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ABSTRACT

We propose to measure the parity-violating interference between electromag-

netic and weak coupling in deep-inelastic electron scattering from hydrogen and

deuterium. The primary physics goals are to test the electro-weak Standard Model

and to determine the flavor content of the quark sea. The experiment will deter-

mine the Z-quark coupling to an equivalent precision in sin2(9w) of approximately

1.5%, and will measure the relative s( x) contribution to the quark sea to about

0.05 at x < 0.2. The experiment is also sensitive to differences in the up and down

sea quark distributions

The experiment consists of scattering polarized electrons from 40 cm long liquid

hydrogen and deuterium targets in End Station A. The scattered electrons are

detected in two identical large solid angle magnetic spectrometers centered around

a.. scattering angle of 3.75°. The spectrometer is almost entirely made up of existing

magnets. The beam is required to have a polarization of about 80%, high cunent

(4 x 1011 per beam pulse at 120 Hz) and an energy of 32.4 GeV. The combination of

higher beam polarization, higher beam energy, and larger spectrometer solid angle

provides a factor of 5 to 10 greater sensitivity than the original SLAC experiment

on deuterium. The addition of hydrogen allows more sensitive studies of the flavor

co!1tent of the quark sea. A second stage to the experiment using a beam energy

of 49 Ge V is also considered.

A total of two months of running time is requested for an initial run at 32.4

GeV, of which one third will be used for checkout and calibrations, and two thirds~

for data taking. Assistance from the laboratory will be required to obtain the high

polarization, high intensity beam, to make precision beam polariza.tion measure-

ments, to build the spectrometers and target, and to acquire new detectors.

In a relatively modest running time, this experiment, whim can only be done

at SLAC, will provide both a significant test of the Standard Model and greatly

increase our knowledge of the flavor content of the quark sea. There is a significant.

potential for new discoveries if the results do not match standard expecta.tions.
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Overview

The 1978-1979 SLAC measurementsl of parity violation in deep inelastic scat-

tering were important in establishing the Weinberg-Salam electro-weak part of the

Standard Model, and measured sin2(9w) to ~ 10%. The experiment consisted of

scattering longitudinally polarized electrons from fixed unpolariz~ deuterium or

hydrogen targets, and detecting the scattered electrons at relatively forward angles

in a momentum-analyzing spectrometer system. The interference between single

photon and single Z exchange to the struck quark in the target results in an asym-

metry between cross sections measured with the two possible beam helicities.

Four factors make it possible to now propose a much more precise experiment

using the facilities available at the SLAC linac and End Station A: higher beam

energy; higher beam polarization; better beam polarization measurements; and

larger spectrometer solid angle. There are two principal physics goals. The first

is to measure the Z - quark couplings, which depend only on sin2(Ou,), to an

equivalent precision in sin2(Ow) of 1.5%. Deviations from the values expected using

sin2(Ow) from the Z mass (which gives the most precise determination) would

indicate physics beyond the Standard Model, such as extra Z's, leptoquarks, or

compositness. The proposed 1.5% sensitivity to sin2(Ow) is seven times better tha.n

the original SLAC experiment, and is comparable to many of the other Standard

model tests presently being performed. In particular it is comparable to the level of

sensitivity expected in the next five years from atomic parity violation experiments.

which provide the only other sensitive test of the Z -quark couplingsV(but measure

a different combination than DIS, and have much different systematic errors). It is

important to make precision tests of the Standard Model with as many observables

as possible to look for new physics, since the existence of new particles affects each

of the observables differently. Only by observing the pattern of deviations from

the Standard Model in several different observables will it be possible to pinpoint.

the type of new physics that has been observed. The present proposal makes

a significant contribution to this effort, and SLAC is the only place where the

experiment can be carried out in the foreseeable future.
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The second goal of the experiment is to measure a new combination of quark

distribution functions at low x. Combined with other deep-inelastic experiments,

this can be used to determine the flavor content of the quark sea, and in particu-

lar learn about the strength of the strange sea and a possible isospin asynunetry

between u and d sea quarks, as suggested by the observed violation of the Got-

tfried Sum Rule. The experiment measures relative quark contributions at the 5<7(,

level, providing very strong constraints on models of nucleon structure at low to

moderate x. By combining the present results with measured F2 and F3 structure

function measurements from unpolarized lepton and neutrino deep-inelastic scat-

tering, we will for the first time be able to determine the relative contributions of

the three light quarks to the sea. Considering that the strange quark contribution

is practically unknown at present, and could in fact be strongly Q2-dependent (go-

ing to zero at low Q2), the present experiment will mark a milestone in the field

of nucleon structure. In addition to studying the flavor content of the sea, the

higher-x measurements on hydrogen provide another way to determine the ratio

of d and u valence quark distributions, and consistency with neutrino and Ff / Fi
measurernents can be Checked.

Definitions

The experiment consists of measuring the asymmetry between scattering left-

and right-handed polarized electrons from unpolarized hydrogen and deuterium

targets. In the Standard Model, the asymmetry arises from the interference be-

tween photon and Z exchange diagrams, and is given by [2}

A O'R - O'L

=

O'R + O'L

where

y =(1-(1 ~,}~}/{l+{l- y)2) ~ Y = viE,
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and where 11 = E - E' is the energy lost by an incident electron of energy E

scattering to an electron of energy E'. The factors G F and a are the Femli and

fine coupling constants, respectively. For a proton target, the functions

D(:1:) = [d(:1:) + d(:1:)]) + [8(:1:) + 8(:1:)]

U(:1:) = [u(:1:) + 11(:1:)]

(neglecting heavy quark contributions) are sums of the proton quark and anti-quark

distribution functions, each of which depends on the Bjorken scaling variable J' =
Q2 12M ZI (where M is the nucleon mass) and evolves slowly with four-momentum

transfer squared Q2. The u(x) and d(x) functions are often decomposed into

valance and sea components, where the sea quark and anti-quark components are

equal by definition. In the case of the deuteron, the assumption of isospin symmetr)'

is genera.lly made (ie all u and d distributions interchanged for the proton and

neutron, but the s distributions remain unchanged), and it can be shown that in

this case

D(x)
"ii"(;j"

This assumes that the deuteron amplitude can be formed by simply summing over

proton and neutron amplitudes. In practice, small corrections for shadowing in the

deuteron must be made.

The Z quark couplings are given by

1 2
2" - '3 sin2(Ow) ~ 0.34

-~ + 2sin2(Ow) ~ -0.04

1
C2d = "2 2 sin2((}w) ~ 0.04,
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assuming the Weinberg angle is given by sin2(8w) = 0.23. Numerically, for all

A ~ _10-4Q2(.74 + .16Y).

The experimental asymmetry is diluted by the beam polarization P e, so that

N+ - N-
'r~~ = PeAcAexp N+ + N-

where N+ and N- are the number of scattered electrons detected fron1 + and

beam helicities respectively. The statistical error is given by

For Q2 in the few (GeV /c)2 range, it can be seen that on the order~f 1011 electrons

must be detected to acl1ieve few percent errors in the physics asymmetry. Given

that there are only 108 beam pulses in 10 days of perfect running at 120 Hz.

this means that hundreds of scattered electrons must be detected per beam pulse.

making counting of individual particles difficult. This is the reason that so-<:alled

:flux counting was used in the previous SLAC experiment. Note also that increasing

the beam polarization a factor is equivalent to a factor of four in statistics. so it is

important to achieve the highest possible beam polarization.

Testing the Standard Model

Testing the electroweak sector of the Standard Model is a major focus of high

energy physics experiments around the world. The mass of the Z from the LEP

[3] and SLAC experiments establishes a benchmark value for sin2(fJw} with an

error of about 0.1 %, and given an assumed top quark mass, many observables

can be predicted [4] . Hopefully the top quark mass will soon be determined di-

rectlyat Fermilab. Uncertainties due the lack of knowledge of the Higgs mass are

much smaller [5]. To date, measurements of quantities such as the "V mass (M"")

6
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[6], the Z total and partial decay widths, inclusive Z decay widths (r i) [7], for-
.

ward/backward asymmetries of final-state fermions at the Z-pole (AFB), left/right

asymmetry from longitudinally-polarized electrons at the Z-pole (ALR, at SLAC),

final-state T polarization (AT) [8], neutrino-quark and neutrino-electron couplings

[9], as well as the parity-violation parameters, are all consistent with a common

value of sin2(8w) if the top quark mass is in the range of 125 to 165 GeV. The chal.

lenge is to continue to measure all these observables as well as possible, because

physics beyond the Standard Model shows up quite differently in the different ob-

servables [10]. Presently, some of these are much better determined than others.

with the recent large flux of LEP and SLAC data making a big improvement of t.he

observables related to the Z-pole, resulting in errors bars of 3% or less in sin2(lJu.).

As an example, the present error of about 3% on sin2(lJu') from the SLAC ALR

measurement will hopefully be reduced to 0.7% in the next year, and possible 0.3~

if high polarization SLC-type beams can be achieved [11].

The situation is not yet as good in the quark sector, with the previous deep in-

elastic parity violation (DIS PV) experiment [1] determining sin2({}u') to only 10<7(.

and more recent atomic parity violation experiments [12] measuring the combina-

Cl+ = 0.666C1u + 0.747C1d = 0.126 :t: 0.003,

for an equivalent precision in sin2(6w) of 4%. It is hoped that in the next few years

the error can be improved to the 1% level. There are two principal reasons why a

DIS experiment of comparable precision is important: first because the systematic

errors are completely different for the two experiments, and provide a valuable

check on each other; and second because while atomic PV essentially measures

C1. + C1d, the DIS PV measure the almost orthogonal combination 2C1u - C1d. so

that combining the experiment together can determine C1. and C1d independently.

The C2 coefficients can also be determined, but not nearly as well.
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Assuming D / U = 1 for deuterium and x > 0.2, the derivative of the asymmetf)'

formula. for D.I.S. P. V. is given by

dsin2(6w) -sin2(6w) - dA" 1 + O.OSY-
A 1+2Y

For incident beam energies of 30 to 50 GeV, the requirement that x.0.2 means that

a typical value of Y is 0.3, so that the error on sin2(Ow) will be about 0.7 times

smaller than the error on A. We will show below that it is possible to reduce the

statistical error on A integrated over x > 0.2 to approximately 1 % in a reasonable

amount of running time, so the limiting factor in determining sin2(Ow) will likely be

systematic errors on the asymmetry. The largest experimental error will probably

be the uncertainty in beam polarization. Using the present M0ller setup, it n}a~.

be possible, with extreme care, to reduce the error to about 1..5%. If a Compton

polarimeter where to be installed, it may be possible to reduce the error to 1 <7<.

Other experimental errors, such as false asymmetries from helicity-correlated beam

properties, pion backgrounds, and other sources, should be less than 1 %. The
largest theoretical error is probably due to corrections to the parton model from

higher-twist terms. These will be discussed in more detail below. The bottom line

is. that we expect to measure A with a combined statistical and systematic error

of about 2% at two different beam energies, leading to an uncertainty of about.

:i:2% in 2C1u - C1d, or about :i:1.5% in sin2(Ou,). This will be about the same

error in sin2(Ow) that a planned 1 % atomic PV in cesium experiment is expecte<l
~ .

to achieve in measuring C1+, as illustrated in Fig. 1. It can be seen that the two

experiments are complementary, and taken together could determine both C1u and

C1d to :i:0.005.

It is beyond the scope of this proposal to discuss all the possible physics beyond

the Standard Model that could affect the DIS PV observables. Among the man)'

recent reviews, that of Ref. [10] is particularly comprehensive in comparing the

sensitivity of various experiments to new physics such as extra Z's, extra leptons

and quarks, leptoquarks, and to effects due to compositness. Not surprisingl~'. the
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Fig. 1 Possible results (:i: one sigma) for the proposed eD parity violation exper-

iment (:i:2% in A) and a future atomic parity violation on cesium (:i:lo;(, in QUI.

which is proportional to Cl+)'

Z-quark couplings are much more sensiti\'e to certain types of new physics than

most of the other observables. For example, the existence of exotic SU(2} singlet

u or d quarks would significantly affect these couplings, with a 2% error on .4

producing an upper limit on sin2(8M} of < 0.002, where 8M is the mixing angle

between exotic and ordinary quarks. Another example to which we would ha,.e

strong sensitivity is to four-Fermi constituent interchange diagrams [13] of the type

shown in Fig. 2 induced by compositness of the quarks or leptons. There are man~'

such four-Fermi operators possible, but of the three considered by Langacker, two

directly affect either the 01 or 02 coupling, while having almost no effect on other

observables. For example, the operator of the type

4-..L = .i:A2,el-rPelQnpQl

changes Ct. and Cll by

,;2 x-
DCl. = DCl., = %G;'X2'



Fig. 2. Constituent inter-

change diagram, leading to

4-fermi eq interaction.

so measuring A to 2% would set a lower limit on the mass scale A of about 20 TeV.

This is comparable to the lower limits of 1 to 10 TeV that are hoped to be set at.

the SSC and LHC.

It should be remembered that the new physics that may lie beyond the Stan-

da.rd Model, and hopefully explain the large number of pa.rticles and free param-

eters that now exist, may be something that has not even been considered yet.

By pushing the precision frontier on as many fronts as possible the present exper-

iment will provide new constraints and possibly even open the door to new ideas.

The factor of eight improvement in determining sin2 (Ow) (equivalent to a factor

of sixty-four in statistics) compa.red to the previous experiment makes the effort

required worthwhile.

Measuring the Flavor Content of the quark sea

The second physics goal is to measure the quark distributions functions. Al-

though there is quite a bit of information about the overall x-dependence of the
~

sea, there is less known about the flavor composition. At the x-range accessible to

this experiment, the contributions of heavy quarks (charm, top, bottom) is known

to be quite small, so the focus will be on determining the relative u, d, and s con-

tributions. It is of particular interest to determine the strange content, in light of

the "spin crisis" which suggests that we don't understand what quarks are carrying

the spin in the nucleon. Knowledge of the quark distribution functions is crucial

in helping to resolve this question. Another indication of interesting structure in

the nucleon is the observed violation of the Gottfried Sum Rule [14]
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Sa = / 7[Ff - F;]

1 2/ -= '3 + '3 dx[u(x) - d(x)].

Recent results from NMC [15] give

Sa(O.004 - 0.8) = 0.227 :i: 0.007 :i:0.014,

and they estimate the contribution from x < 0.004 at 0.011, giving a total value 6f

0.240, well below the Sum Rule value of 0.333 obtained for a flavor-symmetric sea.

The results indicate that either the distribution functions have rather anomalous

behavior at very low x, or there is a very significant difference between u and d sea

quark distributions. Another possibility is that the assumption that the strange

content is identica.l for protons and neutrons is wrong.

There are several observables that can be used to determine the quark distri.

butions: for electron or muon scattering from hydrogen one measures

F.'2

while scattering from the deuteron measures

assuming isospin symmetry and no nuclear effects in the deuteron. It can be seen
that both the difference Ff - F; and the ratio F; / Ff are relative]y insensitive to

the s contributions. Additional information comes from neutrino scattering exper-

iments, with the most precise information coming from the CCFR experiments at

Fermilab [16]. In order to get sufficient statistics, an Fe target was used in thesE'

experiments, requiring corrections for the "classic" EMC effect and for the ex-
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cess of neutrons over protons. After correcting for non-isoscalarity, the experiment.

measures the quantity

xFf =x(d+u-u-d+2s)

X(dval + uval + 2s,ea)

In principle, additional information can be obta.ined from neutrino and ant i-

neutrino scattering from the proton, but so far statistics are too poor to provide

very strong constraints. Finally, information on the it: content of the proton and

neutron can be obtained from the Drell- Yan process. A recent experiment[17] has

shown that the percentage difference between it: and d is less than 20% (20') in the

range 0.04 < x < 0.12. This data, obta.ined by comparing Drell- Yan production

from W and C, has ruled out some of the explanations for the Gottfried Sum Rule

violation. Ideally, this experiment will be repeated using proton and deuterium

targets, and much smaller errors obtained. Taken together, all the available mea-

surements are insufficient to disentangle the five unknown quantities, Utlal, dvul.

U,ea, d,ea, and S,ea. The present proposal adds two new observables, Ap and Ad.

increasing the total number of well-measured structure functions to six, and thus

permitting a much less ambiguous separation of the light quark distribution func-

tions.

For this analysis, the quark couplings are assumed to be known from the high-

x data on deuterium. In practice, there is a continuous transition from the region

where sea quarks dominate to that where the val~ quarks dominate, so a fit.

would be made to all the data at once to determine a.1lthe relevant parameters. As

described above, from hydrogen we measure the quantity D(x)/U(:x) = [[d(:x) +
d(x)]) + [s(x) + i(x)]]/[u(x) + u(x)]. At low x, this differs from the F; / Ff ratios.

which essentially measures [d(x) + d(x)])/[u(x) + u(x)], by the addition of [s(.1!) +

i(x)] in the numerator. Thus, the measurements are especially sensitive to tht'

sea quark contributions. At high x, the present experiment essentia.1ly measures

dv41/Uv41 directly. This measurement is direct: it does not rely on the assumptions

of isospin invariance and the absence of nuclear effects in the deuteron that. are
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made when d"al/U"al is extracted from comparisons of F2 measured on proton and

deuteron targets. By taking the derivative of the asymmetry expression, we obtain

6~ ~ [l 12~ ]U(z) ~ A +. U(z)

so errors in the 0.03 to 0.05 range can be obtained from asymmetry measurements

in the 2% range, as proposed below.

1.00

O,g~
..~ Olga.<
.. 0,96
0
1"1

0.80

o.
0 0.1 o.~

v
Fig. 3. The quantities a) 1 + 2s/(u + d), b) Aa, c) (d + s)/u, and d) Ap/Ad for

three different representative quark distribution fits. Solid curves from [19] with

symmetric sea. Long dashed curves same fit as solid curves but S(x) = o. Short

dashed curves from [20]. The points in b) and d) illustrate the size of the errors

expected from the proposed experiment.

H we assume isospin symmetry, in deuterium we ca.n measure the ratio

D(x)fU(x) = 1 + 2([s(x) + s(x)])f([u(x) + u(x)] + [d(x) + d(x)])). Measurements
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from D2 below x = 0.2 allow a direct measure of the relative strange sea strength,

and will be extremely valuable in determining the flavor content of the sea. It has

been suggested [18] that the strange sea may be strongly suppressed at low Q2.

H this were true, it would not have been observed in F~ f F;, but would change

D(x)fU(x) by more than 50% at x ~ 0.1, or about 10 times more than the proposed

errors. It could also just as easily be the case that [s(x) + i(x)] > [u(x) + u(x)]:

there is simply very little experimental evidence at present. The possible strong

Q2 dependence is one of the main factors driving our proposal ~o make a second

series of measurements (see below) using a 49 GeV beam to obtain higher Q2.

Fig. 4. Results for a) Fi / Fi and b) Ff - Fi for the same quark distribution fits

To illustrate the sensitivity of the proposed measurements, we have plotted

the asymmetries for both hydrogen and deuterium (Fig. 3b, 3d) along \vith the

associated D(x)fU(x) ratios (Fig 3a, 3c) for three reasonable quark distribution

parameterizations. The solid curves from J. Morfin [19] assumes a flavor symmetric

sea, while the long dashed curves are the same except s(x) = O. The short dashed

curves are from Eichten et aI. [20], and have a harder d.ea than U..ea distribution

[0.2(1- x)S.8 versus 0.2(1- x)11,2], with the s(x) distribution having an intermedi-

ate x dependence [0.2(1 - x)8oS]. This model is one of many that fits the Gottfriecl

14
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Sum Rule violation. The proposed errors on ~ and ApI Ad are sufficient to distin-

guish between the representative models. It should be noted that there are many

other possible fits to existing data, some of which give an even bigger range in the

asymmetry observables than those shown. It is also apparent that the Ad mea-

surements are primarily sensi tive to s (x) directly, while in the ratio ApI ad there is

almost no sensitivity to s(x), thus providing a direct measure of d(x)lu(x). Note

the error on ApI Ad is smaller than that on Ap alone, because many systematic

errors, such as the error on the beam polarization, cancel out in the ratio.

As an added bonus, the present experiment will make very precise mea.sure-

ments of the ratio F2 / Ff , which provides another handle on the flavor content of

the sea. The errors shown in Fig 4a are not limited by statistics (~ 10-5) at all.

but are completely determined by the uncertainty in the ratio of target lengths

(0.5% from uncertainties in cryogenic data) and possible differences in radiati,'e

corrections (estimated to be less than 1 %). These errors are considerably smaller

than those on existing data in the low-x range. We will also measure the differ-
ence Ff - Ff with negligible statistical error, but with an absolute normalization

error of less than 4%, depending on how well the spectrometer acceptance can be

determined. It can be seen in the figure that both of these measurements are quite

insensitive to s(x) contributions (a.ssuming sn(x) = sp(x)), and primari]~' deter-

mine the relative u(x) and d(x) contributions.

Kinematics and Run Plan

Several parameters dictate the experimental setup neede. to achieve the

physics goals outlined above. In order to stay in the deep inelastic region, \\'e

require the missing mass squared

w2 M2 + 2MII- Q2

to be greater than 4, which limits the highest x that can be achieved with a. given

beam energy, We also require Q2 > 1 (GeV /c)2, which limits the lowest .1', To

cover both physics objectives, we want data both well above x = 0,2 (for the

15



Standaxd Model tests) and well below x = 0.2 (for the quaxk sea). In practice,

high pion background rates at low x are minimized by running at the smallest.

electron scattering angle 8 that can give Q2 > 2. For a fixed beam current, it

then turns out that it is always best to run at the highest possible beam energy',

which for a non-SLED beam is 32.4 GeV. With this beam energy, the optimal 8

is about 3.75°. For a much smaller angle, Q2 becomes too sma.H and only the

small-x region can be explored. For a much bigger angle, the low x region is lost.

The kinematics and rates for the optimal setting axe shown in Table 1. The targets

(liquid deuterium and hydrogen) are assumed to be 40 cm long, chosen to maximize

counting rates while maintaining a reasonable spectrometer acceptance and keep

the radiative corrections from becoming too large at low x (40 cm corresponds to

4.5% r.l. for H, and 5.2% for D). The beam is assumed to have a polarization

of 80% at a current of 4 x lOll electrons per spill, and a repetition rate of 120

Hz. The prospects for obtaining such a beam are discussed in more detail belo,v,

The electrons axe assumed to be detected in a 2 msr spectrometer system with

enough momentum acceptance to measure all the x bins listed simultaneously.

The spectrometer and detectors are also discussed in more detail belo\\'. Each

point corresponds to ~ 10% in scattered electron momentum, compaxable to the

spectrometer resolution. The lowest x bin is determined by requiring the 7r j e ratio

to" be less than 10, and E' j E > 0.25 to minimize systematic errors from radiative

corrections. It can be seen that the total electron rate is about 1000jspill for each

bin, or 7,000jspill total. This high rate precludes the use of conventional tracking,

as was the situation for the original SLAC experiment. In order to have some

resolution in x, this means that the spectrometer must have a position focus in

both angle and momentum (see section on spectrometer).

The eighth column in Table I lists the statistical error on the physics asymmetr)'

for each of the x bins, assuming 300 hours of running time for each target. The

1.2% to 2.3%errors are comparable to the expected systematic enors. The last.

column lists the statistical error in sin2(Ow) that will be obta.ined for deut.erium.

There are three bins with x > 0.2, where the extraction is unaffected by the

16



unknown s + s contribution, each with a statistical error of about 1 %. Although

the overall systematic error will about 1.5%, the point-to-point systematic errors

should be less than 1 % over this x range, so the experiment can check the expected

Y dependence of the asymmetry over the range Y = 0.12 to 0.26. The second -to-

last column lists the error in D(x)fU(x) obtained from the hydrogen target. The

error on the deuterium points will be vI2 time smaller, due to the increased target

density. It can be seen that these errors are small enough to make meaningful

physics measurements, as described in the previous sections.

Q2 w2E'y KIt: ratex

-~ 32.4 Ge V
0.05 0.73 1.78 12.8 36.1 6.75 1003.
0.07 0.60 2.26 16.3 29.1 1.05 988.
0.11 0.47 2.72 19.6 22.4 0.14 1046.
0.17 0.35 3.13 22.5 16.5 0.02 1097.
0.25 0.26 3.48 25.0 11.5 0.00 1103.
0.38 0.18 3.78 27.1 7.1 0.00 929.
0.59 0.12 4.02 28.9 3.6 0.00 648.

E = 49 GeV
0.08 0.74 4.51 20.2 56.0 2.69 93.
0.11 0.61 5.68 25.5 44.9 0.23 90.
0.17 0.49 6.78 30.5 34.5 0.02 90.
0.24 0.38 7.75 34.8 25.4 0.00 85.
0.34 0.29 8.60 38.6 17.4 0.00 70.
0.49 0.21 9.31 41.8 10.7 0.00 42.

2.3
1.8
1.5
1.3
1.2
1.2
1.4

7.4
5.9
4.8
4.1
3.5
3.4
3.3

1.0
0.9
0.8
0.8
0.8
0.9
1.2

2.9
2.4
2.1
1.9
1.9
2.3

9.4
7.6
6.3
5.6
5.3
5.9

1.2
1.1
1.1
1.1
1.2
1.7

Table I. Kinematics, rates per spill for proposed experiment, and errors on the

asymmetry, D(x)fU(x) (for H2, similar results for D2, and on sin2(Ow) (for D2.

assuming D(x)/U(x) = 1).

Also listed in Table I are the kinematics, rates, and projected errors for a

run of 300 hours for each target using a 49 Ge V SLED beam, with a current of

1 x lOll electrons per spill. While the present proposal is only for the 32.4 Ge\'

running, it is clear that if the A-line were upgraded to 50 GeV, measurements of

comparable statistical precision as the 32.4 GeV measurements could be ma.de, but
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at significantly higher Q2. This second stage to the experiment would be especially

important in measuring the Q2-dependence of the strange quark sea, and checking

for Q2-dependent systematic errors beyond those accounted for by higher twist,

radiative corrections, and other known effects

Beam

The primary beam required for this experiment has an energy of 32.4 GeV.

This is the highest energy long-pulse beam available with the present klystrons

that is also a multiple of 3.237 GeV, the energy at which the polarization of the

beam precesses by exactly one full rotation when traversing the beam line magnets.

It should be possible to transport this beam through the A-line magnets using the

planned power supply upgrade (to take place in the next year). The full upgrade of

the A-line to 50 GeV is only needed for phase II of this experiment, when we would

run with a 49 GeV, 100 nsec-Iong pulse. The major beam issue is to obtain high

polarization (on the order of 80%) in a high current, 2-J.Lsec-Iong pulse. A major

effort is underway at SLAC to obtain high polarization using strained gallium-

arsenide cathodes. These show a good likelihood of deijvering high polarization at

low currents. To obta.in higher currents, we need more laser power than is presentl~'

ava.ilable. Developments in the past months make this seem reasonably promising.

The solution involves using a flash-lamp pulsed Ti-Sapphire laser, illuminating the

cathode at 830 nm with a 2 J.Lsec pulse coming from the last third of the 15 J.Lsec

laser pulse, where the instabilities have died down enough to make a flat pulse. A

prototype laser system is presently being tested at SLAC. Full testing using a high

polarization crystal are planned.

It should be noted that in several re

the long pulse beam is easier than for th

the cathode is much higher, apparently re

should not be a problem for us. The lower

be operated at a lower voltage, making thl

strong optimism among the beam speciali

18

spects, obtaining high polarization with

e SLC beam, where the peak current at

suIting in cha.rge saturation effects which

peak current also means the cathode can

e gun less susceptible to breakdown. The

ists that high intensity, high polarization



long pulse beams should soon be available is one of the main motivations behind

the present proposal.

Beam Polarization

There are two possible methods of measuring the beam polarization in the End

Station. We would certainly use M0ller scattering from polarized atomic electrons

in thin foils, detecting the elastically scattering electrons near 90° c.m. Such 8.

system is presently set up for use in experiments E142 and E143. Two main fac-

tors determine the accuracy of this method: the uncertainty in the effective foil

polarization and the possible asymmetry of backgrounds under the M0ller peak.

The second problem can be minimized by making coincidence measurements at.

low rate to determine what percentage of background events are M0ller electrons

that have scattered from various apertures, and can probably be reduced to a 1 <7(

uncertainty with a reasonable amount of effort. The problem of knowing the effec-

tive foil polarization is more difficult. While the angle the foil makes to the beam

can be measured very accurately with sufficient effort, there is still the problem

of knowing how the polarization is distributed throughout the foil, and whether

the polarization has changed from the time it was measured in the lab to the time

when it is being used in the beam. Since each M0ller measurement only takes a fe,,'

minutes with the high beam current at which we will be running, we can afford to

make measurements using a large assortment of foils, and reduce the random com-

ponent of foil polarization measurements by a factor of three by using ten different

foils. This would reduce the random component to less than 1 %, since the random

error in measuring an individual foil is less than 3%. Another way to reduce the er-

ror is to make a target holder that moves the foils both horizontally and vertically,

so that a given M0ller measurement covers the entire foil area, rather than sitting

on a. particular spot. Since it is much easier to measure the average foil polariza-

tion than at any given spot, it may possible to reduce to overall systematic error

in foil polarization measurements to 1 to 2%. This area will need further st.ud~..

The possibility of using Compton scattering to measure the beam polarization
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is also being considered, especially if the M~ller error can not be brought below

2%. This technique is considerably more complicated and expensive, and no setup

currently exists in End Station A. There is expertise at SLAC, however, since there

is a Compton Polarimeter in the SLD Collider Hall. With a lot of work, this method

is advertised to yield a systematic error of 1 % or less in the beam polarization.

Target

The targets needed for this experiment are straightforward liquid hydrogen

and deuterium cells about 40 cm long. Many such cells have been built for use in

End Station A, and over the years jmprovements in the cooljng (especjally the use

of high-capacity fans to circulate the target liquids through the liquid hydrogen

reservoir) have resulted in cells which have no measurable change in density from

local boiling effects, even at the maximum beam currents. The change jn average

target density is typica.1ly 1 % when beam js put on the target, and can be measured

very accurately with a redundant system of resjstors to measure temperature and

vapor pressure bulbs to measure pressure. The absolute densjty can be determjned

to about 0.8%, mainly limjted by our knowledge of the cryogenjc coefficjents tha.t

convert temperature to density. Another recent desjgn improvement permits the

use of very thin (0.01 cm) aluminum entrance and exjt windows, so that the total

number of nucleons in the windows js only a few percent of the number of nucleons

in" the liquid hydrogen or deuterjum. Sjnce the asymmetry from aluminum is

practically the same as for deuterium, the presence of the aluminum windows ,viII

result in very small corrections to the measured asymmetries. The better than

1 % kno;'ledge of the relative densities of the hydrogen and deuterium targets will

allow very good measurements of both the ratios of asymmetries and absolute cross

sectjons to be made. As was discussed above, both of these ratjos are used for

determining ratios of quark distribution functions. The systematic error on these

ratjos will be smaller than the error on the individual measurements, which wil]

be dominated by factors such as the uncertainty jn beam polarization.
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Spectrometer

A spectrometer design that would meet the requirements of the experiment

and not be too expensive to build is depicted in Fig. 5. The design is left/right.

symmetric about the beam axis, and uses conventual magnets to momentum ana-

lyze the scattered electrons. Except for the first quadrupole, it is entirely made up

of magnets presently existing in End Station A. The 1/2 quadrupoles are formed

by cutting the casing of two QS2-type and one lOQ36-type quadrupoles in half.

This does not involve modifying any coils: only the casing plates must be cut, and

iron return plates must be installed across the openings. The bending is done b)"

the two BS1-type dipoles, which deflect the electrons downwards.

The optics are set to give a momentum and scattering angle focus about 10

m from the last quadrupole, so that measurements of the particle angles are not

needed to determine the kinematics. The central scattering angle of each half of

the system is 3.75 degrees, with the 9-acceptance ranging from about 3.4 to 4.1

degrees. The momentum range is from 12 to 30 GeV Jc, with the soljd angle of

each side peaking at about 1 msr at 20 Ge V / c and falling off gradually at higher

momentum. For future running at a beam energy of 49 GeV, the field settings can

be re-tuned and the detectors moved to give a momentum range of 18 to 42 Ge\' /c.

T~e vertical acceptance is :f::35 mr, or :f::2°. The vertical angle (4» is not measured

since there is no tracking for most of the experiment, so the uncertainty in vertical

angle causes an uncertainty of up to 5 mr (0.23°) in the total physics scattet;ng

angle 8. The momentum (6) resolution is about 1 GeV Jc, and the horizontal

scattering angle (9) resolution is about 4 mr. Combined together, the resolutions

in 6 and e give typical resolutions of 10% to 20% in x, Q2, and }', sufficient for

the proposed experiment. When tracking is used during the calibration phase of

the experiment, the resolutions in 6 and 9 will improve to about 1 % and 0.2 mr

respectively, with the quadrupoles turned off and using a point target. The wire

chambers will be able to measure 4> with an accuracy of a few mr.

The design of the spectrometer is driven by a desire to obtain the largest

possible solid angle at a small scattering angle, and have both a momentum and
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angle focal plane. This dictates the use of a large aperture, high field dipole

magnet to bend the electrons out of line-of-sight of the target. The most powerful

bending magnets available are B81 and B82. They are placed as close to the

target as possible, at a distance of about 7 m. With a maximum field strength of

22 kG, they bend 20 GeV electrons by 7 degrees. In order to get a momentum

focal plane, it is necessary to use at least one quadrupole after the dipole to focus

the particles in the vertical direction. The Q81-type quadrupoles, of which four

presently exist in ESA, are well matched to the aperture of B81/B82, and have a

relatjvely large focusing power. In order to obtain more solid angle and reduce the

effects of the finite target length on the fJ resolution, it is advantageous to put a set

of quadrupoles in front of the dipoles. The available high-power quadrupo]es \vill

not fit next to the beam line in their normal configuration, but by cutting them in

half the necessary apertures can be obtained a.Jong with approximately the same

field gradients as for the whole quadrupoles. The present design has the first three

quadrupole focusing in the vertical direction, while the fourth quadrupole focuses in

the horizontal direction. All quadrupoles run close to their maximum gradients. In

the present design using TRANSPORT only, the first-order momentum dispersion

is 1.1 cm/%, while the first-order fJ dispersion is about 3.5 cm/mr. This results in

a detector size of about 50 by 80 cm. We plan to optimize the position and field

strengths of the quadrupoles to minimize aberrations due to the large momentum

range and finite target length. This will be done using TRANSPORT, TURTLE.

and a ray tracing program. We will also make detailed field models of the proposed
~

ha.1f-quadrupoles using POISSON.

Detectors

The requirements for the detector system are to be able to handle up to 3,000

electrons per 2psec beam pulse in each spectrometer, and to discriminate electrons

from a background of pions. In addjtion to the real pions that pass through the

spectrometer optics, the detector area will also be filled with low energy neutrons

and photons. The high rates mean that traditional tracking devices wjll not work.

so the electron scattering angle and momentum must be measured b)' position
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Fig. 5. Plan view of possible spectrometer design in End Station A at SLAC. Most

of the magnets are from the 8 GeV jc and 20 GeV jc spectrometers.

alone. Even with a highly segmented system, each element will count several par-

ticles per pulse. The ideal detector element in such an environment is a lead-based

Cherenkov shower calorimeter, such as lead glass. This type of detector is quite

insensitive to low energy backgrounds, and can discriminate electrons from pions

since most pions deposit only ionization energy (approximately 2 MeV per gram

of material traversed, or 14 to 20 MeV per r.l., depending on the material used).

while electrons produce an electromagnetic shower and deposit most of their en-

ergy in the first 15 to 20 r.l. of material. At the lowest momentum of 12 Ge\!,

where the 1r / e ratio is the worst at .7: 1, most electrons will produce 40 to 80 times.
as much light as a pion, so that when the light output is integrated over the en-

tire beam pulse, there will on the order of a 10% contribution from pions. In the

previous SLAC experiment, the pions were shown to have a negligible asymmetr)',

and so their contribution essentially acts like a dilution factor, equivalent to re-

ducing the beam polarization by 10%. In the present experiment we will want to

check that the pion asymmetry is small by placing additional detector behind the

electron-detecting blocks. After about 25 r.l. of high-Z material, most electrons

are absorbed, while almost all the pions pass through. By putting a second layer
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of Cherenkov radiator after a suitable absorber, we can measure the pion flux and

the associated pion asymmetry to the desired precision

A possible detector configuration and associated electronics are depjcted in

Fig. 6. It is comprised of a thin 1 to 3 radiatjon length (r.l.) thick layer of lead

followed by an array of lead glass blocks long enough to span the ma.xjmum of the

electromagnetjc shower. The exact length of the blocks has yet to be determjnoo

for optjmal pjon and nojse rejection, combjned wjth a desire to minimjze energy

sharing among adjacent blocks, but should be in the range of 8 to 12 r .1. The

calorimeter blocks could be cut from the exjstjng 6 cm by 6 cm by 60 cm ASP lea.cl

glass blocks, jf costs were a strong constraint. Sjgnjficantly better performance

would be obtained jf sufficient funds were available to make new blocks out of

hjgher density lead glass, such as SF-6. Even better performance is possible using

the relatively new Cherenkov radiator PbF2 [21], which has a. density of 7.8 gm/cm2

and a radiation length of 0.93 cm (compared to 5.20 gm/ cm2 and 1.69 cm for SF-

6). Since the relative light deposited by pions is proportional to grn/r.l., PbF;l has

a 20% advantage over SF -6, and a 40% advantage over SF -5 (similar to the ASP

blocks). Blocks of PbF2 are now available from industry at a cost of $2 - 3/cm2,

so a making a new array would cost about $200,000 per spectrometer. About 200

blocks would be needed for each layer to cover the 0.7 m2 area of the focal plane.

This is followed by 20 r .1. of lead and more short (few r .1.) lead glass blocks which

are used to measure the number and possible asymmetry of the pions. It should

be possible to leave this second layer out at the top of the detector, where the 11"/ t

ratios are very small

The electronics is designed to count electrons in two ways: by integrating

the tota.llight in each block in each spill; and by counting the number of pulses

above threshold in the lead glass. Each method has different systematic errors.

allowing a valuable consistency check. The light integration method includes the

light produced by pions and other backgrounds, but is relatively insensitive to pile-

up effects, as was demonstrated in the previous SLAC experiment, when thousands

of electrons per lead glass block were detected, and no deviation from linearity with
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beam current was observed. In the present experiment, we will only have 3 to 30

electrons per block for the 32.4 Ge V running. The counting method is vulnerable to

non-linea.rities at high rates (although these can be measured by stepping the beam

current) but is less sensitive to pions and other backgrounds. For a threshold set

between the energy of 2 and 3 pions, the electron efficiency will be well over 900;('0

The counting method will work best in the blocks that measure high momentum

electrons, where the rates per block are almost a factor of ten less than for the 10\\0

momentum blocks. For the 49 GeV running, the average rate is only 1 electron per

block, but since the beam pulse is 20 times shorter, the pile-up corrections to the

counting method will be about the same as for the 32.4 GeV running. \\Te regaJ'd

the integration method as the primary one, with the counting method providing a

back-up. In addition to integrating the light in each block individually, we will also

integrate the light in groups of 4 and 9 adjacent blocks to determine the effects of

light leakage from one block to another.

The ADC's required to measure the radiator signals presently exist in ('ounting

House A. The signal splitters and linear fan-ins needed to measure sums of adjacent

blocks are also available. Also available are about half of the discriminators needed

to produce the digital signals. The high rate scalers would have to be acquired.

Assuming 200 detector elements to detect electrons, and 100 to detect pions in

each half of the spectrometer, a total of 800 ADC's and 600 scalers would ha,.e

to be read out for each pulse, generating a total of 2800 bytes of data per spill.

This is compatible with the maximum ot 300,000 bytes per second that has been

demonstrated with the present End Station A data acquisition system.

Not shown in the figure is a. set of wire chambers which would be used to

measure the spectrometer acceptance and detector efficiencies using a thin target

and low beam current. The wire chambers could be the same ones as are presently

located in the 8 GeV jc spectrometer. There are ten planes of MWPC's, each with

an active area of 35 by 93 cm. The wire spacings are 2 mm in the long direction

and 4 mm in the short direction. The wire chambers would will allo\v the accurate
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Fig. 6. Side view of Cherenkov radiator detector system and electronics.

determination of the x and Q2 distribution of particles hitting each block (see

below), and a good determination of the 11"/ e ratios.

Radiative Corrections

As in all electron scattering experiments, both the incident and scattered elec~

trons can radiate photons, either in the field of same nucleus in which the ha.t"d

interaction takes place (internal corrections), or in the field of a different nucleus

(~xternal corrections). For the E' / E range of this experiment, the radia.tive cor-

rection factors to the unpolarized cross sections are in the range of 0.7 to 1.1. To

make these corrections requires a good know ledge of the cross section at lo,ver ,'aJ-
~

ues of E and higher values E' than the nominal values for a particular kinematic

point. The structure function F2(X, Q2) is now known sufficiently well in the re-

quired kinematic region to allow the corrections to be made to the 1 % level. The

effect of ordinary radiative processes on the measured asymmetry will be small.

because most of the "scattering in" to a particular bin comes from lower Q2 in-

teractions, where the asymmetry is smaller and relatively well-known. It is to our

advantage here that the expected asymmetries in the resonance and elastic regions

have almost the same function form and magnitude as for deep-inela.st.ic scattering
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(A ~ lO-4Q2 in all cases). The largest uncertainty in the radiative corrections to

the asymmetry comes from vertex corrections, such a tlloops. However, by the

time this experiment runs, the top mass will probably be known, so this correction

can be accurately calculated. Even the present uncertainty of :!:2OGe V, obtained

from electrowea.k tests assuming no new physics beyond the Standard model, re-

sults in an uncertainty in the extracted value ofsin2(9w) of only :!:l%. The correc-

tions due to Higgs particle loops are much smaller, and vary only logarithmically

with Higgs mass. Small corrections to the extracted sin2(9w) and D(x)fU(x) val-

ues can be made as more information becomes available in the Higgs sector with

the advent of SSC and other experiments.

Determination of Mean Q2

Since the measured asymmetries are directly proportional to Q2, we need to

know the mean Q2 in each x bin with an accuracy of better than 2% in order

not to dominate over the statistical errors. We will make a detailed spectrometer

model based on careful field measurements of the magnets (the B81 and B82 mag-

nets are already very well-known, but the half-quadrupoles will require precision

mapping). We will check the model with several types of calibration runs, all us-

ing the wire chambers and a low enough luminosity that individual tracks can be

counted. One type of calibration run involves using a set of thin aluminum foils

at various positions along the beam axis to verify the target position matrix ele-

ments. Another test is to turn off. the quadrupoles, so that the scattering angle is

determined by geometry alone (th_e dipole magnet has al~ost no transverse focus-

ing with the sma.ll pole face rotation angle of 6°). Finally, w plan to do a series

of elastic scattering measurements from hydrogen with beam energies from 12 to

25 GeV. Using the wire chambers, the elastic beam will be resolved from inelas-

tic background, and since the beam energy is known to 0.1 %, a good calibration

of the momentum matrix elements will be obtained. Only a modest knowledge (.5

mr) of the scattering angle is needed for this study, since E' changes very little

with scattering angles from 3.4 to 4.1 degrees. Since the elastic cross section are

known to better than 4% [22] in the relevant Q2 range (0.6 to 2.0 GeV /c)2) the
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elastic scattering will also be used to check the absolute spectrometer acceptance.

A precise knowledge of the acceptance is not needed, however, since it cancels out.

in both the asymmetry and the O'n/ O'p measurements.

Higher- Twist Corrections

Studies of higher-twist corrections to deep-inelastic structure functions have

been made by many groups (e.g. [23]). These corrections are generally

parametrized as (1 + Cj(x)fQ2), since the higher-twist terms falloff as 1fQ2. The

dynamical higher twist coefficients are consistent with zero (jO.05) for x < 0.3, and

rise to 0.3 for x = 0.6, the highest value in the present experiment. For Q2 = 4.

this represents a maximum 4% correction to the cross section. Target mass cor-

rections to pQCD are also consistent with zero below x = 0.2, and represent fe,,'

percent corrections at higher x for the proposed values of Q2. Both target mass

and dynamical higher twist effects are corrections to the perturbative QCD model

in which the exchanged particle interacts with a single fast quark with momen-

tum fraction x, generally involving addition quarks and gluons. To the extent that

higher twist is understood theoretically, it should be possible to calculate correc-
tions to the "Y - Z interference to something like one third of the size of the effect.

If the effects on the asymmetry are of comparable magnitude to those on the cross

se.ction, this should introduce systematic errors of less than 1 % on the measured

asymmetries. Clearly more theoretical work will be needed to estimate these cor-

rections, but the tools needed to make the calculations are in place and only need

the attention of a capable theorist. New experimental data would likely motivate

such an effort.

False Asymmetries

False asymmetries can be introduced if any parameters such as the beam en-

ergy, intensity, position, or angle are correlated with helicity. Problems can also

arise if the detector electronics are not completely isolated from the electronics

that determines the beam helicities, or if the halo of the beam scrapes on any mag-

netized iron. Experiments such as the eC elastic scattering parity violation stud~'
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at Bates [24] have shown that false asymmetries from effects such as these can be

reduced using straightforward techniques to 2 x 10-8, much better than is needed

for the present experiment, in which we need only keep the false asymmetries be-

low the 2 x 10-6 level to not dominate the final error bars. This is a factor of

100 larger than has already been achieved at Bates. A key to the success at Bates

was to use a feedback system [25] to voltage to the Pockels cell ihat determines

the beam intensity. This system reduced helicity-correlated beam intensity fluctu-

ations to a negligible level. Since the SLAC injector is similar to the Bates one, it

should be possible to implement a similar feedback system here.

The present beam control system for End Station A measures the beam position

at two points about 50 m apart with good precision for each beam pulse. Averaging

these measurements over one million beam pulses ( 3 hours of running) allows

the determination of helicity-correlated differences in position, angle, and energy

to < 0.0001 mm, < 0.00003 mr, and < 0.0001% respectively. If any significant

differences are observed, they can be corrected for by making precise measurements

of the cross sections with the beam position and angle shifted by known amounts.

This can easily be done with the present beam steering system, which allows the

beam angle and position to be varied over a wide range in both the vertical and

horizontal directions. The dependence of the cross sections on beam en erg)' is

already well known The data acquisition system measures the total incident charge

for each beam pulse, so that a correction can also be made for any residual intensit),

differences.

Note that the use of relatively large diameter liquid targets with uniform end-

cap thickness makes the experiment relatively insensitive to beam position fluctu-

ations. This can be further minimized by using an inverted dome one end of the

target, to maintain a more constant target length with beam position. In addition.

the use to two spectrometers, one on each side of the beam line, helps minimize

the effects of left/right differences. Averaged over both spectrometers, the scat-

tered electrons see an approximately position-independent amount of material after

scattering, so the radiative corrections are also position independent. Left/right
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position differences are more likely than up/down differences, because differences

in beam energy translate only into left/right differences at the target.

Summary and Request

We propose an initial measurement of parity violation in deep-inelastic elec-

tron scattering from deuterium and hydrogen and a beam energy of 32.4 Ge\'.

spanning :I: = 0.05 to 0.5 and Q2 = 2 to 4 (GeV fc)2. A new spectrometer sys-

tem will be built using mostly existing magnets in End Station A. The detector

system requires a new set of lead-based Cherenkov radiators, preferably made of

SF -6 lead glass or the new material PbF. Some new electronics is required, al-

though much of it already exists. Liquid hydrogen and deuterium targets similar

to those use in many recent experiments are needed. Approximately 600 hours of

beam on target is required for the main data run, and another 200 hours will be

required for checkout, linearity tests, acceptance measurements, and beam polar-

ization measurements. With an efficiency of 50%, this corresponds to two months

of running time. The experiment will proved a sensitive test of the electroweak

Standard Model in the Z-quark sector, measuring sin2(8u') to about 1.5%. The

combination of hydrogen and deuterium running will provide exciting new infor-

mation on the flavor content of the quark sea, in particular on the strange quark

content and the possible differences in u and d quark distributions. The ratio of d

and d valence will also be studied at x > 0.2.

A future extension to this experiment at a beam energy of 49 Ge V would

allow measurements at a factor of two higher Q2, providing valuable information

on the Q2 evolution of the flavor content of the sea, and on possible Q2-dependent

corrections to the deuterium asymmetry at :r: > 0.2.
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