclear effects alone.

E. QCD Analyses of the structure-function results

An analysis of the structure-function data within the
QCD framework allows precise tests of the predicted
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FIG. 24. Comparison of the CCFR (v) measurement of F,
(Seligman et al., 1997a, 1997b) to the NMC and E665 (u) re-
sults for x=0.140, 0.180, and 0.225.

QCD evolution and the Gross-Llewellyn Smith and
Adler sum rules. From these studies, measurements of
a, and the parton distributions can be extracted.

1. The strong coupling measured from QCD evolution

Perturbative QCD can predict the Q2 evolution of the
structure functions given a starting set of x-dependent
parton distribution functions at a reference scale Q3
(Gribov and Lipatov, 1972; Altarelli and Parisi, 1977,
Dokshitser, et al, 1978, 1980), as described in Sec.
IIILA.1. Therefore an analysis of scaling violations in
structure-function data permits a determination of the
parton distributions and the QCD parameter A. The
CCFR E744/E770 analysis, which is the most precise to
date, provides an example of the extraction of these dis-
tributions and the QCD parameter at next-to-leading or-

der for four flavors in the MS renormalization scheme

(Axs” ).

Two independent QCD evolution analyses were per-
formed by CCFR. The first used only the parity-
violating structure function xF5. The advantage of this
analysis is that the evolution of xF; is independent of
the gluon distribution, reducing the number of free pa-
rameters. The second analysis used both xF5; and F,
data in the QCD fit. This increases the statistical power
of the fit but introduces extra parameters to describe the
gluon distribution. On the other hand, the combined
F,/xF; data can constrain the gluon distribution
G(x,0?) at moderate values of x. Note that charged-



Conrad, Shaevitz, and Bolton: Precision measurements with neutrino beams 1361

T T TITT T T T T T T vy

1.0 EL x=.275.. 1.0
F o NMC ~ 7
09F ~ SLAC 0.9
F ¢ BCDMS m
0.8 v BCDMSC 308
F e CCFR 3
0.7 F— MRSR, Jo07
E- -- CTEQ 4M 3
0.6 F GRV 94 HO % F, 306
-I 1 1 IIIIIII 1 1 IIIIII| 1 1110 III 1 1 IIIIIIr
0.1 1 10 100 1000

T T T TUTrT T T T Trrrrr T LB T T T Trrrr
09T 550 ! ' g09
r 0 NMC b 7
08F . sSLAC o8
F o BCDMS E
0.7F v BCDMS C —07
[ ¢ E665 7
0.6F ®« CCFR o6
F[— MRS R, E
- -- CTEQ 4M -
03¢ GRVQ94 HO 309
I 1 1 III|III 1 1 I|I|II| 1 1 IIl'IIII 1 1 III|IIr
0.1 1 10 100 1000
07:'_ T T |||[,"|\|| T T T T T 1T T T |||n|.t0'7
0.6 F x=.450 0.6
F 0 NMC E
05 » SLAC =05
E o BCDMS 3
04 ¢ BCDMS C EN
03F ® CCFR 0.3
[— MRSR, E
02F__. CTEQ 4M - 0.2
Ol'l_ GRY?‘}H?' L i I|IIII| 1 11 IIIIII 1 11 IIIII'F 0]
0.1 1 10 100 1000

Q? [GeVHeT]

FIG. 25. Comparison of the CCFR (v) measurement of F,
(Seligman et al., 1997a, 1997b) to the NMC and E665 (w) re-
sults for x=0.275, 0.350, and 0.450.

lepton scattering experiments cannot separate gluon dis-
tribution effects from the running of ag as cleanly be-
cause they do not have access to the parity-violating
structure function, x F5.

The QCD fits require initial parametrizations of the
parton distributions at some Q3. CCFR E744/E770 used

quS(x,Q%)=ANSx’71(1 —-x)™,
xq3(x,08) =xq"5(x,0) + As(1—x)7s,
xG(x,03)=A5(1—x)"c, (45)

where NS, S, and G refer to nonsinglet, singlet, and
gluon distributions, respectively, and Ans, As, Ag, 71,
7., and 7 are free parameters in the fit. More compli-
cated parametrizations of the parton distributions were
found to yield fit results consistent with the above pa-
rametrizations (Seligman et al., 1997a, 1997b). The re-
sulting parton distributions are compared to other mea-
surements in Sec. III.E.2.

The CCFR analysis compared data to a theoretical
prediction based on a next-to-leading-order QCD evolu-
tion program (Duke and Owens, 1984) using a x° tech-
nique that included the effects of target mass, higher
twist, and R; ocp. Only data satisfying Q2>5 GeV?,
W2> 10 GeV?, and x<0.7 were included, and (x,Q?)
bins with statistical error greater than 50% were elimi-
nated. The effects of systematic errors were studied by
implementing positive and negative shifts of F, and x F;
caused by each systematic error and reextracting A as
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FIG. 26. Comparison of the CCFR (v) measurement of F,
(Seligman et al., 1997a, 1997b) to the NMC and E665 (u) re-
sults for x=0.550, 0.650, and 0.750.

well as the other fit parameters. The results of next-to-
leading-order QCD fits in the MS scheme to the CCFR
structure-function data are shown by the solid line in
Figs. 11 and 12. The dashed lines in these figures repre-
sent an extrapolation of the parametrization from the fit
to lower Q7 values.

An alternative and more powerful way to incorporate
systematic uncertainties is to include their effects di-
rectly in the QCD fit. For this type of analysis, a x fit to
the theoretical prediction for the structure functions is
compared to the data in each x and Q2 bin. The predic-
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FIG. 27. Comparison of the ratio of cross sections for high-A
targets to deuterium: @, BEBC data from neutrino-neon scat-
tering; [, NMC data from muon-carbon scattering.
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TABLE III. Values of A%O%f determined from fits to the
CCFR data. The systematic error includes the experimental,
physics model, and higher-twist uncertainties.

From x F; only From xF5 and F,

Fit type: A =*stat+sys x> DOF Azxstat+sys x?/DOF
Basic 387+42+94 81/82 381+23+58  191/164
Global 381+41+37 69/82 337+£21+23  171/164

tion should be compared to the data using a x? that
includes both statistical and systematic uncertainties
with correlations. The systematic uncertainties can be
handled by introducing a parameter &, for each uncer-
tainty k into the y°. Defining the structure-function vec-
tor F=(F,,xF3) and the structure-function error matrix
V=(o0yj), for i,j=F,,xF3, then the differences between
the theoretical prediction and data and the x? are

Fdiff: Fclata_ Ftheory+ ; 5k(Fk _ Fdata) , (46)

XZZ (Fdiff)vfl(Fdiff) T ; 5% , (47)
where F* is the value of the extracted structure functions
when the kth systematic parameter is shifted by 1o. For
the CCFR data, the results of this fitting method are
compared in Table III to the “‘basic’” method described
above. The “global fit”” gives a more precise measure of
A because of the constraint of QCD. The good x> per
degree of freedom indicates consistency of the data with
QCD.

Table IV compares the CCFR E744/E770 results to
those from other neutrino experiments. The CCFR
E616/E701 experiment used an earlier version of the
next-to-leading-order fitting employed by CCFR E744/
E770. Methods for fitting vary between experiments.
The CDHSW used similar algorithms and parton distri-
bution parametrizations to those used by CCFR. The
CHARM experiment fit the parton distributions to La-
guerre polynomials in In(1/x) (Bergsma et al., 1983). In
this method, developed by Furmanski and Petronzio
(1982), the form of the initial parton distributions at
some (J is not required as input.

The CDHSW data are not in agreement with the
other neutrino measurements (see Sec. III.C.1) or with

TABLE IV. Values of A%O%J‘ " determined from fits to struc-
ture functions measured in various neutrino experiments.

Experiment Structure Function(s) fit A0
CDHSW xF; 200255
F, 30080

CHARM xF5 310150

CCFR 616/701 F, 340*+110
CCFR 744/770 xF; 381£55
F,, xFs 337+31
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FIG. 28. CCFR and CDHSW logarithmic slopes of the struc-
ture functions, (a) F, and (b) xF5;. The line indicates the
CCFR QCD fit result.

the expected QCD behavior. Another way to see this is
to consider the logarithmic derivative of the structure
functions with respect to Q2 as a function of x. Quan-
tum chromodynamics predicts the form of this distribu-
tion up to one free parameter, A, given the parton dis-
tributions as inputs. Figure 28 shows the CCFR
logarithmic slopes and the corresponding QCD fit to the
data along with the CDHSW data for comparison.

The value of A=337%=31 MeV from the CCFR global
fit using F, and x F; is one of the most accurate experi-
mental determinations of this parameter and is equiva-
lent to

a,(M%)=0.119%0.002(exp) = 0.004(scale) (CCFR).

The scale error is due to the renormalization and factor-
ization scale uncertainties (Virchaux and Milsztajn,
1992). This result can be compared to other measure-
ments as reported in Barnett ef al. (1996). The CCFR
result is higher than the previous measurement of
CCFR, a,(M%)=0.111+0.005 (Quintas et al., 1993) and
is also higher than the previous deep-inelastic scattering
average, a,(M%)=0.112+0.005. Including the new
CCFR measurement, the average for deep-inelastic scat-
tering experiments is

aS(MZZ):O.117iO.OO4 (DIS Average),

which is lower than the LEP measurement from event
shapes of 0.122+0.007. However, all of the above results
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FIG. 29. Measurement of ag from various experiments. CCFR
result from Seligman et al. (1997a, 1997b) and other results
from Barnett et al. (1996).

are consistent within the errors. Figure 29 compares the
CCEFR result to results from other non-neutrino experi-
ments (Barnett et al., 1996).

2. Parton distributions measured from QCD evolution

This section considers measurements of the parton
distributions from the QCD evolution fits. The parton
distributions are extracted simultaneously with the fit for
A. This method can accurately determine the distribu-
tions for light quarks and gluons. The best method for
determining the strange and charm distributions is
through charged- and neutral-current charm production,
respectively, as discussed in Sec. IV.

The parametrizations of the parton distributions
found to fit best the CCFR E744/E770 data are com-
pared with several popular PDF sets available from PD-
FLIB (Plothow-Besch et al., 1993) in Fig. 30. These
PDFs are obtained through global fits of the world’s
data, including charged- and neutral-lepton scattering,
Drell-Yan production, and direct photon production.
All three parton distribution functions [GRV 94 (Gluck
etal, 1995), MRS R2 (Martin efal, 1996), and
CTEQ4M (Lai etal., 1997)] have used preliminary
CCFR ET744/E770 structure-function data in the global
fits, so the comparison contains some correlation. The
data from other neutrino experiments have not been in-
cluded in most global fits because of poor precision or
disagreement with QCD.

The gluon distribution is the most poorly constrained
of the parton distribution measurements. This is because
in most processes where precision measurements can be
used to extract PDFs, the gluons enter only indirectly
through the QCD predictions for the Q2 evolution. Fits
to xF5; and F,, described previously, allow one to ex-
tract the form of the gluon distribution. The global fit to
the CCFR E744/E770 data yields the distribution
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xG(x,05=5 GeV?)

=(2.22+0.25)(1—x)*63=068 (CCFR).

Figure 31 shows this distribution as a function of x,
evolved to Q?=32 GeV>. The shaded region indicates
the CCFR *10¢ errors. For comparison, the crosses

0.01 0.1
2 3 4 5 6789 2 3 4 567
6 T T L | T T T LI e = G
FS & 16 Gluon error from CCFR data
\ S %l *1o Gluon error from E665 =
= = + Gluons from HI Jets E
8 4fF S\ CTEQ4M 34
o F — GRV 94 HO ]
it C == MRSR, ]
) 3 - 3
o - ]
= F .
% 2F 42
Q - ]
£ - <
1E J1
oH L1 h - 0
2 3 4 5 6789 2 T 4 5 6 7
0.01 0.1

FIG. 31. The CCFR gluon distribution evolved to Q72
=32 GeV? and compared to gluon distributions measured in
other processes. Shaded region shows *1o errors. Crosses
show results from HERA jet measurements. Dotted line,
CTEQ4M; solid line, GRV94 HO; dashed line, MRS R2.
Hatched region is gluon distribution from E665 hadronic en-
ergy distributions.
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show the gluon distribution as measured from jet pro-
duction at the H1 experiment (Aid et al, 1995). The
hatched region indicates the E665 gluon distribution
measured from the energy distribution of hadrons pro-
duced in deep-inelastic muon scattering (Adams et al.,
1996). Also shown are the gluon distributions from fits
to data from a wide range of high-energy experiments
that are available as parton distribution functions: GRV
94 HO (Gluck et al., 1995; solid curve), MRS R2 (Martin
et al., 1996; dashed curve), and CTEQ4M (Lai et al,
1997; dotted curve). The gluon distributions from the
various experiments agree in the region of the CCFR
data with x>0.04. The gluon distribution also has been
extracted by previous neutrino experiments, including
CDHSW (Abramowicz et al, 1983) and CHARM
(Bergsma et al., 1983). The CHARM gluon distribution
was significantly softer than, and in disagreement with,
those of the other neutrino experiments and non-
neutrino measurements presented in Fig. 31. Unlike the
other experiments, which define an initial x dependence
for the gluon distribution, the CHARM analysis re-
quired only that the shape be representable by a La-
guerre polynomial expansion in 1/x.

3. The QCD sum rules

Quantum chromodynamic predictions exist for a wide
variety of “sum rules,” which are integrals over quark
densities. Two QCD sum rules can only be measured in
neutrino scattering: the Gross-Llewellyn Smith (GLS)
sum rule and the Adler sum rule. The values for these
sum rules are fundamental predictions of QCD.

a. The Gross-Llewellyn Smith sum rule

The GLS sum rule gives the QCD expectation for the
integral of the valance quark densities. To leading order
in perturbative QCD, the integral [(dx/x)(xF5) is the
number of valence quarks in the proton and should
equal 3 (Gross and Llewellyn Smith, 1969). QCD cor-
rections to this integral result in a dependence on «

(Larin and Vermarseren, 1991):
dx
x

leF3(X,Q2)
0

=3 . (48)

ag 3
7
In this equation, a and b are known functions of the
number of quark flavors ny that contribute to scattering
at a given x and Q2. This is one of the few QCD pre-
dictions that is available to order a? .

One can determine a,(Q?) from [F;dx by inverting
the Gross-Llewellyn Smith equation. However, for a
given Q2 value, there is a limited region in x that is
accessible by the data from any one experiment. Two
analysis methods address this problem.

The first method extrapolates all x F; data to a single
Q? value, resulting in data over a sufficiently wide range
of x to evaluate accurately the integral in Eq. (48). How-
ever, this introduces systematic errors involved in the

O (as)2
1- ?—a(nf) P —b(ny)
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FIG. 32. Summary of measurements of the Gross-Llewellyn—
Smith sum rule.

assumptions for the extrapolation. To evaluate this er-
ror, three extrapolation methods can be considered:
QCD evolution, 1/Q?, and a simple power law. The re-
sults of this analysis for several neutrino experiments are
shown in Fig. 32. The world average is

f Fydx=2.64%0.06, (49)

which is consistent with the next-to-next-to-leading-
order evaluation of Eq. (48) with A=250%=50 MeV.

The second method evaluates the integral by combin-
ing the x F; measurements of experiments covering dif-
ferent kinematic regions (Harris et al., 1995). At high x,
F, is nearly equal to x F5. Therefore, to improve further
the kinematic range at high x, one can use F, data from
charged-lepton scattering for x>0.5.

An issue which can be best addressed using the sec-
ond analysis technique is that of higher-twist contribu-
tions to the GLS integral. Because CCFR evaluates this
integral in the low-Q? region where higher-twist contri-
butions can contribute, an additional term A HT must be
included in Eq. (48) (Larin and Vermarseren, 1991).
This higher-twist contribution has been computed to be
approximately 0.27/Q? based on three independent cal-
culations of the dynamical power corrections (Braun
and Kolesnichenko, 1987). The three calculations are
consistent with each other to ~50%, so an error of
+0.14/Q? should be assumed for this result. A more re-
cent result (Ross and Roberts, 1994) improved on the
technique of Braun and Kolesnichenko (1987) by explic-
itly retaining extra terms dropped in the earlier analysis.
As a result, the extracted value is more reliable, leading
to a smaller theoretical error [(0.160.01)/Q?%; Ross
et al., 1994].

b. The Adler sum rule

The Adler sum rule predicts the difference between
the quark densities of the neutron and the proton, inte-
grated over x. To leading order,

dx
X

1
fo [F3"(x,0%) — F(x,0%)]

=f012[uv(x)—dv(x)]dx=2. (50)
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FIG. 33. Evaluation of the Adler sum rule using the data from
BEBC: @, F}"— F}? evolved to Q*=5 GeV?; solid line, the fit
to the low-x data; O, the integral, [[F}"(x)—F}’(x)])/x dx,
from each bin to x=1 referred to as [(F,/x)dx on the left-
hand axis. Using the fit to evaluate the integral for x<0.01, the
sum rule is found to be 1.87*+15.

The only assumption introduced in this calculation is
that the quark and antiquark seas are equal; there is no
assumption concerning the equality of, for example, the

u and d seas.

Using the F? and F}" data shown in Fig. 19, BEBC
has demonstrated that the Adler sum rule is consistent
with 2.0 (Allasia et al., 1985). For this review, we have
evolved the Fy"— F? measurements to Q=5 GeV?, as
shown in Fig. 33 (closed points). We then evaluate the
Adler sum rule under two assumptions for the low-x
behavior. For the first method, we assume that the low-
est bin is a constant equal to the value of the lowest-x
data point. In this case, the integral is 2.05+0.15 at Q?
=5. Alternatively, for the second method, we fit for the
low-x behavior using the polynomial shown by the solid
line. Using this polynomial to evaluate the integral for
0<x<0.01, we obtain 1.87%+0.15, which is also within 1o
of the expectation.

The comparable sum rule for charged-lepton scatter-
ing is the Gottfried Sum Rule (Gottfried, 1967):

1 ) ) dx
[0 -preomS

; (1)

W] =

1
- [t -don(er- -

where e? and e are the charges of the u and d quarks.
Inherent in this form of the Gottfried sum rule is the
assumption that the u distribution is equal to the d dis-
tribution. There is no a priori reason to expect a differ-
ence in these distributions, and there was therefore
some surprise when the NMC experiment measured the
Gottfried sum to be 0.240£0.016 (Allasia et al., 1990).
This result could be explained if u#d. Note that this
assumption u=d was not required in the Adler sum
rule.
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IV. NEUTRINO CHARM PRODUCTION: MEASUREMENTS
OF THE STRANGE SEA, CHARM SEA, AND |V ;|

A. Introduction

As shown in the previous sections, neutrino deep-
inelastic scattering is particularly well suited for measur-
ing the parton densities due to the neutrino’s ability to
resolve the flavor of the nucleon constituents. In addi-
tion, neutrino scattering is an effective way to study the
dynamics of heavy-quark production, due to the light-to-
heavy-quark transition at the charged-current vertex. In
particular, neutrino charm production can be used to
isolate the nucleon strange-quark distributions, xs(x)
and xs(x), and study the transition to the heavy charm
quark. The strange-quark distribution function is of par-
ticular theoretical interest, since it may contribute to the
low-Q? properties of the nucleon in the nonperturbative
regime. Charm production is also an important testing
ground for next-to-leading-order perturbative QCD due
to the large contribution from gluon-initiated diagrams.
In addition, understanding the threshold behavior asso-
ciated with the heavy charm mass is critical to the ex-
traction of the weak mixing angle, sin® 6y, from neu-
trino neutral-current data, as described in the next
section.

One distinctive signature for the production of
charmed quarks in neutrino- and antineutrino-nucleon
scattering is the presence of two oppositely charged
muons. [Studies of same-sign dimuon production have
shown that the observed signal is completely dominated
by nonprompt background sources, which preclude any
quantitative physics measurements (Sandler et al,
1993).] In the case of neutrino scattering, the underlying
process is a neutrino interacting with an s or d quark,
producing a charm quark that fragments into a charmed
hadron. The charmed hadron’s semileptonic decay
(BR==~10%) produces a second muon of opposite sign
from the first:

V#+N—>ILL7+C+X
—stutv,. (52)

The analogous process with an incident antineutrino

proceeds through an interaction with an 5 or d anti-
quark, again leading to oppositely signed muons in the
final state:

7M+ Nout+c+X
—stuTty,. (53)

The heavy charm quark is expected to introduce an
energy threshold in the dimuon production rate. This
effect has been described in the past through the “‘slow
rescaling” model (Barnett, 1976; Georgi and Politzer,
1976), in which £°, the momentum fraction carried by
the struck quark, is related to the kinematic variable x
=Q?2Mv by the expression £'=x(1+m?/Q?), where
m, is the mass of the charm quark. (A more complete
treatment of the kinematics associated with heavy-quark
production modifies this model slightly, as discussed be-
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FIG. 34. Fraction of the neutrino (antineutrino) total cross
section that is associated with charm production: dashed
curves, leading-order calculation with m.=1.31 GeV; solid
curves, the same calculation with m,=0.

low.) Charm production by neutrinos (or antineutrinos)
is a substantial fraction of the total cross section and
grows from threshold to about 10% at high energy, as
shown in Fig. 34.

Neutral-current scattering off the charm sea can be
isolated and studied by looking for the production of
wrong-sign single muons in the interaction of a relatively
pure v, beam. This is one of the only techniques for
probing the charm content in the nucleon, which is as-
sumed in the standard calculation to evolve from zero at
a threshold Q?~4 GeV?. The process for study is neu-
trino neutral-current scattering off a charm quark fol-
lowed by the semileptonic decay of the charm quark into
a wrong-sign muon. The size of this process is therefore
dependent on the number and distribution of charm
quarks in the nucleon. The main backgrounds come
from the 7# contamination in the beam and decays of
secondary pions or kaons in the hadronic shower. The
signal is smaller than the background, and at present
only upper limits on the size of the charm sea are avail-
able.

B. Differential cross section for dimuon production
and heavy-quark effects

The differential cross section for dimuon production is
expressed generally as
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d*o(v,N—u pn*X)
dédy dz

B d*o( v,N—cX)
~ dédy

where the function D(z) describes the hadronization of
charmed quarks into D mesons with z=p,/pH*, and
B, is the weighted average of the semileptonic branch-
ing ratios of the charmed hadrons produced in neutrino
interactions.

The heavy charm quark introduces an energy depen-
dence in the charm production rate and also affects the
measured angular (or y) distribution compared to that
expected for a massless quark. (Additional thresholds
related to the masses of final-state charmed mesons and
baryons are present, but only become important near
production threshold.) These are kinematic effects for
which ¢, the momentum fraction of the struck quark, is
related to the Bjorken scaling variable x through the
expression (Aivazis, Collins et al., 1994; Aivazis, Olness,
and Tung, 1994)

(1 1 M
et Vet o2

Q’—mi+ml+A(—Q*m; . m?)
20° ’
where m_ is the charm quark mass and m refers to the
initial-state quark mass, either the strange quark or the
down quark, and A(— Q2 m?,m?) is the triangle func-
tion, defined by

A(a,b,c)=\a*+b*+c?>—2(ab+bc+ca).

D(z)B.(c—u"X), (54)

-1

(55)

The full expression for £ can be simplified by neglecting
the small effect of the initial-state quark mass to yield

2 x>M?
=) ©
Relating ¢ and x through the charm quark mass is re-
ferred to as “‘slow rescaling” (Barnett, 1976; Georgi and
Politzer, 1976). A comparison of the full ¢ calculation to
the simple £° expression given above yields a difference
of 10% (2%) for x=0.2 and Q*=1.0(5.0) GeV?; this
difference is much smaller at lower x and higher Q2.
At leading order charm is produced by scattering di-
rectly off of strange and down quarks in the nucleon.
The leading-order differential cross section for an iso-
scalar target, neglecting target-mass effects, is given by

0_

X 1+Q—§

d*o(v,N—cX)
dédy Lo
GiME,
=i o e ) e RV
m;
266V 1~ gy (57)

where éu(é,u?), £d(€,u?), and &s(& u?) represent the
momentum distributions of the u, d, and s quarks
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within the proton at the scale u? (the corresponding 7#
process has the quarks replaced by their antiquark part-
ners). |V 4| and | V| are the CKM matrix elements. The
dependence of the parton distributions on the scale u? is
specified by QCD (Gribov and Lipatov, 1972; Altarelli
and Parisi, 1977; Dokshitser et al., 1978; Dokshitser
et al., 1980), but the precise dependence of u?> on Q2
and x is somewhat arbitrary in finite-order perturbation
theory. The finite charm mass included in the (1
—mf/ZMEyg) expression induces an effective Callan-
Gross violation such that RTC ™(¢ 02)=1+m?/Q>.
In the modified leading-order analysis of Rabinowitz
et al. (1993), Callan-Gross violation is included by re-
placing the term [1—m?/(2ME ,£)] in Eq. (57) with

, 1+RL(§»Q2)
L=miCME8) = 1 307507

X[1—y—Mxy/(2E,) +xy/&],
(58)

using external measurements of the structure function
R (&,0?% (Dasu et al., 1988a, 1988b). In the next-to-
leading-order formalism, violation of the Callan-Gross
relation emerges as a consequence of the more complete
QCD calculation.

The leading-order expression illustrates the sensitivity
of the process to the strange-quark sea. Charm or anti-

charm production from scattering off d or d quarks is
Cabibbo suppressed. In the case of charm produced by
neutrinos, approximately 50% is due to scattering from
s quarks, even though the d-quark content of the proton
is approximately ten times larger. In the case of an-

tineutrino scattering, where d quarks from the sea con-
tribute, roughly 90% is due to scattering off s quarks.

C. Next-to-leading-order corrections

Because neutrino charm production has a large sea-
quark component at leading order, the next-to-leading-
order gluon-initiated contributions are significant
(Aivazis et al, 1990). Gluon-initiated production of
charm proceeds through both the ¢ and u channels as
shown in Fig. 35(a). The size of the gluon distribution,
which is an order of magnitude larger than the sea-quark
distribution, compensates for the extra power of «g in-
volved in the gluon-initiated diagram. The next-to-
leading-order quark-initiated diagrams, shown in Fig.
35(b), in which a gluon is radiated, also enter the pertur-
bative expansion at O(ay), but the corrections from
these diagrams to the cross section are small. Several
calculations including the next-to-leading-order formal-
ism have been done (Van der Bij and van Oldenborgh,
1991; Kramer and Lampe, 1992; Aivazis, Collins, et al.,
1994; Aivazis, Olness, and Tung, 1994). The treatment of
the gluon-initiated diagrams in these has been cross-
checked and found to be consistent.

As with all applications of perturbative QCD, a theo-
retical uncertainty is associated with the choice of fac-
torization and renormalization scales. Some scale depen-
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FIG. 35. Mechanisms that contribute to neutrino production of
charm up to O(ag): (a) the dominant diagrams—the leading-
order quark-initiated diagram and the t channel and u channel
gluon-initiated diagrams, respectively; (b) the radiative gluon
and self-energy diagrams.

dence is unavoidable for any calculation done to finite
order in ag. Most analyses assume that the factorization
and renormalization scales are both equal to a single
parameter, u. The w scale is interpreted as setting the
boundary between the collinear and noncollinear re-
gions of the p, integration over the final states, where
p . is the transverse momentum of the initial-state quark
coming from the gluon splitting. Therefore a scale pro-
portional to p™™*=A(W2m?> ,M?)/\J4W? is suggested by
Aivazis et al. (Aivazis, Collins, et al., 1994; Aivazis, Ol-
ness, and Tung, 1994). Figure 36 shows the scale depen-
dence of the differential cross section for charm produc-
tion, where the abscissa is in units of p™®*. The scale
dependence is weak for values above one unit of p"**,
but there is a strong dependence when w is below this
value.

D. Experimental issues for dimuon measurements

1. Data samples and event selection

Many experiments have investigated neutrino and an-
tineutrino production of charm since it was first ob-
served in 1974 (Benvenuti et al., 1975). The experiments
considered here include the highest-statistics experi-
ments using each of the main experimental techniques.
Most of the experiments have been described in Sec.
I.D, and only details relevant to charm measurements
will be given here. The largest data samples are avail-
able from the CCFR (Bazarko et al., 1995) and CDHS
(Abramowicz et al., 1982) experiments. The CCFR col-
laboration used a high-energy, quadrupole-triplet neu-
trino beam and a massive, high-density steel detector at
the Fermilab Tevatron. The CDHS collaboration at
CERN used a magnetized steel target calorimeter illu-
minated by a horn-focused neutrino beam with a some-
what lower-energy spectrum. Results are also available
from the Fermilab 15-ft bubble-chamber experiment for
wu” e’ events (Baker et al., 1991). In this experiment, the
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low threshold, p,+>0.3 GeV, combined with good sta-
tistics for E,<30 GeV, gives good sensitivity to the
slow-rescaling threshold behavior. The final data set
considered is the E531 neutrino emulsion experiment
(Ushida et al.,, 1988a, 1988b) at Fermilab, which mea-
sures inclusive charm particle production directly by
identifying the charm decay in the emulsion. Thus this
experiment can provide information on the charm spe-
cies produced by neutrinos and the kinematics of the
production. Table V summarizes the neutrino charm
production data samples from these experiments.

2. Nonprompt and other background sources of dimuons

For the CCFR and CDHS experiments, nonprompt
pion and kaon decays constitute the main background to

the charm-initiated signal. The high density of their tar-
get calorimeters minimizes this contamination due to the
short interaction length of the detector. The background
is estimated from Monte Carlo calculations and test-
beam measurements of muon production in hadron
showers. The systematic uncertainty in this background
has been estimated (Sandler et al., 1993) by the CCFR
collaboration to be 15%(20%) for v(v)-induced show-
ers and comes mainly from uncertainties in the second-
ary particle production spectrum including heavy
nuclear target effects. For the 15-ft bubble-chamber ex-
periment, the background is from Dalitz decays of 7°
mesons and other y conversions. Finally, the E531 emul-
sion experiment has a small background from noncharm
events that pass their charm identification cuts. The
background level for each experiment is listed in Table
V.

3. Charm quark production, fragmentation, and experimental
acceptance

The production and fragmentation of the charm quark
into charmed hadrons must be modeled in order to ex-
tract information from the observed dilepton events. For
the leading-order formalism, the kinematic suppression
due to the mass of the charm quark, m_, is included in
Eq. (57) and the charm quark direction is defined by the
W*g—c kinematics.

The gluon-initiated diagrams in the next-to-leading-
order calculation proceed by W*g—cs as shown in Fig.
35(a). This next-to-leading-order production proceeds
through both the ¢ and the u channels, which dominate
different regions of phase space. In the ¢ channel, the
gluon splits into an ss pair and the ¢ quark emerges
from the W-boson vertex. In the u channel, the legs of
the ¢ and s quarks are crossed—the gluon splits into a
cc pair and the s quark emerges from the W-boson ver-
tex. In the W-boson—gluon center-of-mass frame, the ¢
quark is produced at an angle 6 relative to the
W-boson direction. The production angle is related to
the momentum of the ¢ quark in the laboratory. When
6% is small—t channel dominance—the ¢ quark carries
most of the W-boson momentum. As 6 approaches
7—u channel dominance—the ¢ quark emerges with
little momentum in the laboratory. Acceptance correc-

TABLE V. Summary of data samples from some neutrino charm production experiments. The CDHS and CCFR experiments
detect dimuon events, the 15-ft Bubble Chamber measures u-e events, and the E5S31 experiment detects the inclusive decays of

charmed particles in an emulsion target.

Experiment E, (GeV) u”I" events utl” events Background (%)
CCFR (Bazarko et al., 1995) 30-600 5030 1060 15
Pu,>5GeV (>100) (3721) (493)

CDHS (Abramowicz et al., 1982) 30-250 11041 3684 13
Pu,>5GeV (>100) (3589) (452)

15-ft BC (Baker e al., 1991) 1-200 461 - 18
p.+>03 GeV

E531 (Ushida et al., 1988) 1-250 122 - 3
v-Emulsion (Charm Events)
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tions that are dependent on 6 need to be included in
the analysis of any experimental measurement; these
corrections are largest at high 6% where the decay prod-
ucts of the outgoing ¢ quark are hard to detect.

The charm quark fragmentation uncertainties are a
second important source of systematic error for the
dilepton physics measurements. The fragmentation of
the charm quark into D mesons is typically param-
etrized using the Collins and Spiller function (Collins
and Spiller, 1985),

D(z)=N[(1-2)/z+ec(2—2)/(1—2)](1+2z)?
X[1—(Uz)—ec/(1-2)]7% (59)

older measurements also employed the Peterson func-
tion (Peterson et al., 1983),

N
Z[1-(Uz)—epl(1—2)]*

where z=pp/pp™ is the fraction of its maximum pos-

sible momentum that the D meson carries and the e
parameters determine the shape of the distribution. In
principle, e*e™ collider data could provide precise data
on the e parameters. However, because of uncertainties
due to the different quark environment in e "¢~ relative
to neutrino scattering, the € parameters in the fragmen-
tation models are best determined from fits to neutrino
charm production data. Fits to the charm particle spec-
trum in the ES531 data (Ushida et al., 1988) give €p
=0.18%0.06, and fits to the CCFR zu=E, /(E,

+ Epyg) distribution, where E, is the energy of the sec-

ond muon, yield e-=0.81=0.14 (Bazarko et al., 1995)
[or €=0.22+0.05 (Rabinowitz et al., 1993)]. These can
be compared to the CLEO measurements (Bortoletto
et al., 1988): The Collins and Spiller function fits the
CLEO data well, with e-=0.64*+0.14, but the Peterson
function does not reproduce the data for any value of
ep. The CDHS collaboration in their dimuon analysis
(Abramowicz et al., 1982) parametrized the charm frag-
mentation phenomenologically by functions ranging
from a delta function at z=0.68 to a flat distribution.
The semileptonic decay of the charmed particles also
needs to be modeled, and the effect of missing energy
from the outgoing neutrino needs to be included. For
this modeling, the three-body decay kinematics is taken
from e*e” collider studies including the differences for
the various charmed-particle species. The composition
of charmed particles produced in neutrino interactions
has been measured by the E531 v-emulsion experiment
(Ushida et al., 1988). With an E,>30 GeV cut, the pro-
duction is dominated by neutral and charged D mesons.

D(z)= (60)

E. Dimuon measurements and results

1. Charm production rate

The energy dependence of the neutrino charm pro-
duction rates provides a direct test of the modeling of
the heavy charm quark production and the thresholds
appropriate for the charm particles in the final states. At
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FIG. 37. The dimuon-to-single-muon rate, corrected for accep-
tance, smearing, and minimum second muon energy cut vs
neutrino energy for the CCFR and CDHS experiments. Also
shown is the 15-ft Bubble Chamber rate ratio for ue to single-
muon events and the E531 emulsion experiment where the
charm rate has been multiplied by a semileptonic branching
ratio of 0.11. The dashed curve is a leading-order slow-
rescaling model prediction with m,=1.31 GeV. (The errors on
the CDHS points include uncertainties in fragmentation and
normalization; the other points do not.)

low energy, E,<20 GeV, quasielastic scattering, such as
v, n— A[, is a large fraction of the charm produc-
tion and accounts for more than 25% of the charm cross
section. Above 50 GeV, the exclusive final-state effects
become small (below 5%) and the simple parton model
approach in which the production and hadronization
factorizes becomes valid. Comparing the predicted en-
ergy dependence expected from the slow-rescaling
model with measured rates corrected for acceptance,
smearing, and other kinematic cuts shows good agree-
ment between the data and model for the CCFR, 15-ft
Bubble Chamber and E531 experiments, as shown in
Fig. 37. The CDHS data, however, are somewhat below
the prediction and the other data, especially at low en-
ergy.

After correcting for the slow-rescaling threshold cor-
responding to an appropriate m,, the rates become less
dependent on E ,, exhibiting only the sharp, low-energy
threshold behavior associated with the production of
heavy charmed mesons [W?>(Mp+ M)?]. The CCFR
data shown in Fig. 38 are in good agreement with this
model for a charm quark mass of m,=1.31 GeV/c%. In
the next section, the energy dependence of charm pro-
duction will be used to determine m,. .

2. Extraction of the strange sea xs(x,«?) and charm mass
mC

The CCFR collaboration has done both a leading-
order (Rabinowitz et al., 1993) and next-to-leading-
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FIG. 38. Opposite-sign dimuon rates vs E, for the CCFR v,
(top) and v,, (bottom) data: [J, rates corrected for acceptance,
smearing, and kinematic cuts; O, rates corrected for slow res-
caling with m.=1.31 GeV; dotted curve, the leading-order
model prediction with m,=1.31 GeV before correcting for the
finite charm mass but including charm particle mass effects;
dashed curve, same m =1.31 GeV prediction after correcting
for the finite charm mass.

order (Bazarko et al., 1995) analysis of their dimuon
data samples. For these analyses, the single-muon and
dimuon events were simulated using Monte Carlo tech-
niques and compared to the observed dimuon distribu-
tion to extract the various physics parameters. Quark
and antiquark momentum densities were obtained from
the measured CCFR structure functions (Leung et al.,
1993; Quintas et al., 1993) using the following procedure.

The F, and x F5 structure functions are used to deter-
mine the singlet, xg’(x,u?)=xq(x,u?)+xq(x,u?),
nonsinglet, xg™%(x,u?)=xq(x,u?)—xq(x,u?), and
gluon, xG(x,u?), distributions. These distributions are
obtained from leading-order or next-to-leading-order
QCD fits to the structure-function data, described in Se-
ligman et al. (1997a, 1997b), using the QCD evolution
programs of Buras and Gaemers (1978) or Duke and
Owens (1984), respectively.

To resolve the strange component of the quark sea,
the singlet and nonsinglet quark distributions are sepa-
rated by flavor. Insofar as isospin is a good symmetry,
the experiment is insensitive to the exact form of the up
and down valence- and sea-quark distributions, because
the neutrino target is composed of iron, which is nearly
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isoscalar. An isoscalar correction accounts for the 5.67%
neutron excess in the iron target. The proton valence-
quark content, xqy(x,u?)=xq"5(x,u?), is param-
etrized by

qu(x,,LLz):xuv(x,/.Lz)+xdv(X,/.L2),
xdy(x,u®)=A (1= x)xuy(x,p?), (61)

where the shape difference for xdy(x) better fits
charged-lepton scattering measurements of
Fsn ps(wp (Amaudruz er al., 1992a). A, is fixed by
requiring that the ratio of the number of d to u valence
quarks in the proton be 1/2. The nonstrange quark and
antiquark components of the sea are assumed to be sym-
metric, so that xu(x,u?)=xug(x,u?), xd(x,u?)
=xdg(x,u?). The isoscalar correction is applied assum-
ing xu(x,u?)=xd(x,u?).

The strange component of the quark sea is allowed to
have a different magnitude and shape from the non-
strange component. The strange-quark content is set by
the parameter

s (o) + 4500, ) Jdx
K= — :
Jolxux, u?)+xd(x,u?)]dx

where k=1 would indicate a flavor SU(3) symmetric
sea. The shape of the strange-quark distribution is re-
lated to that of the nonstrange sea by a shape parameter
a, where =0 would indicate that the strange sea had
the same x dependence as the nonstrange component of
the quark sea. Assuming that xs(x,u?) and xs(x,u?)
are the same, the sea-quark distributions are then pa-
rametrized by

(62)

xu(x,u?) +xd(x,u?)
2

xq(x,u?)=2

+xs(x,u?),

xu(x,u?)+xd(x,u?)
2

xs(x,ut)=A (1) . (63)

where A, is determined from Eq. (62) given for a given
value of « and «.

A x? minimization is performed to find the strange-
sea parameters « and «, the values of B, and m, that
appear in Egs. (54) and (57), and the fragmentation pa-
rameter €, by comparing the data and Monte Carlo x ,
E,, and z event distributions. [We use the subscript
vis to denote values of the kinematic variables listed in
Eq. (3), where Ej,q is set equal to the value with the
missing decay neutrino energy subtracted, Etng= Epaq
—Egecay v=Ehad T+ E 2] Projections of data for each of
these variables are compared with the next-to-leading-
order fits (Bazarko et al., 1995) in Figs. 39, 40, and 41.
Taking |V ,=0.221£0.003 and |V J|=0.9743%0.0008
(Barnett et al., 1996) as input values, the extracted
CCFR leading-order and next-to-leading-order param-
eters with their statistical and systematic errors are pre-
sented in Table VI.

The CDHS collaboration (Abramowicz et al., 1982)
extracts the combination |V ,|*B,. from the slow-
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FIG. 39. The z.; distribution for the CCFR v- and v-induced
dimuon events. Data are given by the points, and the solid
histogram is the result of fitting the dimuon event simulation.
The dotted histogram is the background contribution to the
former from pion and kaon decay.

rescaling and acceptance-corrected dimuon rates at high
energy, E£,>80 GeV. The v, rate is used to remove the
strange-quark contribution to the v, rate, leaving the
down quark to charm quark contribution as follows:
y 2B Ry 64
| cd| c__3 (1__r) ( )

where R,)=03,/01, and r=07,/0},=0.48+0.02.

In the CDHS analysis, the combination «|V .|*/|V .4]?
is found by a shape analysis of the observed x; distri-
bution for neutrino-induced dimuons, where the distri-
bution is separated into scattering off d or s quarks. The
antineutrino dimuon data give the strange-quark distri-
bution, and their measured charged-current structure
functions give the distribution for down quarks. After
including the fragmentation uncertainties, a 10% scale
error, and variations in the charm mass between 1.2 and
1.8 GeV/c?, the results are

|V 4al?B.=(4.10+0.70+0.16)x10"*> (CDHS),
|VCS|2
KTE;—T§::9.3121.6120.9 ((:I)}{S),
cd

where the first error is the total error except the m,
variation, which is given as the second error. Using the
same CKM matrix elements as above, |V ,]=0.221
+0.003 and |V,,|=0.9743=0.0008 (Barnett et al., 1996),
one can convert these values to the measurements of B,
and « shown in Table VI.
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FIG. 40. The E; distribution for the CCFR »- and v-induced
dimuon events after correction for w/K decay backgrounds
and v—v misidentification. Data are given by the points, and
the solid histogram is the result of fitting the dimuon event
simulation. The quarks contributing to the histogram are indi-
cated by the curves: s, the strange-sea component; dy, the d
valence component; dg, the d sea component.

3. Discussion of results

Parton distributions are defined to a given order and
scheme in QCD. Therefore the magnitude of a given
parton distribution differs between leading order and
next-to-leading-order. The parameters a and m, show
shifts between leading order and next-to-leading order,
but k and B, are similar. For the CCFR next-to-leading-
order analysis, the nucleon strange-quark content is
found to be k=0.477%=0.051, indicating that the sea is
not SU(3) symmetric. This is qualitatively the same re-
sult as from the leading-order analysis of CCFR and
CDHS.

Since a nonzero value of « would indicate a shape
difference between xg(x) and xs(x), the CCFR next-
to-leading-order value ar=—0.0272% indicates no shape
difference at next-to-leading order. At leading order,
CCEFR finds the strange quarks softer than the overall
quark sea. This comes about in part because the CCFR
leading-order analysis includes a longitudinal compo-
nent, R L(§,Q2), in both the inclusive charged-current
and charm production differential cross section, as
shown in Eq. (58). This procedure is an approximation
and does not correctly treat the differences in the longi-
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FIG. 41. The x,; distribution for the CCFR »- and v-induced
dimuon events after correction for w/K decay backgrounds
and v-v misidentification. Data are given by the points, and
the solid histogram is the result of fitting the dimuon event
simulation. The quarks contributing to the histogram are indi-
cated by the curves: s, the strange-sea component; dy, the d
valence component; d,, the d sea component.

tudinal component for heavy- and light-quark produc-
tion. On the other hand, the next-to-leading-order for-
malism does include these mass effects correctly and
should give reliable measurements of the xg(x) and
xs(x) seas. Figure 42 compares the results for the quark
and strange seas determined by the next-to-leading-
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and xs(x,u?), at u?>=4 GeV? determined from the CCFR
next-to-leading-order analysis. The band around the next-to-
leading-order strange-sea distribution indicates the *10 un-
certainty in the distribution.

order CCFR analysis, which shows that the magnitude is
different but the shape is the same.

The charm quark mass parameter from the CCFR
next-to-leading-order fit is 1.70+0.19 GeV, which dif-
fers from the leading-order result. As shown in Sec.
IV.E.1, the leading-order analysis with the slow-
rescaling correction for the heavy charm quark is able to
parametrize the threshold behavior of the measured
process. On the other hand, the next-to-leading-order
value of m,, while also describing the threshold behav-
ior well, correctly includes the kinematic effects associ-
ated with heavy-quark production and provides a better
comparison with measurements derived from other pro-
cesses involving similar higher-order perturbative QCD
calculations. For example, the photon-gluon-fusion
analysis of photoproduction data of Anjos et al. (1990)
finds m.=1.747013 GeV, which is in agreement with the
next-to-leading-order neutrino value.

Gluck, Kretzer, and Reya (Gluck ef al., 1996) have
erroneously claimed that the acceptance correction was
applied incorrectly in the CCFR next-to-leading-order

TABLE VI. Next-to-leading-order and leading-order fit results, assuming xs(x)=xs(x). Errors are statistical and systematic,
except that the errors on the fragmentation parameters are statistical only.

Fragmentation  y?/DOF a B, m, (GeV)
CCFR Collins-Spiller 52.2/ 0.477 -0.02 0.1091 1.70
(Bazarko et al., 1995)
NLO fit €c=0.81+0.14 65 +0.045+0.024 *£0.57x027  +0.0078*=0.0057 +0.17=0.09
CCFR Peterson 41.2/ 0.468 —0.05 0.1047 1.69
(Bazarko et al., 1995)
NLO fit ep=0.20%£0.04 46 *+0.053%0.025 +0.47=0.27 +0.0076=0.0057 +0.16+0.11
CCFR Peterson 42.5/ 0.373 2.50 0.1050 1.31
(Rabinowitz et al., 1993)
LO fit ep=0.20=0.04 46 +0.045+0.018 *+0.58%0.31 +0.007%0.005 +0.21=0.12
CDHS é-function 0.478 Not fit 0.0839 Not fit
(Abramowicz et al., 1982)
LO fit (z=0.68) +0.094 Assumed 0.0 +0.0147 Varied 1.2—1.8

Rev. Mod. Phys., Vol. 70, No. 4,
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FIG. 43. The CCFR next-to-leading-order strange-sea distri-
butions compared to CTEQ 4M, MRS R,, and GRV 94 at
u>=5GeV>

analysis (Bazarko et al., 1995). In the analysis procedure
of Aivazis et al. (Aivazis, Collins, et al., 1994; Aivazis,
Olness, and Tung, 1994), the cross section is divided into
three terms: leading order, next-to-leading order, and
subtraction. The CCFR analysis consistently corrects for
all experimental acceptance effects using the proper ki-
nematics for each term. For the leading-order and sub-
traction term, the underlying distribution corresponds to
the appropriate W*s— ¢ kinematics. The acceptance for
the next-to-leading-order term uses the W*g—cs kine-
matics with the calculated matrix element from Aivazis
et al. (Aivazis, Collins, et al., 1994; Aivazis, Olness, and
Tung, 1994). Gluck, Kretzer, and Reya also claim that
the next-to-leading-order to leading-order difference is
not supported by the currently available parton distribu-
tion functions (Gluck et al., 1995; Martin et al., 1996; Lai
et al., 1997). As stated above, the CCFR leading-order
analysis includes higher-order longitudinal cross-section
components that make their parton distributions differ-
ent from strict leading-order analyses. The most recent
and complete CCFR next-to-leading order analysis (Se-
ligman et al., 1997a, 1997b) gives parton distributions
that are consistent with those from the various global
fits, as shown in Fig. 30. It is interesting to note that the
most recent GRV 94 (Gluck et al., 1995) strange-sea dis-
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tributions are much smaller than the CCFR next-to-
leading-order measurements and the other global fit re-
sults, as shown in Fig. 43. Publication in the future of
acceptance and smearing-corrected neutrino charm pro-
duction cross sections or structure functions by the
CCFR group will allow independent analyses and global
fits using the different next-to-leading-order calcula-
tions.

The CCFR collaboration has also investigated the de-
pendence of their next-to-leading-order results on fac-
torization and renormalization scale uncertainties. Their
standard results quoted in Table VI use w=2p"™* for
both scales and find the scale uncertainty by varying u
between p™* and 3pT**. Fit results with various choices
of the common factorization and renormalization scale
are presented in Table VII. These results indicate that
the data favor u? scales with smaller magnitudes but
that the values of the fit parameters are fairly insensitive
to the choice of scale.

4. Comparisons to other strange-sea measurements

The comparison of neutrino and charged-lepton mea-
surements of the F, structure function (see Sec. III.D)
can also be used to study the magnitude of the strange
sea. In the deep-inelastic scattering renormalization
scheme with u?=Q?, the strange sea is related to the
two F, measurements by

S (x,0%) X510 1= 2 F5(x.0%) - 34 V(x,07.
(65)

The CTEQ collaboration in their CTEQ 1IMS parton
distributions (Botts et al., 1993) tried increasing the
strange sea at low x to be consistent with Eq. (65). The
strange sea from this procedure is much larger than the
direct CCFR next-to-leading-order measurements (Baz-
arko et al., 1995) and other parton distributions, CTEQ
2MS (Botts et al., 1993), MRS H (Martin et al., 1993),
and GRV HO (Glick et al., 1992), as shown in Fig. 44. It
therefore seems unlikely that a larger strange sea is the
explanation for the neutrino/charged-lepton difference

TABLE VII. Central values of the CCFR fit parameters for various choices of the QCD scale u?.

Each fit contains 65 degrees of freedom.

Choice of scale, u? X2 K a B, m. (GeV)
(p™x)2 50.4 0.513 0.18 0.0987 171
(2pT™)? 522 0.477 -0.02 0.1091 1.70
(3pT™)? 54.4 0.460 -0.10 0.1142 1.68
Q? 51.7 0.423 -0.37 0.1074 1.80
(20)? 56.1 0.410 —0.46 0.1159 171
(30)? 59.4 0.408 —0.54 0.1206 1.73
Q%+ m? 52.5 0.421 -0.03 0.1066 1.65
4(Q*+m?) 57.1 0.409 -0.16 0.1154 1.64
0%*+(2m,)? 52.8 0.428 0.00 0.1068 1.62
4[Q%+ (2m )] 57.3 0.415 -0.15 0.1161 1.63
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FIG. 44. Strange-quark distributions xs(x,u?) from the
CCFR experiment and previous global fits by CTEQ, MRS,
and GRYV for u?>=4 and 20 GeV>.

at low x. The same conclusion has been put forward by
Gluck et al. (1996), who state that if the CCFR (Selig-
man et al.,, 1997a, 1997b) and NMC (Amaudruz et al.,
1992b) data are correct, this discrepancy ‘‘will constitute
a major problem which cannot be solved within our
present understanding of the so far successful perturba-
tive QCD.”

5. Tests of xs(x)# xS(x)

In principle, the momentum distributions of s and s
quarks need not be the same as long as the strangeness
content of the nucleon is constrained to have equal num-
bers of s and s quarks. Theoretical work has explored
the possibility that the nucleon contains a sizable heavy-
quark component at moderate x—the possibility of so-
called “intrinsic heavy-quark states” within the nucleon
(Brodsky et al., 1981; Brodsky and Ma, 1996). Postulat-
ing intrinsic strange particle states, such as a KA com-
ponent of the proton wave function, leads to the predic-
tion that the s-quark momentum distribution will be
harder than the s-quark distribution (Burkardt and
Warr, 1992).

The CCFR collaboration has explored this possibility
by performing an analysis (Bazarko et al., 1995) in which
the momentum distributions of the s and s quarks are
allowed to be different. For this study the sea-quark dis-
tributions are parametrized by
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xu(x,u?)+xd(x,u?)
2

xq(x,u?)=2

xs(x,u?) +xs(x,u?)
+ > ,

xu(x,u?)+xd(x,u?)

xs(x,u?)=A,(1-x)" 5

s

xu(x,p?)+xd(x,u?)
2

!

st u?)=A](1-x)"

. (66)

With the s and s distributions constrained to have the
same number, [§s(x,u?)dx=[{s(x,u?)dx, A, and A/
are defined in terms of k, «, and «’. In the CCFR analy-
sis, four parameters, «, @, Aa=a—«a', and the charm
quark mass m,, are determined from the data with the
charm hadron branching ratio fixed to the value ob-
tained from other measurements, B.=0.093+0.009 (see
Sec. IV.E.6). The results are

k=0.536+0.030*0.037; 3053 ,
a=—0.78+0.40+0.75+0.98,
Aa=—0.46+0.42+0.40+0.65,

m,=1.66+0.16+0.07"5% GeVv/c?, (67)

where the first error is statistical, the second is system-
atic, and the third is due to the uncertainty in B.. The
value of Aa=—0.46+0.87 indicates that the momentum
distributions of s and s are consistent, and the difference
in the two distributions is limited to —1.9<Aa<1.0 at
the 90% confidence level. Brodsky and Ma (1996) have
compared their intrinsic strangeness model to these
CCFR fits. The simple application of the model in their
paper uses a scaling of the d valence-quark distributions
to do the QCD evolution of the intrinsic strange-quark
sea. The results of the calculation, including a 30% ex-
trinsic strange-quark component, are inconsistent with
the CCFR analysis, as shown in Fig. 4 of the Brodsky
and Ma (1996) paper. From the figure, the predicted
ratio is xs(x)/xs(x)=1.7 at x=0.07 and falls to 1 at x
=0.22. This difference corresponds to a Aa~ —3, which
is inconsistent with the CCFR limit.

The CCFR fits assume a simple power-law relation of
the strange to nonstrange sea and may not have suffi-
cient flexibility to encompass an intrinsic strange-quark
contribution at high x. An additional high-x component
would show up in the CCFR analysis as a modification
of B, (and |V _4|?) for the neutrino charm production
and as an unexplained excess at high x for the an-
tineutrino production. The agreement of the an-
tineutrino data (Fig. 41) and the agreement of the fit
B.=0.1091+0.0097 with B.=0.093-0.009 (see Sec.
IV.E.6) extracted from other measurements limits the
size of any intrinsic contribution to below 20%. Further
analyses will be needed to test the intrinsic strangeness
models directly and precisely. Since the intrinsic compo-
nent mainly contributes at large x, it is unlikely that an
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s/s asymmetry could explain the discrepancy between
the charged-lepton and neutrino measurements of F, in
the small-x region.

6. Measurements of |V |

If the CKM matrix elements are not assumed, then
the CCFR next-to-leading-order results (Bazarko et al.,
1995) can be interpreted in terms of «, m., and the
following products:
|V 4l*B.=(5.34+0.39

+0.24702)x1073 (CCFR-NLO),

K
K+2

V. |?B.=(2.00+0.10=0.06"3%) x 1072, 68
0.14

where the first error is statistical, the second systematic,
and third from the QCD scale uncertainty.

As shown in Table VI, there is little difference in the
parameters if the analysis is performed to leading order
or next-to-leading order. Accordingly, we may combine
the CCFR result with the leading-order result from the
CDHS collaboration (Abramowicz et al., 1982),

|Veal?B.=(41%0.77513Yx1073 (CDHS-LO),

where the first error is the total experimental error and
the second is the QCD scale error, which is not given by
the original analysis but assumed to be the same as in
the CCFR measurement. Combining the two results, as-
suming that all of the experimental errors are uncorre-
lated, yields

|V.al?B.=(5.025039%1073 (CCFR/CDHS). (69)

These combinations can be used to extract |V ,|? and
k|V.|*> when B, is determined from other data. B, is
determined by combining the charmed-particle semilep-
tonic branching ratios measured at e e~ colliders (Bar-
nett et al., 1996) with the neutrino production fractions
measured by the Fermilab E531 neutrino-emulsion ex-
periment (Ushida et al., 1988). Using an E;>30 GeV
cut, E531 determined the following production fractions:
5246% D°,42+6% D",1+2% D} ,and5+3% A .
In the E531 analysis, events that could not be unambigu-
ously identified as D* or D, were all categorized as D"
events. To remove this small bias, a reanalysis was per-
formed that included updated values of the charmed-
hadron lifetimes (Bolton, 1994; 1997). This reanalysis
finds the following production fractions with an FE
>30 GeV cut: 58+6% D°, 26=6% D*, 7=5% D,
and 7+4% A . These production fractions are consis-
tent with those measured by e e~ experiments (Borto-
letto et al., 1988). With these particle fractions, Bi
=0.093x0.009 (Bolton, 1994, 1997) and when incorpo-
rated with the combined measurement of Eq. (69) gives
the value of the CKM matrix element,

|Vl =0.23215017  (CCFR/CDHS),

where the error indicates all sources of uncertainty in-
cluding the w? scale uncertainty. This value compares
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well with the Particle Data Group value, |V,,/=0.221
+0.003, which is determined from measurements of the
other matrix elements and the unitarity constraint on
the CKM matrix assuming three generations. The errors
on the direct |V ,| measurement from v charm produc-
tion are currently at the =9 % level, which precludes a
precise test of the CKM unitarity.

The CKM parameter |V | requires an independent
determination of the strange-sea fraction «, which is cur-
rently unavailable. Using the value of B! given above
with the result of Eq. (68) and making the conservative
assumption that «<1 implies that

|V.,|>0.74 at 90% C.L. (CCFR).

In the future, k could be determined from a measure-
ment of the xFj; difference between neutrinos and
antineutrinos,  xF4(x,0%)—xF5(x,0%)=4x[s(x,0?%)
—c(x,0?%)]. It should be possible with this technique to
measure k to 20%, which would allow the quantity
[V, al/|V.| to be determined to 10% from the dimuon
measurements.

F. Charm-sea measurements from wrong-sign single-
muon production

Wrong-sign single-muon production can be used to
probe the charm content in the nucleon through the
neutral-current scattering of a v, off a charm quark,
which subsequently decays into a ™. A charm compo-
nent is expected in QCD through gluon splitting into cc
pairs. In a typical QCD calculation, the charm sea is set
to zero for Q*< QS%4 GeV? and is then allowed to
evolve via the DGLAP equations. In the v, interaction,
neutral-current scattering off a charm quark is sup-
pressed due to the kinematic effects related to produc-
ing two heavy-charm quarks (cc¢) in the final state:

v,te(+c)—v,+e(+c)
‘—>S+/_L++V'u. (70)

For a mean energy of 100 GeV, this suppression intro-
duces a factor of ~0.3 relative to massless quark produc-
tion. In addition, to go from the charm production rate
to the wrong-sign single-muon rate, one must incorpo-
rate the semileptonic branching ratio for the final-state
charmed particle (~10%) and the acceptance for the
muon to be measured in the detector (typically ~20% ).
The size of the cross section for neutral-current scatter-
ing off charm quarks in the nucleon can be estimated
using the charm-sea calculations. Using the next-to-
leading-order parton distributions of the CTEQ collabo-
ration (Botts et al., 1993), one finds that the cross section
for neutral-current charm scattering is a factor of 0.005
lower than the total neutrino charged-current scattering
cross section. Combining all these factors, one would
expect a wrong-sign single-muon rate (that was approxi-
mately 3X107° of the normal charged-current rate.
The CCFR collaboration has made a study (Mishra
et al., 1989) of wrong-sign single-muon production using
the data from their narrow-band E616/E701 experiment.
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The dominant background comes from the 7# contami-
nation in the beam. CCFR minimizes this background
by requiring that the observed energy in the wrong-sign
single-muon events have E,;;>100 GeV, which reduces
the background rate to 2.3X107%. Other background
sources (v, induced dilepton production, misidentified
dimuon events, and neutral-current interactions with a
7/ K decay in the hadron shower) contribute an addi-
tional background at the 1.5X107* level. For E.
>100 GeV, the CCFR experiment observes 43.0+6.6
wrong-sign single-muon events with a calculated back-
ground of 26.9%5.1 events, leading to a 20 excess of
16.1+83 events or a rate of (2.3+12)x10"* The
CCEFR collaboration presents the excess as a 90% confi-
dence level upper limit on the wrong-sign single-muon
rate of 43X 10~ 4, which is much larger than the estimate
of 1.4X1073 for neutral-current charm scattering with
E;i>100 GeV.

V. ELECTROWEAK PHYSICS WITH NEUTRINO BEAMS

Lepton-scattering experiments permit the study of
electroweak interactions at spacelike momentum trans-
fers of 1072<Q?<10"% GeV? in a fixed-target environ-
ment, with Q?>—10* GeV? possible in the future at the
HERA ep collider. As such they complement the large
Vs timelike measurements now performed with extraor-
dinary precision at LEP, SLD, and the Tevatron. It is
sometimes not appreciated that electroweak measure-
ments performed in fixed-target lepton-scattering ex-
periments can also still compete with the collider results
in probing the standard model.

Neutrino scattering, in particular, has contributed to
our understanding of electroweak physics over roughly
four historical phases since the early 1970s: (I) confirma-
tion of the existence of neutral currents through first
observation of v,e —wv,e” at CERN (Hasert etal.,
1973); (IT) early measurements of sin® 6y, that provided
a critical ingredient to the successful prediction of the
masses of the W and Z bosons (Arnison et al., 1983);
(IIT) second-generation weak-mixing angle determina-
tions that probed one-loop corrections to the standard
model and provided some of the first useful upper and
lower limits on the top mass; and, finally, (IV) third-
generation experiments that seek to test the internal
consistency of electroweak theory through precise
coupling-constant extrapolations that can be compared
to other precision electroweak measurements at collid-
ers. In this review we shall summarize the current ex-
perimental state of electroweak measurements with neu-
trino probes (period III), and give short- and
intermediate-term prospects for current and future ex-
periments (period IV). Detailed discussions of results
obtained prior to direct observation of the W and Z may
be obtained elsewhere (Kim et al., 1981; Fogli, 1986).
The remainder of this section is divided into three parts:
theoretical motivation, experimental neutrino-electron
scattering, and experimental neutrino-nucleon scatter-
ing.
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A. Theoretical motivation

Neutrino-nucleon and neutrino-electron scattering de-
pends on the left- and right-handed v— Z° and Z° target
fermion couplings. Because all of the parameters of the
standard model except the Higgs mass are now well
known, the couplings measured in neutrino scattering
are predicted to high accuracy. Any significant deviation
between measurement and prediction would thus indi-
cate new physics. Other experimental programs (LEP/
SLD, LEP II, CDF/D0) also probe for new physics
through precision electroweak tests, and neutrino ex-
periments complement these high-energy efforts in sev-
eral ways:

(i) By measuring different combinations of couplings
than collider experiments, in particular, couplings
to light quarks.

(ii) By measuring cross sections at moderate space-
like momentum transfer, as opposed to the large
timelike scattering explored at colliders.

(iii) By extracting cross sections with ‘“‘orthogonal”
analysis tools: for example, different radiative cor-
rection packages and very limited quark-gluon
fragmentation model dependence.

Electroweak measurements are frequently summa-
rized by quoting a value of the weak mixing angle
sin? @y, ; however, this parameter can be defined in many
different ways, e.g.,

1— M3,/ M%=sin’6y,(on shell) (71)
and
1 —sin? Oy (eff)]*—sin* Gy (eff)

[1—sin@y(eff)2]+ sin* @y (eff)

ALp(Z°)= (72)
The “on-shell” mixing angle sin?6y(on-shell) naturally
emerges in describing direct W mass measurements and
turns out to be very close to the mixing angle inferred
from measurements of vN scattering. The parameter
sin?@y(eff) is an equally useful choice for parametrizing
the left-right cross-section asymmetry for the e e~ an-
nihilation at the Z° resonance. Many other choices are
possible. A way to reduce confusion in comparing the
sensitivity of different experiments to electroweak phys-
ics is to translate all measurements to an equivalent de-
termination of a common physical parameter, for which
a convenient choice is the W boson mass.* It follows
simply that a £0.002 on-shell mixing angle measurement
in neutrino scattering (see Sec. V.A.4.a) is equivalent to

a *=100-MeV W mass measurement, which compares
well with expected results from LEP II and CDF/DO.

*These translations use standard model electroweak theory
with the fine-structure constant «, the Fermi constant G, the
Z° mass M,, and the top-quark mass M top » @ input. Low-
energy electroweak observables can be calculated to sufficient
accuracy without knowing the Higgs boson mass My .
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TABLE VIII. Neutral-current standard model couplings for
electron and quark targets.

f /s Ty
— 1 . -
e — 5 +sin’6y, sin*6y,
12 . 2 .
u,c 5—3 smzﬁw -3 51n20W
1,1 1
d,s —3+75 sin?gy 5 sin6y

1. Basic cross sections

Muon-neutrino scattering cross sections off light-
fermion targets can be expressed in tree level as

2 -2
da(v’*gy_)v"f):G;s[/]%w;(l—y)z] 1+;7’VZZ) :
(73)

_ ) ,
d(’(”";;”“f):G:S[/%<1—y>2+r%](1+;—4;yz ,
(74)

where f=e ,u,d,s,c; G r=(1.16639=x0.00002)
X107 GeV~? is the Fermi constant, M ,=91.187

+0.007 GeV is the Z° mass; s is the effective center-of-
mass energy, which depends on f; y is the inelasticity;
and /;,r; are left- and right-handed coupling constants
summarized in Table VIII. At fixed-target energies, the
propagator term (1+sy/M ZZ)*2 seldom differs from
unity by more than one percent for quark targets and is
entirely negligible for electron targets. Although all ex-
periments apply propagator corrections, this factor will
be omitted for brevity in subsequent formulas.

Electron-neutrino-electron (v,e” and v,e” ) scatter-
ing cross sections contain additional charged-current
and interference terms. These processes have been ob-
served (Reines et al., 1976; Allen et al., 1990, 1991, 1993;
Krakauer et al., 1990, 1992a, 1992b), and experimental
results have provided important qualitative confirmation
of the standard model, for example, the elimination of
the fourfold sign ambiguity in axial and vector coupling
constants of the electron. However, limited statistics
preclude precision electroweak tests. Similar comments
currently apply to very high Q2 neutral-current scatter-
ing measurements at HERA (Derrick et al., 1995, 1996b;
Aid et al., 1996a), although there is considerable hope in
this case for future improvement (see, for example,
Cashmore, Elsen, Kniehl, and Spiesberger, 1996). Ac-
cordingly, we shall restrict our discussion to scattering
experiments that use v, and v, beams.

2. Neutrino-electron scattering

For electrons, s,=2mE,, with m, the electron mass
and E, the neutrino energy. The total neutral-current
scattering cross sections then follow as

do(ve —wvye)

_ e 2201 N2
4y o E L/ 5+ro(1—y)7], (75)

do(v,e —v,e)

G OVEL A=y . (6)
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with of¢=2G%m,/7=172x10"* cm?*GeV. The elec-
tron mass sets the scale for the very small cross section
and also drives the kinematics. With a maximum mo-
mentum transfer Qrznax=2meE,,:0.001E , GeV2, with E,
in GeV, the electron always scatters nearly parallel to
the neutrino beam.

The charged-current process v, e~ —v,u", sometimes
called inverse muon decay, represents an electroweak
test in its own right. The tree-level cross section is

do(v,e —veu )
dy B

with the kinematic threshold occurring at £,=11 GeV.
The small center-of-mass energy forces the muon to be
emitted in the forward direction.

Muon-decay measurements do not measure final-state
neutrino helicities and thus cannot distinguish between
vector left-handed couplings gZL and scalar couplings
g5, the inverse muon-decay cross section is propor-
tional to |g};|* and thus resolves this ambiguity. Muon
decay and inverse muon decay are required to establish
rigorously the V— A character of the charged current.

Electroweak radiative corrections to v,e” and v e~
neutral-current (Novikov, Okun, and Vysotsky, 1993)
and charged-current (Bardin and Dokuchaeva, 1987)
scattering have been calculated. An apparently coinci-
dental cancellation between the two dominant radiative
corrections in neutral-current scattering causes the ef-
fective weak mixing angle sin’#jy to be very close to
sin?@y(eff) extracted from asymmetry measurements at
LEP/SLD.

m2 2
aéeEV(l—ng ) .

3. Neutrino-nucleon scattering

For quarks, the effective center-of-mass energy is s,
=2ME ¢, with M the nucleon mass and £ interpretable
as the fraction of the nucleon’s four-momentum carried
by the struck quark. An experiment can only measure,
in practice, the average over £ of the sum over all quark
targets inside the nucleon (and, in fact, these distribu-
tions are further averaged over the incident-neutrino en-
ergy distribution):

do(v,p—v,X) 2GIME,
dy B T

1
X f dé {[/F+r;(1=y)*]
0 q=u,d,s,c

XEq(E)+[/ 71—y +r71€q(6)},

(78)
do(v,p—v,X) 2GIME,
dy B T
1
<[ e S qga-ped
q=u,d,s,c

XEq(E)+[/FHr(1-y)*1éq( &)}
(79)
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Neutron cross sections follow from isospin arguments
with the substitutions u(u)—d(d), d(d)—u(u), s(s)
—s(s), and c(c)—c(c) (but see Sec. V.A.4.d). Contri-
butions from b and ¢ quarks are assumed to be negli-
gible.

For isoscalar targets, omitting second-generation
quark contributions for the moment,

do(v,N—v,X) B G%MEV
dy I

><foldg{[/3+/§,+(r§+r§,)(1—y)z]

X[u(§)+éd(§)]
+[(/a+ /DL =y) 2 +ri+r]]
X [&u(é)+£d(£)]}, (80)
do(v,N—v,X) GiME,
dy o7

xJoldf{n/%/i)(l—y)2+r?,+r%,]
X[Eu(§)+Ed(E)1+[ 2+

+(r2+r2)(1—y)2 ][ &u( )+ £d(&)]}.
(81)

At this level, one notes that neutral-current cross sec-
tions can be reexpressed as

do(v,N—v,X) do(v,N—u X)

—( 2 2
e =(/ut+7) P
do(v N—u"X)
+(rﬁ+r3) Mdy ,
(82)
do(v,N—v,X) =(r2+r§) do(v,N—u" X)
dy u dy
do(v N—u"X)
) ©
(575 dy ,
(83)

a result that follows more generally from isospin conser-
vation (Llewellyn Smith, 1983). When integrated over y,
the above imply the Llewellyn-Smith relations,

v, X
R'= fijy[[jf(rr((yfz]vL;Xi//izyy]] 5
= (/o /DoY), (85)
1 5
=§—Sin20W+ §(1+r)sin49w; (86)
= (/A D)+ ), (88)
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L 5 .
=E—smzﬁw—f—g(l%—r*l)sm“f)w; (89)
with
_ Jdy[do(v,N—p"X)ldy] 90
"= Tdyldo(v,N—p X)ldy]’ (0)
the v, to v, charged-current ratio. Because the

Llewellyn-Smith relationships also hold at the differen-
tial cross-section level, r can be defined to incorporate
experimental hadron energy acceptance. For an ideal
full acceptance experiment, r=0.5, whereas typical ex-
perimental cuts reduce this value to r=0.35—0.45. The
Llewellyn-Smith formula is valid for an idealized isospin
zero target composed only of first-generation quarks.
Corrections must be applied in real experiments to take
into account the effects of nonisoscalar targets and, es-
pecially, heavy quarks involved in the scattering.

A different combination of couplings can be isolated
through a linear combination of R” and R":

g-=RR 91
—T, ( )
_ [do(v,N—v,X)ldy]-[do(v,N—v,X)ldy]
[do(v,N—u X)ldy]-[do(v,N—u" X)/dy]

(92)

=2+ /%= —r? (93)
1

= > —sin’ By (04)

This final line expresses the Paschos-Wolfenstein rela-
tionship (Paschos and Wolfenstein, 1973). It retains its
accuracy even if heavy-quark contributions to the
neutral-current and charged-current cross section are in-
cluded, provided that these contributions are the same
for v, and v, . This latter feature makes this quantity
superior to all other electroweak observables in the neu-

trino sector.’

4. Standard model corrections to »,(v,) N cross sections

Several corrections must be applied before standard
model couplings can be extracted from the Llewellyn-
Smith or Paschos-Wolfenstein relations or their variants.

SDirect implementation of the Paschos-Wolfenstein method
requires knowledge of the relative v: v flux ratio to an accuracy
that would be difficult to obtain in practice. This difficulty can
be surmounted by analyzing the data in the form suggested by
the first line of Eq. (91), in which all cross sections appear only
in ratios. The relative flux error is then converted to an uncer-
tainty in r, which is known to about 2%, a level that does not
result in unacceptable systematic error. For more details, see
Bolton (1995).
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a. Standard model electroweak radiative corrections

Radiative corrections approximately factor into two
parts: QED final-state radiation (De Rujula et al., 1979),
for which final-state muon bremsstrahlung diagrams are
most important, and purely weak corrections, which ef-
fectively shift coupling constants (Marciano and Sirlin,
1980). A complete treatment that combines the two ef-
fects exists (Bardin and Fedorenko, 1979).

The effect of weak corrections can be represented
schematically by the following:

/= (1+Ap)/y, (95)
r—(1+Ap)ry, (96)
sin? @y — (1 + A k)sin? Oy . 97)

Calculation of Ap and Ak requires a precise definition of
sin’6y,. While any definition is possible, it has become
conventional to use the on-shell or Sirlin definition [Eq.
(71)] to describe vN scattering. With this convention,
the leading contributions to Ap and Ax that arise from
the large top mass,

3Gr 5 ) W
= + — |4
Ak 52 cot“0wM;,,+O In M , (98)
Ap= 2O M? +01 i 99
pP= 83 2 “"top n M2 ) ( )

largely cancel (Marciano and Sirlin, 1980; Stuart, 1987),
and a sin’6,, measurement from vN scattering can be
thought of as an effective W-mass measurement,®

sin® @y, ( vN) =sin? 6y, (on-shell). (100)

Since the direct measurement of the top mass (Abachi
et al., 1995; Abe et al., 1995b), the on-shell definition is
less motivated, although it remains convenient so that
the precision of neutrino measurements can be com-
pared to that of colliders.

QED radiative corrections are numerically large and
must be handled with care. Their dominant effect is to
harden the observed y distributions for v,N and v,N
charged-current cross sections relative to their expected
theoretical forms; good control of acceptance correc-
tions minimizes their effect.

b. Structure functions and higher-order QCD corrections

The use of neutral-current to charged-current cross-
section ratios coupled with the approximate validity of
the Llewellyn-Smith and Paschos-Wolfenstein relations
obviates the need to correct for light-quark structure-

SStrictly speaking, this is true only if sin’6y, is extracted using
the Llewellyn-Smith formalism, and even then, only if experi-
mental acceptance effects do not move the effective value of r
too far from r=0.4—0.5. These restrictions have no conse-
quence now that M, corrections can be made.
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function effects. Similarly, uncertainties in ag(Q?) con-
tribute negligible error in the extraction of electroweak
parameters.

¢. Heavy-quark production

The most uncertain parts of ¥N charged-current and
neutral-current cross sections are due to scattering from
and production of heavy flavor,

I (101)
V,C—V,C, (102)
v, d—u~c, (103)
v, S—pC, (104)
vS—uU; (105)

here s is counted as ‘“‘heavy.” The phenomenology and
experimental status of neutrino-induced heavy-quark
production is described in Sec. IV. For the purpose of
neutral-current analyses, heavy-flavor production intro-
duces uncertainties in electroweak analyses through two
main effects:

(i)  The neutral-current processes are not simply re-
lated to analogous charged-current cross sections
through a Llewellyn-Smith—type formula, due to
the role of the charm mass, CKM matrix ele-
ments, and large flavor asymmetry [s(&)#c(§)].

(ii) The threshold behavior of charm production is
not known well enough, independent of the
model used to describe it. In the naive leading-
order slow rescaling model, where the threshold
dependence in charged-current charm production
is described by a single effective charm mass m<",

one only knows m¢=131+0.24 GeV (Rabinow-

itz et al., 1993), an 18% error. Better models of
charm production exist, but these do not improve
the experimental uncertainty. Threshold effects in
charm production persist to very high neutrino
energies because of the important role of sea-
quark mechanisms, which predominate at low &,
where the effective center-of-mass-energy 2M E ¢

is not necessarily large compared to (m "),

d. Isovector effects

Two kinds of isospin-violating effects are present;
these can be thought of as nuclear and nucleon isospin-
violating effects.

Heavy targets, such as iron, used in high-statistics
scattering experiments have a small (~6% ) neutron ex-
cess. This excess creates cross-section terms propor-
tional to u—u—d+d=uy,—dy and u—d, referred to as
valence and sea contributions, respectively. The valence
contribution has only directly been measured in rela-
tively low-statistics vp and vD bubble-chamber experi-
ments (Jones et al., 1994); however, global fits (see, for
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example, Martin et al., 1996; Lai et al., 1997) to parton
distributions that compare high-statistics vN charged-
current scattering to ep, up, eD, and uD electropro-
duction provide tight indirect constraints. The sea-quark
contribution, now known not to vanish (Amaudruz
et al., 1992a), is not well constrained, but is numerically
small.

Isospin violation exists even in an isoscalar target, be-
cause electromagnetic and quark mass effects break the
equality between u(proton) and d(neutron) quark dis-
tributions. These effects produce corrections to sin’6yy, of
~0.002 (Sather, 1992).

e. Longitudinal cross section

The simple decomposition of vN cross sections into
terms proportional to 1 and (1—y)? is broken by the
existence of a nonzero longitudinal structure function
R, (&0%). As in the case of other higher-order QCD
effects, the longitudinal structure function modifies the y
distribution but not the Llewellyn Smith or Paschos-
Wolfenstein relations. Influence on neutrino experi-
ments arises only because the y distribution slightly
affects charged-current/neutral-current separation ex-
perimentally. With sufficient care, acceptance correc-
tions for R, (£,0?) can be applied with negligible uncer-
tainty added to coupling extractions.

f. Higher-twist effects

Higher-twist contributions to neutrino cross sections
fall as 1/Q%", with n=1. This kinematic dependence
alone severely suppresses their effects on neutral-
current analyses at high energies. Further suppression
arises from the similarity of neutral-current to charged-
current cross-section ratios from deep-inelastic and
higher-twist sources, provided scattering occurs from an
isoscalar target (a consequence of the Llewellyn Smith
relation). For example, purely elastic scattering, the
“highest twist” of all, has a neutral-current to charged-
current cross-section ratio of ~0.35, as compared to the
deep-inelastic scattering total of ~0.31.

In fact, higher-twist effects are arguably absent in any
experiment that is in a regime where logarithmic QCD
evolution of structure functions dominates (Q?
>1-10 GeV?, depending on &). In order to exhibit this
approximate scaling behavior, the cross section must
consist of a very large number of high-twist terms; but,
by duality arguments, many high-twist terms added to-
gether are equivalent to the simpler quark scattering
picture.

Pumplin (1990) has argued to the contrary, based on
an application of vector/axial-vector dominance. In his
model, the a;—p mass difference generates substantial
and uncertain violations of the Llewellyn Smith relation-
ship (but not the Paschos-Wolfenstein relationship, since
vector dominance produces equal v, and v, cross sec-
tions). However, his model fails to describe charged-
current differential cross sections unless its parameters
are constrained to the level where effects on the neutral-
current to charged-current cross-section ratios are
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small.” Furthermore, from the arguments above, it may
simply be incorrect to decompose an inclusive cross sec-
tion displaying approximate scaling into a deep-inelastic
scattering contribution and a single higher-twist term.
More theoretical study of this issue would be useful.

5. New physics effects in v,(v,)e” and v,(v,)N cross
sections

Direct effects of physics beyond the standard model
can appear in v,(v,)N scattering through higher-order
loop corrections (standard model and non-standard
model Higgs, fourth-generation quarks), new propaga-
tor effects (heavy Z°, leptoquarks, compositeness), and
lepton mixing (mirror fermions, Langacker, Luo, and
Mann, 1992). Somewhat surprisingly, the advantage en-
joyed by neutrino measurements in probing certain
classes of new physics derives often from the low energy
scale of the process. For example, an unmixed new Z'
would produce linear shifts in couplings in v, N neutral-
current scattering, since both the Z° and Z' are far off-
shell. In contrast, the effect of a heavy, unmixed Z' in
e*e” scattering on the Z° pole would be to produce
quadratic shifts in observed coupling, since the Z’ would
not interfere directly with the Z° at the pole. An advan-
tage is also enjoyed over direct searches at the Tevatron,
which have excellent sensitivity to constructive interfer-
ence between Z° and Z’, which increases lepton pair
cross sections over expectations, but relatively poor sen-
sitivity to destructive interference, which has the oppo-
site effect.

Other new physics not directly related to neutral-
current processes can manifest itself through shifts in the
apparent values of R”,R” measured by experiment. For
example, v,—v,,v, oscillations would increase the
value of R”,R" relative to standard model expectations
because both v, and v, charged-current interactions pro-
duce an experimental v, neutral-current signature (Mc-
Farland et al., 1995).

"

B. v,e” and v,e" scattering: experiment

The experimental challenge in measuring neutral-
current processes is to separate genuine scattering from
electrons from much-larger-cross-section elastic and
quasielastic v,N and v,N reactions,

v,N—e (nm)X, (106)

where X consists of hadrons with energy too low to be
measured; furthermore, from the rare, but kinematically
similar, coherent pion production reactions:
7ON. (107)

V#N—n/,u

"Specifically, we have compared Pumplin’s model to high-
precision charged-lepton scattering and have concluded, con-
servatively, that his parameter S, is constrained to S,
<2 GeV? at 90% confidence level. Pumplin’s original analysis
allowed Sy— .
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FIG. 45. The CHARM II detector.

Background rejection arises primarily from application
of cuts that exploit the small momentum transfer inher-
ent in scattering from electron targets. This demands
good electron energy and angle measurement, which in
turn mandates fine-grained low-Z detectors. Since mea-
surement of electron charge is not possible in a practical
device, separate, high-purity, sign-selected beams are re-
quired. Corrections must be applied for the wrong-sign
neutrino content and for the few percent component of
v, Oor v, in the beam.

Charged-current scattering is also optimally per-
formed in a low-Z, fine-grained detector. This allows
superior rejection of the primary background, y—0 in-
clusive v, N scattering. At high energies, inverse muon
decay can also be observed in dense detectors as the
quasielastic processes become proportionally less impor-
tant and the final-state muon is easily observed. The low
y v, N background processes can be measured from in-
clusive »,N scattering under the assumption that
do(v,N-pu X)ldy=do(v,N—u"X)/dy as y—0.

1. Neutral-current scattering

CHARM 1II (Vilain et al., 1994a) recorded 2677+ 82
v,e  and 275288 v e~ events, after corrections, using
a 690-ton instrumented glass detector (Geiregat et al.,
1993; Fig. 45) in a 2.1X 10" proton-on-target exposure to
the 450-GeV CERN horn beam. The detector has excel-
lent electron identification and measurement capabilities
(Fig. 46). Average energies for v, and v, were 23.7 and
19.2 GeV, respectively. Backgrounds, mainly from co-
herent 7 production in elastic nuclear and nucleon scat-
tering and quasielastic v, N scattering, were at the 50%
level. The CHARM II statistics ensure that this experi-
ment dominates previous efforts at Brookhaven (Ahr-
ens et al., 1983; Ahrens et al, 1985; Abe et al., 1986);
hence this section is essentially a resumé of their results.

CHARM 1I published their final results in terms of
vector and axial-vector couplings, g;° and g’)°, which are
simply related to left- and right-handed electron cou-
plings, assuming the neutrino is purely left-handed, by
/o=3(gv+gx), re=3(gv¥—g). The results are

g=-0.035+0.012+0.012 (CHARM II),
g%¥=-0.503+£0.006=0.016 (CHARM II),

where the first uncertainty listed is the statistical error
and the second is the systematic error. These measure-

Rev. Mod. Phys., Vol. 70, No. 4, October 1998

N : (a)
o gl
(b}

CaDOeeeee
.
+ +e000
e

0
CaDefuens i,

-
Y
.
-

as
0o

FIG. 46. Display of two test-beam events in CHARM II de-
tector: (a) response to 10-GeV electron; (b) response to 10-
GeV pion. The small dots represent tube hits and the area of
the squares is a measure of energy deposition.

ments were then combined to yield an effective weak
mixing angle for ve scattering, sin’6}j, which, as noted
earlier, is fortuitously close, theoretically, to the effec-
tive mixing angle measured at LEP and SLD:

sin” A}y =0.2324+0.0058+0.0059 (CHARM 1I),

with the first error statistical and the second systematic.
These results, based on an analysis of the absolute dif-
ferential cross sections, were confirmed with an earlier
study based only on the shape of the y distributions
(Vilain et al., 1993; Fig. 47). Excellent agreement with
LEP/SLD results exists.

The CHARM II data also provided, after combina-
tion with LEP data and lower-energy v,e~ scattering, an
elegant demonstration of the flavor independence of the
Z" coupling to neutrinos (Vilain et al., 1994b).

Finally, the comparison of CHARM II coupling mea-
surements to standard model electroweak theory al-
lowed limits to be set on masses of new heavy Z’
bosons. For the optimal case of no mixing with the or-
dinary Z° boson, the following limits hold (Vilain et al.,
1994c):

do/dy[a.u.]

do/dy[a.u.]

1.5

0.5

FIG. 47. Neutral-current v, and 7# differential cross-section
shapes measured by CHARM II. Arbitrary units.
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FIG. 48. Limits of Z' set by CHARM II from a comparison of electron couplings with the standard model predictions.

My,,>262 GeV at 95% C.L. (CHARM II),

My ,y>135 GeV at 95% C.L. (CHARM 1),
My(,)>100 GeV at 95% C.L. (CHARM II),
My g)>253 GeV at 95% CL. (CHARM II).

More general limits are summarized in Fig. 48. While
these results have largely been superseded by direct
searches and other precision measurements, it is none-
theless remarkable that such constraints follow from the
modest statistics and low energy scale of CHARM II.

2. Inverse muon decay

CCFR (FNAL E744/770; Mishra et al., 1990) has a
sample of 3248+ 148 corrected events from an exposure
corresponding to 3X10° ordinary charged-current
events at an average energy E,=160 GeV. CHARM II
(Geiregat et al., 1990; Vilain ef al., 1996) recorded a sig-
nal of 15 758+324 events from a much larger exposure
(13.3X10° charged-current events) at an average energy
E =23 GeV. Signal-to-background for this reaction was
approximately 1:2.5 for both experiments. Figure 49
shows the background-subtracted transverse-momentum
spectrum from CHARM IL

The E,— o asymptotic cross-section slopes [Eq. (77)]
o;¢ measured by the two experiments agree, and the
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total measurement errors are comparable. CCFR’s error
is dominated by statistics, whereas CHARM 1I, with
their lower energy beam, is more affected by model un-
certainties in making the background subtraction. The
quoted cross section results,

oy¢=(16.93+0.85+0.52) X10~** ¢cm?> (CCFR),

opf=(16.01+0.33+0.83) 10" * cm?*> (CHARM II),

6.0

5.0

4.0

3.0

2.0

10® events / 0.005 (GeV?)

1.0

0.0- =+

R T
0 002 004 006 008 0.1
P’ (GeV?)

FIG. 49. Distribution of inverse muon-decay events as a func-
tion of pt2 from CHARM II. The solid line represents the ex-
pected distribution as simulated by a Monte Carlo calculation.
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FIG. 50. A charged-current event candidate in the CCFR de-
tector.

also agree with the standard model prediction o
=17.2Xx10"% cm?.

Consistency with the standard model allows the two
groups to set limits in the scalar coupling of

lg3 ;|?<0.30 at 90% C.L. (CCFR),

ve
0

g7 117<0.475 at 90% C.L. (CHARM II);
and CHARM 1I also quotes
lgV ;|?>0.881 at 90% C.L. (CHARM II).

These results confirm the V—A character of the
charged-current interaction.

It should be noted that CHARM II applied standard
model radiative corrections before setting their limits,
whereas CCFR apparently did not. The effect of the ra-
diative correction was to increase o;° by ~3%. Because
the radiative corrections would (fortuitously) move the
CCFR measurement closer to the standard model, ac-
tual limits on scalar couplings are probably tighter.

C. v,N and v,N scattering: experiment
1. Method

The critical issue in neutrino-nucleon neutral-current
to charged-current ratio measurements is the experi-
mental separation between neutral-current and charged-
current events. This separation essentially depends on
the presence or absence of a muon in a particular event,
as can be seen in Figs. 50 and 51, which show charged-
current and neutral-current candidate events in the
CCEFR detector.

Two approaches have been successfully employed in
high-statistics measurements: event-by-event charged-
current identification through muon track finding
[CHARM (Allaby et al., 1986; Allaby et al., 1987)] and
statistical separation based on the distribution of longi-
tudinal energy deposition in »,N interactions [CDHS
(Abramowicz et al., 1986; Blondel et al., 1990; CCFR
(Arroyo et al., 1994)]. Figure 52 illustrates the latter idea
as implemented by CCFR in the form of an event length
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FIG. 51. A neutral-current event candidate in the CCFR de-
tector.

distribution. The essential idea is that charged-current
events produce penetrating muons that deposit energy
over a large distance in the detector, whereas neutral-
current event lengths are characteristic of a hadron
shower. CDHS employed a variant of this technique,
which allowed the separation length to vary with energy
(Fig. 53). Corrections must be made for the fraction of
short events which are actually charged current, typi-
cally 5-20 %, and for the much smaller “punch-
through” of neutral-current events into the long-event-
length category.

The second most important experimental effect is the
correction for v, and v, in the beam. Both neutral-

T
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FIG. 52. Event length distribution for CCFR neutral-current
analysis. Length is measured in units of scintillation counters
exhibiting energy deposition in the event, with one counter
corresponding to approximately 10 cm of steel. The large peak
at short event lengths consists mainly of v, neutral-current
interactions, with a background of v, neutral-current and
charged-current interactions and high y v, charged-current in-
teractions.
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FIG. 53. Scaled event length distribution for CDHS neutral-
current analysis. The shape of the plot is similar to that of
CCFR, but the length separation is made energy dependent.
MONITOR refers to the sample of (mainly) charged-current
events with similar lengths to the neutral-current events that
are used for neutral-current/charged-current normalization.

current and charged-current electron-neutrino interac-
tions mimic the experimental signature of neutral-
current v, interactions, and their contribution to the
apparent neutral-current sample must therefore be sub-
tracted. The subtraction is estimated by a detailed
Monte Carlo simulation of the neutrino beam. This
simulation can be tuned to describe v,,v, produced
from charged-kaon decay with high accuracy, since the
K* decay contribution is tightly constrained by mea-
surements of the v, ,v, flux (Sec. IT). The largest uncer-
tainty in the calculated electron-neutrino flux comes
from other sources of v,, such as beam scraping or K9
decay. CCFR has recently directly measured the v, flux
in their experiment using the difference in longitudinal
energy deposition between electrons and hadrons (Ro-
mosan et al., 1997); the result confirms the calculated
flux used in electroweak measurements.

CHARM and CDHS attempted to extract values for
R” and R” and then infer sin?#y,, whereas CCFR varied
the mixing angle in a parametric Monte Carlo approach
to describe the data. Table IX compares properties of
CCFR and CDHS/CHARM.® We focus on these three
experiments in this section because other recent mea-
surements (Bogert et al., 1985; Reutens et al., 1990) suf-
fer from relatively poor statistical and systematic errors.

2. Standard model results

The most accurate determination of sin?6y, from vN
scattering is the recently updated final CCFR result
(McFarland et al., 1997):

8The latter pair ran in the same beam.
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TABLE IX. Comparison of properties of CCFR and CDHS/
CHARM experiments.

Property CDHS/CHARM CCFR

Mean neutrino energy 70 GeV 160 GeV
Minimum hadron energy 10 GeV 30 GeV
Mean Q? 15 GeV? 35 GeV?
Statistics 2.0x10° 8.1x10°

sin? @y/(on-shell) =0.2236 0.002 7,1,
+0.0030p04e1  (CCFR),

where the first error is the total statistical and systematic
experimental contribution and the second represents un-
certainties due to model corrections. This value was ex-
tracted from the ratio of neutral-current to charged-
current events assuming values of m=1.31 GeV,
M p,=175 GeV, and M ;=150 GeV; the explicit depen-
dence on these parameters is

sin”6@y/(on shell)=0.2236+0.0111(m"—1.31 GeV)
+(21X107°) (M, —175 GeV)

150 GeV (CCFR),
where the masses are in units of GeV. The significant
dependence of the result on the effective charm quark
mass and the weak dependence on radiative corrections
in translating to the on-shell mixing angle are evident. A
detailed breakdown of systematic errors is provided in
Table X. The dominant contributions are from statistics,
uncertainties in v, production (mainly from neutral-
kaon sources), and charm quark production.

CDHS and CHARM extracted their values for the
weak mixing angle from the Llewellyn-Smith formula.
CDHS (Blondel efal, 1990) obtained, using m"
=1.50 GeV, M,,,=60 GeV, and M =100 GeV,

sin?@y(on shell) = 0.228+0.005 5,

+0.005,,00e (CDHS),

and CHARM (Allaby et al., 1987) reports a very similar
result,

sin?@y(on shell) = 0.236+0.005 5,
+0.005m00er  (CHARM).

Unfortunately these results were published at a time
when the top mass was thought to be lighter; hence one
must undo some of the radiative corrections to compare
to the more recent CCFR result. If a common set of
model parameters is employed, CCFR, CDHS, and
CHARM agree in detail (Bolton, 1995), with the charm
production uncertainty dominating in all cases. The av-
erage value of sin’6y, obtained is

sinfy(on shell)=0.2256+0.0035 (average vN).

This value is obtained by fitting the CHARM, CDHS,
and CCFR mixing angles and the CDHS and CCFR
charm mass measurements to a simple model that allows
sin6y, and miff to vary. The fit has a x*> of 2.9 for 3

—0.0002 ln(
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TABLE X. Uncertainties from updated CCFR extraction of
2
sin“ By, .

SOURCE OF UNCERTAINTY & sin” Gy,
Data statistics 0.0019
Monte Carlo statistics 0.0004
Total statistics 0.0019
Charm production (m.=1.31+0.24 GeV) 0.0027
Charm sea 0.0006
Longitudinal cross section 0.0008
Higher twist 0.0010
Non-isoscalar target 0.0004
Strange sea 0.0003
Structure functions 0.0002
Radiative corrections 0.0001
Total physics model 0.0030
v, flux 0.0015
Transverse vertex 0.0004
Energy measurement
Muon energy loss in shower 0.0003
Muon energy scale (£1%) 0.0004
Hadron energy scale (£1%) 0.0004
Event length
Hadron shower length 0.0007
Vertex determination 0.0003
Detector noise, efficiency 0.0006
Dimuon production 0.0003
TOTAL EXPERIMENTAL 0.0027
TOTAL UNCERTAINTY 0.0041

degrees of freedom and also yields an estimate of m ™

=1.37+0.19 GeV. The contribution to the sin’6y, error
from charm production is +0.0023.

Within the standard model, the vN sin’6y, measure-
ment implies

My=80.25£0.18 GeV (average vN).

The latter agrees well with direct determinations at the
Tevatron and LEP II. The most recent high-accuracy
measurements are those of Abe et al.,, 1995a; Abachi
etal, 1996 and Ackerstaff etal, 1996, My =280.33
+0.15 GeV, and the indirect determination from global
fits to eTe~ data at the Z° (see, for example, Renton,
1995), M, =80.359+0.056 GeV.’

3. Model-independent results

The three collaborations have also attempted to
present their results in a more model-independent form,
and we summarize these results here. Where possible,
the explicit dependence of a parameter on the effective
charm quark mass m®" is given, since correcting for

%For a more detailed summary, see Barnett et al. (1996).
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charged-current charm production produces the largest
systematic uncertainty in all results. In these cases, the
charm mass contribution to the parameter is not in-
cluded in the quoted error, but it can be easily calculated
from m'=1.5+0.3 GeV used by CHARM/CDHS and
m=131+0.24 GeV used by CCFR. B

CHARM and CDHS quote values of R” and R”, as
well as separate extractions of Ap and sin’6y,. CHARM
obtains

R”=0.3093+0.0031 (CHARM),

R”=0.390=0.014 (CHARM),

using r=0.456=0.011 (CHARM), whereas CDHS ex-
tracts

¥=(.3135+0.0033 (CDHS),
R"=0.376+0.0016 (CDHS),

using r=0.409+0.014(CDHS). These cross-section ra-
tios represent the most model-independent expression
of vN electroweak results; only corrections for experi-
mental effects and the nonisoscalar nuclear targets are
applied. As such, they cannot be directly used for elec-
troweak tests without further model corrections. CDHS
has applied these corrections to get

R"=0.3122+0.0034

expt
—0.009(m—1.5 GeV) (CDHS),
R"=0.378+0.014,,
—0.019(m—1.5 GeV) (CDHS).

The 0 superscript denotes that these quantities have ef-
fects due to heavy quarks, radiative corrections, and
other factors removed from the physical cross-section
ratios. Application of these corrections requires slightly
different v, to v, charged-current ratios to be used in
the Llewellyn Smith formulas, r’=0.383+ 0.014 ¢y
+0.004(m"—1.5 GeV) for neutrinos and 7°=0.371
i0.014expt+0.004(m§ff—1.5 GeV) for antineutrinos.
Because CDHS and CHARM took data in sign-
selected beams, they could extract two electroweak pa-
rameters from their data without assuming the standard
model. Translated to the notation of Egs. (98) and (99),
CDHS extracted values for these parameters (originally
expressed as p and sin’6yy), using only their own data, of

Ap=0.0090.020,,
—0.023(m"—1.5 GeV) (CDHS),
(14 Ak sin®Oyy) =0.218+0.021 ¢y
—0.011(m"—1.5 GeV) (CDHS).

The larger experimental error on the mixing angle sim-
ply reflects the weaker constraints of a two-parameter
fit. The strong top-mass dependence of Ap and Ak in the
standard model allowed this measurement to be used to
constrain M,<200 GeV well before the direct observa-
tion of the top quark. CDHS and CHARM weak-
mixing-angle measurements also decisively ruled out the
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FIG. 54. Constraints on g7 =/2+/% and gx=r2+r3 from
CCFR model-independent result and all neutrino data com-
bined. Also shown are the projected constraints on these cou-
plings from the NuTeV experiment.

once-promising grand unified theory based on minimal
SU(5) (which predicted sin?6,,=0.218+0.004), corrobo-
rating results from proton-decay experiments (Marciano
and Sirlin, 1980).

CCFR quoted an experimental value (McFarland
et al., 1997) for a sum of couplings that is closest to what
it actually measured in its mixed v, /v, beam:

k=1.7897(/2+ /%) + 1.1479(r2 + r3)
—0.0916(/%— /%) —0.0782(r2—r?),
=0.5820+0.0031

—0.0111(m"~1.31 GeV) (CCFR). (108)

This value can be used to constrain values of left- and
right-handed couplings to quarks as shown in Fig. 54.
Using this measurement and the standard model predic-

tion of kgy=0.5817+0.0013, with standard model pa-
rameters fixed from other precision electroweak mea-
surements of M, My, and M,,, CCFR set limits on
some new physics processes:

(i) For “left-left” four-fermion contact operators
described by a Lagrangian —L==(47/

AEL)I_L Y0lqryar,

Af;>47 TeV at 95% C.L.,
A7;>5.1 TeV at 95% C.L.

The approximate equality of these limits reflects
the equal sensitivity to destructive and construc-
tive interference effects in vN scattering men-
tioned earlier and compares favorably with results
set by CDF (Bodek, 1997). Limits on a set of
other composite operators are also set.

(i)  For SU(5) leptoquarks that do not induce flavor-
changing neutral currents and that have dominant
left-handed couplings,
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M;oln|7'>08 TeV at 95% C.L.

where M, o is the leptoquark mass and 7, the
left-handed coupling parameter.

The CCFR result can be input into the formalism of
(Langacker, Luo, and Mann (1992) to obtain parametric
limits on a variety of new ph%/sics models. These results
are summarized in Table XI."

VI. SUMMARY AND OUTLOOK

High-energy, high-precision neutrino measurements
have become an important tool for measuring the pa-
rameters of the standard model and for testing our un-
derstanding of the electroweak and strong interactions.
This review has presented the current status of these
measurements and has pointed out some of the open
Uquestions. These topics are summarized below along
with comments on future measurements, now underway
or being planned, which will have even higher precision
and be able to address some of these questions.

A. Structure functions and QCD tests

Precision neutrino experiments have made important
contributions to our knowledge of nucleon structure and
the strong interaction through the measurements of the
structure functions F, and xF5;. Data have been taken
over a wide range of targets and energies. The total neu-
trino cross section divided by energy has been found to
be constant with energy, regardless of target. The
structure-function measurements have different assump-
tions concerning R; and radiative corrections, and are
made on different types of target nuclei, making cross-
experiment comparisons difficult. Iron data between
CCFR and CDHSW can be directly compared, and a
discrepancy exists, particularly in the low-x region and
as a function of Q2.

Neutrino-scattering studies yield important determi-
nations of the parton distribution functions. These re-
sults are important inputs to the global fits due to the
unique flavor differentiation of the neutrino measure-
ments combined with the good precision. The x F5 struc-
ture function is particularly important due to its close
connection to the valence-quark distribution.

The recent neutrino measurements have comparable
statistics to the charged-lepton structure-function mea-
surements. Comparisons of the neutrino F, measure-
ments to charged-lepton experiments allows an impor-
tant test of the universality of the parton distributions
measured in different processes. The comparison indi-
cates general agreement over most of the kinematic re-
gion but a small discrepancy at low x after quark charge

0The values in Table XI are inferred from the CCFR mea-
surement by the authors of this review; the experiment may
publish more extended results that differ slightly from those
presented here.
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TABLE XI. Summary of limits on parameters for models of new physics beyond the standard model as described by Langacker
et al. (1992) based on CCFR preliminary model-independent result.

Model 95% C.L. Comment
M, €= Mz>691 GeV Z(x) with (g3/g2)=% sin’6yy
Mz, €=0 M,,>215 GeV Z(x) with (g5/g,)?=1 sin6y
My, C=V2 M. >843 GeV Z() with (g5/g,)>=2 sin’6yy
Mz, C=— \/g Mz:>513 GeV Z() with (g5/g>)*=35 sin’fy
Mz, C=0 Mz:>54 GeV Z() with (g3/g2)>=3 sin’6y
My, C=— Vi Mz>101 GeV Z(7) with (g3/g,)*=3 sin’6y
My, €=\ Mz:>819 GeV Z(n) with (g5/g,)*=3 sin’6yy
Mz(y . C=0 Mz >87 GeV Z(7) with (g3/g,)*=3 sin’6y
Myr)» C=3a Mz:>988 GeV Z(3R) with (g3/g,)° =3 sin’6y
Mg, C=—2a M, >189 GeV Z(3R) with (g}/g,)>=1 sin’gy,
Mz@zry, C=0 M ,,>244 GeV Z(3R) with (g5/g,)>=73 sin’6y
Non-SM Higgs Ap<0.0049 radiative correction parameter

SU(5) Leptoquark

extra u; fermion sin?¢; <0.011
extra uy fermion sin?#,<0.037
extra d; fermion sin# <0.009
extra d fermion sin®¢;<0.074
extra e; fermion sin?¢; <0.043
extra v,; fermion sin?6°<0.043
extra u; fermion sin?#4<0.006
extra v, fermion sin?6+<0.043
4-Fermi plus A,>4.1TeV
4-Fermi minus A_>4.0TeV

RH coupling 7z=0
mixing with ordinary u;
mixing with ordinary ug
mixing with ordinary d;
mixing with ordinary d
mixing with ordinary e,
mixing with ordinary v,
mixing with ordinary u;
mixing with ordinary v,
compositeness scale
compositeness scale

and nuclear corrections are applied. At present, this dif-
ference is not understood. The discrepancy may be re-
lated to assumptions concerning nuclear corrections or
to systematic errors in one or more of the experiments
at low x. The difference is too large to be explained by
uncertainties in the strange sea, which has been mea-
sured from neutrino charm production.

Precise tests of QCD are now possible with neutrino-
scattering data. The CCFR E744/E770 data are the most
precise, and the Q2 evolution of the structure functions
yields A%Oﬂ‘f =337x31(exp) MeV, equivalent to
a,(M%)=0.119+0.002(exp)+0.004(scale). This is the
most precise measurement of «, at low and moderate
Q? values. The agreement of the CCFR data with the
QCD expectation is quite good. The Gross-Llewellyn—
Smith sum-rule results have sufficient accuracy to test
the predicted QCD corrections. Evaluation of this sum
rule yields another measurement of the strong-coupling
constant which is consistent with the CCFR e, result
from QCD evolution. Because of the inclusive nature of
the Gross-Llewellyn—Smith and evolution measure-
ments, these results have small theoretical errors and
have been important in the past in establishing the QCD
theory and more recently in making precise measure-
ments of the fundamental parameters.

The NuTeV experiment (Bolton et al., 1990) at Fermi-
lab, which uses the upgraded CCFR detector and a new
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sign-selected beam (Bernstein et al., 1994), began taking
data in May 1996. This experiment will address many of
the issues concerning structure functions raised in this
review. Among the NuTeV goals are more precise mea-
surements of @, and R; . In order to investigate fully the
discrepancy in the F, measurements, more data in the
low-x region are required, with improved systematic un-
derstanding. The NuTeV experiment is expected to ob-
tain approximately equal statistical errors on F, with
substantially reduced systematics. The most important
systematic uncertainties are related to the absolute en-
ergy calibration of the detector. For the NuTeV experi-
ment, precise hadron and muon energy calibrations will
be obtained over a wide range of energies, using preci-
sion test-beam measurements throughout the run. With
these improvements, the experiment should be able to
measure the QCD scale parameter A to better than 25
MeV and improve significantly the uncertainties in the
F, structure-function measurements at low x.

B. Measurements of the strange sea, charm sea, and
|Vcd|

Neutrino charm production has been used to isolate
the nucleon strange-quark distributions, xs(x) and
xs(x), and study the transition to the heavy charm
quark. The CCFR next-to-leading-order analysis agrees
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well with their dimuon data over a broad range of ener-
gies, with a charm quark mass m.=1.70=0.19 GeV. At
next-to-leading order, the strange-quark distribution is
found to have the same shape as the nonstrange sea but
with a magnitude that is (48+5) % of an SU(3) symmet-
ric sea. These measurements imply that an increased
strange sea cannot be the explanation for the discrep-
ancy between the neutrino and charged-lepton measure-
ments of F, at low x. Investigations by the CCFR col-
laboration also indicate that the s(x) and s(x)
distributions are similar, as expected from a perturbative
QCD source but inconsistent with nonperturbative mod-
els of intrinsic strangeness in the nucleon.

The CKM matrix elements |V, 4| and |V | are deter-
mined from the neutrino dimuon data using an effective
charm semileptonic branching ratio found from -
emulsion and e"e~ data. The combined CCFR/CDHS
data yield a value of |V, 4/=0.23275917  which is in ex-
cellent agreement with the value of |V .,/ =0.221+0.003
found from other measurements combined with the uni-
tarity of the CKM matrix. With the assumption that the
strange sea must be smaller than the nonstrange sea («
<1), |V, is limited by the dimuon data to be >0.74 at
90% C.L. The parameter « could possibly be deter-
mined in the future from a measurement of x F3(x,0?%)
—xFy(x,0%)=4x[s(x,0%)—c(x,0%)]. A 20% mea-
surement of « will provide a 10% measurement of
|Vcd|/| Vcs|-

Present and future high-energy neutrino experiments
should be able to improve these measurements signifi-
cantly. The NuTeV experiment at Fermilab is running
with a sign-selected beam that will eliminate the v/v
confusion in the dimuon channel at low x with statistics
similar to the CCFR (E744/770) sample. NOMAD
(Astier et al., 1991) and CHORUS (Armenise et al.,
1990; DelJong et al., 1993) at CERN are presently run-
ning with a high-energy, horn-focused beam searching
for neutrino oscillations. These experiments will also
record a sizable number of charm production events
(about 20 000 dileptons for NOMAD and 20 000 recon-
structed charm particles for CHORUS.) As in the E531
experiment, CHORUS will be able to reconstruct exclu-
sive channels, allowing precise tests of the theory. The
ultimate neutrino charm production experiment is COS-
MOS (E803 at Fermilab; Kodama et al, 1993). Like
CHORUS, the experiment is a hybrid emulsion experi-
ment that can reconstruct exclusive charm final states.
The estimated data sample is 200 000 reconstructed
charm events, which might allow a determination of
|V.ql to ~2% (Bolton, 1997, 1994).

Wrong-sign single-muon production has also been
used to probe the charm content in the nucleon through
the neutral-current scattering of a v, off a charm quark,
which subsequently decays into a ,u‘# From their wrong-
sign single-muon data with £ ;;>100 GeV, the CCFR
collaboration has set a 90% confidence level upper limit
on the wrong-sign single-muon rate of 4.3X 10~ %, which
is much larger than the estimate of 1.4X107° for
neutral-current charm scattering.

Rev. Mod. Phys., Vol. 70, No. 4, October 1998

Conrad, Shaevitz, and Bolton: Precision measurements with neutrino beams

The currently running NuTeV experiment will have a
substantially reduced 7# contamination in their new
SSQT beam, which corresponds to a 2X 10~ wrong-sign
single-muon rate for E,;;>100 GeV. If additional cuts
can be used to minimize the other backgrounds, the
NuTeV experiment may be able to isolate a neutral-
current charm scattering signal and make the first direct
estimate of the charm sea in the nucleon.

C. Electroweak measurements with neutrinos

Experimental results on v, scattering on electrons
and nucleons confirm predictions of the standard model
at low to moderate spacelike momentum transfer and, in
some cases, provides interesting limits on possible new
physics beyond the standard model.

CHARM 1II and earlier experiments have demon-
strated from neutral-current measurements with elec-
tron targets that Z° couplings to neutrinos are indepen-
dent of family number and that the Z° couples to
electrons in processes with very small spacelike momen-
tum transfer with precisely the strength specified by the
standard model and precision measurements at very-
high-energy collider experiments. CCFR and CHARM
IT measurements of charged-current scattering of neutri-
nos from electrons demonstrate conclusively that the
charged-current process is uniquely V-A and set tight
constraints on possible exotic couplings beyond the stan-
dard model.

Precision neutral-current measurements with nucleon
targets by CDHS, CHARM, and CCFR allow an inde-
pendent and competitive (AMy,=*+180 MeV) predic-
tion of the W boson mass within the standard model in a
very different kinematic regime than direct and indirect
collider determinations. The consistency of neutrino
measurements with standard model predictions allows
limits to be placed on a variety of possible new physics
parameters, especially those involving light quarks.

The only way to probe for the expected new physics
beyond the standard model is currently through preci-
sion electroweak tests, and this situation will likely per-
sist at least until the LHC turns on and begins taking
data. Because effects of new physics at low energies will
be small and subtle, if they are there at all, it is desirable
to perform as many cross checks as possible. Neutrino-
nucleon scattering experiments are perhaps the only
noncollider measurements that have the required sensi-
tivity to provide these checks. And indeed, there are
prospects for further gains from two near-term efforts
that should improve electroweak measurements in the
neutrino sector.

The NuTeV experiment is currently taking data with
high-intensity sign-selected beams that will permit the
first significant exploitation of the Paschos-Wolfenstein
relationship, which will reduce the error due to heavy-
flavor production by a factor of 4-5. The new beam de-
sign also eliminates much of the uncertainty attributed
to K9 production of v,. Depending on the total number
of protons ultimately delivered, NuTeV should measure
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sin?6y, with an error of 0.002—0.003, which is equivalent
to a W mass measurement of 100-150 MeV.

High-sensitivity searches for v,— v, oscillations are
now underway with CHORUS and NOMAD at CERN,
soon to be joined by COSMOS and MINOS (Ables
et al., 1995) at Fermilab. While these experiments prob-
ably will not directly measure electroweak parameters to
interesting precision, they should greatly improve our
understanding of neutrino-induced charm production. It
is possible that the error on the effective charm mass
will be reduced by an order of magnitude or more, par-
ticularly by CHORUS and COSMOS, which will have
unique abilities to measure inclusive charm production
in their emulsion targets. With the largest systematic un-
certainty in v, N perhaps nearly eliminated, one might
envision a successor to the NuTeV experiment running
at Fermilab with the higher intensity of the Fermilab
Main Injector, or possibly even a new neutrino experi-
ment at LHC or a muon collider.
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APPENDIX: COLLABORATIONS AND RESEARCH
FACILITIES

15-ft BC Fifteen Foot Bubble Chamber Collaboration
at Fermilab
BCDMS Bologna-CERN-Dubna-Munich-Saclay
BEBC Big European Bubble Chamber
CCFR Columbia-Chicago-Fermilab-Rochester
CDF Collider Detector at Fermilab
CDHS CERN-Dortmund-Heidelberg-Saclay
CDHSW  CERN-Dortmund-Heidelberg-Saclay-Warsaw
CERN European Laboratory for Particle Physics
CESR Cornell Electron Storage Ring accelerator
CHARM CERN-Hamburg-Amsterdam-Rome-Moscow
CHARM Il Upgraded CHARM Experiment
CHORUS
CLEO Collider Detector at CESR
COSMOS COsmologically Significant Mass Oscillation
Search
CTEQ Project on Collaborative Theoretical
and Experimental Studies of QCD
DO DO Collider Detector at Fermilab
EMC European Muon Collaboration
Gargamelle CERN Liquid Freon Bubble Chamber
GRV M. Gluck, E. Reya, and A. Vogt
H1 H1 Collider Detector at HERA
HERA Hadron Electron Ring Accelerator
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HPWF Harvard-Pennsylvania-Wisconsin-Fermilab

LEP Large Electron Positron collider

LHC Large Hadron Collider

MINOS Main Injector Neutrino Oscillation Search

MRS A. D. Martin, R. G. Roberts and W. J. Stirling

NMC New Muon Collaboration

NOMAD Neutrino Oscillation MAgnetic Detector

NuTeV Neutrino Experiment at the Fermlab Tevatron

OPAL Omni-Purpose Apparatus at LEP

PDFLIB Parton Distribution Functions Library Database

PDG Particle Data Group

SLAC Stanford Linear Accelerator Center

SLD SLAC Linear-Collider Detector

SPS Super Proton Synchrotron

UAl1 CERN SppS Collider Detector

WHPFOR  Wisconsin-Pennsylvania-Fermilab-Harvard-
Ohio State-Rutgers

ZEUS ZEUS Collider Detector at HERA
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