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We propose to measure the semi-inclusive (e, e'7T) and (e, e'r ™) yield ratios
on hydrogen and deuterium in the kinematic range of 0.1 < x < 0.4, 1.0 <
Q? < 4.0 GeV?, and 7.0 < W2 < 9.5 GeV? in JLab Hall-A with a 6 GeV
electron beam. In the case that a generalized form of factorization between
the virtual photon-quark hard scattering process and quark hadronization

applies, the charge pion yield ratio can be easily related to (d+d)/(u+a) and
(d—d)/(u—u). We propose to determine the above ratios to 1.25% and 0.5%
statistical accuracy, respectively, to provide strong constrains on the quark
distribution functions. This experiment will also allow us to determine if a

significant asymmetry exists between the d and @ distributions.
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1 Introduction: Light Quark and Antiquark Distributions

Since the discovery of the quark substructure of the nucleon many experiments have
been devoted to measuring and understanding the quark momentum distributions.
Although we now have a fairly good understanding of valence quark properties, the
distributions of the sea quarks and antiquarks which accompany the valence quarks
are still somewhat uncertain. Recent measurements have indicated that there may
be more structure in the sea distributions than previously expected. Approaching
this question via a new reaction mechanism is the basis of this proposal.

1.1  Gottfried sum rule violation, NMC results.

The first indication of the inequality of u(x) and d(z) came from measurements of
the Gottfried integral* which is defined as:

o= [ [F30,0%) - 0,07 & )

where F3 and Fj' are the proton and neutron structure functions measured in deep
inelastic scattering experiments. In terms of the valence and sea quark distributions
of the proton, under the assumption of isospin symmetry, I can be expressed as:

o= g [ [e.@) ~ae. @ ao+ 5 [ [1e.@) - de @] de - @

A flavor-symmetric nucleon sea (@(x) = d(z)) would lead to I = 1/3, the Got-
tfried sum rule!. Measurements by the New Muon Collaboration (NMC) ? deter-
mined that [)&, [FP(x) — F(z)] Jr dv = 0.221 £ 0.021 at Q*> = 4 GeV?. Ex-
trapolating to x=0 through the unmeasured small-x region, they projected that
I = 0.235 £ 0.026, significantly below 1/3. Specifically, the NMC result implies
that f; [cz(x) - ﬂ(x)] dr = 0.148 + 0.039. While no known symmetry requires u

to equal d, a large d/@ asymmetry was not anticipated. Many ideas such as Pauli
blocking and pion clouds have been proposed to explain such a flavor asymmetry
in the sea®. Two methods have been suggested to measure its z-dependence: the
Drell-Yan process* and the semi-inclusive deep inelastic scattering .

1.2 Light antiquark asymmetry in the nucleon sea.

Recently, Fermilab experiment E866 reported measurements of the yield ratio of
Drell-Yan muon pairs from an 800 GeV/c proton beam incident on hydrogen and
deuterium . The data suggested a significantly asymmetric light-quark sea distri-
bution over an appreciable range in x; the asymmetry peaked around x = 0.13. The
ratio of the Drell-Yan cross section per nucleon for p+d to that of p+p at Q?=50.0
GeV? is shown in Fig. 1. Assuming isospin symmetry, the Drell-Yan ratio can be
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Figure 1: Fermilab E866 results. The left plot shows ratio of o??/20?P of Drell-Yan cross sections
vs the target quark momentum fraction . The lower dotted line shows the CTEQ4M curve while

taking d — 4 = 0. The right plot shows the ratio of d/@ as a function of x. The result from CERN
experiment NA51 is shown as an open box.

expressed as:
pd

1 (1+53 d
o 1 Utan) (| b : (3)
2070 2(1 4 ldd) U

where the subscript 1 (or 2) indicates the target (or beam) quark. Assuming d + @
distributions are accurate in global fits of quark distributions, such as CTEQ4M
7 (and MRST(R2) ®), E866 extracted d/u from the measured Drell-Yan ratio, as
shown in Fig. 1.

Furthermore, based on the E866 data and the CTEQ4M global-fit values of (d+1),
Peng et al. ° concluded that f; [cf(x) — ﬂ(x)} dz = 0.100 £ 0.007 £ 0.017.

The apparent difference between the NMC and E866 results for the d — % raises
the question of the compatibility of the two measurements. Questions were raised
on the reliability of existing parton distribution functions, for example, in the region
of x > 0.23. Unfortunately, due to limited statistics, the uncertainty of the E866
data is larger in this region. In the region of 0.156 < z < 0.312, the accuracy of
E866 d/u results also relies on the knowledge of d + @ from earlier experimental
data. Therefore, independent confirmation of sea quark distributions from different
reaction channels could help to clarify the issue. The semi-inclusive (e, e'm*) reaction
is one natural choice because of the advantage in flavor tagging.

1.3 Semi-inclusive pion production in electron scattering.

Semi-inclusive reactions in electron scattering can be used as a tool to study the
density distributions of valence quarks as well as sea quarks. Specifically, pion
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electro-production on hydrogen and deuterium offers a unique probe of light quark
and anti-quark distributions. At high enough energy transfer, the Independent
Factorization between the virtual photon-quark hard scattering process and the
hadronization of the struck quark implies that:

Y™ (2,2) oc 3 €2 [qi() D} (2) + @(2) D, (2)] (4)

i

where Y™ (z, 2) is the 7+ (77) yield in deep-inelastic scattering, z = E™ /v is the
fraction of the virtual photon energy carried by the pion, e; is the quark charge,
¢;(x) and g;(x) are the density distributions of quark and anti-quark of flavor i. The
fragmentation functions Dgii(z) represent the probability that a quark of flavor i
fragments into a charged pion. Assuming isospin symmetry and charge conjugation
invariance, the number of light quark fragmentation functions is reduced to two
type: the favored (D) and the unfavored (D~) fragmentation functions:

D*=DI =Dj =D =Dj, (5)

D~ =D} =Dj =D =D . (6)

The HERMES collaboration recently published data on the ratio of (d—u)/(u—d)

in the kinematic range of 0.02 < = < 0.3 and 1 < Q* < 10 GeV% Through
measurements of the yield ratio

YT (z,2) =Y (z,2)

p

- Yp7r+ (2,2) =Y (x,2)’ (™)

r(z, z)

the flavor asymmetry was determined as:

)
)

in which J(z) = 2 (}fg:g;) with D'(z) = D7 /Dr". The HERMES data are shown
in Fig. 2, with the ratio (d — @)/(u — d) in the top plot and (d — @) in the lower
plot in which the values of (u — d) were taken from the GRV-94 leading order
parameterization . With large statistical uncertainties, the HERMES data agree
with E866 results, even though the Q2 of the two experiments differs by a factor of
about 20.

To demonstrate the evidence of factorization, HERMES also measured the ratio
of (d — @)/(u — d) as a function of z as shown in Fig. 3 for five z-bins. Since no
indication of z dependence was observed, the data are consistent with the form of
factorization as in Eq. 4. We note that this evidence of factorization occurred at
1.33 < Q? < 4.88 GeV?, with the requirement that the invariant mass W? > 4.0

GeV?, which is accessible at Jefferson Lab with a beam energy of 6.0 GeV.
4
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Figure 2: HERMES results of (d — @)/(u —d) in (a) and d — @ in (b) as a function of z. The open
circles represent the E866 determination of d — @ at Q?>=54.0 GeV?.

1.4 Semi-inclusive reactions at JLab Hall-A.

In this proposal, we seek to determine the semi-inclusive 7% and 7~ yield on pro-
ton and deuteron targets with high statistical accuracy in the kinematic range of
0.1 <2z <04, 1.0 < Q% <40 GeV? , and 7.0 < W? < 9.5 GeV2. The invari-
ant mass of the hadron system without the detected pion will be in the range of
3.5 < W? < 6.1 GeV2. Through measurements at different z, we hope to repro-
duce the z-independence of the yield ratios as reported by HERMES in order to
demonstrate the evidence of factorization. In the case that a generalized factor-
ization applies between the virtual photon-quark hard scattering process and the
hadronization of the struck quark, precise measurements of pion yield ratios can be
used as independent constraints in the determination of valence quark and sea quark
distributions.

Assuming isospin symmetry and charge conjugation (i.e. u,(x) = d,(x), d,(z) =
un(z), uy(r) = dy(z), dy(r) = t,(x)) and neglecting heavy quark contributions,
under the condition of Independent Factorization of Eq. 4, the yield of 7% in deep
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Figure 3: HERMES evidence of factorization. The distribution of (d — 4)/(u — d) as a function of
z in five bins of z.

inelastic scattering on the proton and neutron can be expressed as:

Y7 (@, 2) = A (4u() D" (2) + d(z) D™ (2) + 4u(z) D™ (2) + d(x)D*(2)) ,  (9)
Y (2,2) = A (4u(@)D™(2) + d(z) D* (2) + 41(z) D* (2) + d(z) D~ (2)) ,

Y7 (w,2) = A (4d(2) D¥(2) + u(z) D™ (2) + 4d(x) D™ (2) + i) D" (2)) ,

Y (x,2) = A (4d(2) D (2) + u(z) Dt (2) + 4d(2) D" (2) + u(x) D" (2))

where A is a common kinematic factor.
If four independent yields (Yp”+, Yo, Yn7r+ and Y™ ) are measured, ratios of yields
can be formed in which the fragmentation functions cancel each other:

B YJ+ (x,2) + Y (z,2) _du(z) + d(r) + 4a(x) + d(x)

W) = T ) Y @) @) () + ) T a) )
B Y;r+ (x,2) =Y (z,2) du(z) — d(x) — 4u(z) + d(x)

ta(w) = Y (2, 2) = Y7 (1,2)  4d(x) — u(z) — 4d(x) + u(z) (11)



Or simply as:

4—ti(x)  d(z)

- Cd(z) +d(r)  dy(x) + 2d(x)
ri(z) = () =1 u(e)+a(y)  u(x)+ 2u(x) -
and
_ Att(e) _ d) —d(r) _ d(a)
) = T 1wl =)~ (e "

in which wu,(z) = u(z) — a(z) and d,(z) = d(z) — d(z).
A different yield ratio can be taken as:

25 (V7 +Y7 ) (Y7 +Y7) (Y7 =Y+ (Y7 =Y
7“3(37) :g' (Y;)ﬂ+_|_Yn7r+)_|_(Y;r— _|_Yn7r—) ’ (Y;T+ _Ynﬂ+) — (Y;T_ _Ynﬂ—) (14)
utd—u—d u—d+u—d u,+d, u,—d,+2u—2d
T utdtatd u—d—atd uy—dy uy+d,+2a+2d

In the above formalism, we’ve omitted the notation of Q? dependence of the ratios
and distribution functions.

Clearly, observation of r; # r would serve as direct evidence of a non-vanishing
sea-~quark distribution, since without the sea-quarks, one would expect ry = ry and
r3 = 1. Furthermore, precise measurements of r; and 7, at different z and Q? will
provide strong and independent constraints on the parton distribution functions,
especially in the high-z region where existing data lack accuracy.

We note that the Independent Factorization condition of Eq. 4 is not an abso-
lute requirement in the cancellation of fragmentation functions in the derivation of
Eq. 10 and 11. A much more relaxed form of factorization can be tolerated. The
fragmentation functions can take a more general form, for example D = D(v, Q?, 2).
As long as the fragmentation functions are not explicitly depend on the quark dis-
tributions, and as long as isospin symmetry and charge conjugation hold between
different fragmentation functions, the ratios ry, 79, and r3 will be independent of
z and the fragmentation functions. Later on, we will refer to this relaxed form of
factorization as the Generalized Factorization Condition. A clear signature of the
onset of the generalized factorization will be the apparent scaling behavior of r; and
ro at different values of z. In this experiment, we propose to measure r; and 75 to
statistical accuracies of 1.25% and 0.50%, respectively, in order to clearly demon-
strate the validity of generalized factorization at each kinematic setting. We also
note that exact knowledge about the fragmentation functions is not needed in this
experiment because they cancel out in the yield ratios. The predicted values of r;
and 7, at Q?°=2.23 GeV? are plotted in Fig. 4 from CTEQ5M predictions. The sen-
sitivity of 7, and r, to different values of d/4 ratios are also shown while the value
of d + u is fixed by CTEQ5M.
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Figure 4: The ratio of r; and ry at Q?=2.23 GeV? from CTEQ5M predictions. The dashed lines
represent the value when d — @ = 0 is forced while d + @ is fixed by CTEQ5M. The shaded area
represent the sensitivity corresponding to a measurement of 1.25 % (0.5 %) error on 71 (r2). In

plots (b) and (d) six different d/@ values uniformly spread from 0.5 to 1.5 are assumed in the
CTEQ5M predictions.

We plan to extract the neutron yield from the deuteron and hydrogen yield
difference. Nuclear binding effects and corrections due to Fermi motion are ex-
pected to be small in the region of 0.1 < z < 0.4. ''. Under the assumption that
Ygi = Y,ZTi + Y;,”i, r1 and ro can be expressed as:

3
=14+ — 15
T + 5p1 _ 1) ( )
5
rg=—14——, 16
’ 3p2 +1 (16)
where . ~
_ Yy 4y
e (17)
Y5 +Y]
yr—yr
=_2 P 18
P2 Y5+ vy (18)

are measured directly from experiment. A different combination of p; and p, gives
r3 as : - .

ry3 = — - T 2 (19)
9 2p2 —1
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The measurement uncertainties dp, and dpy propagate to r; and r9 through:

5

57"1 = g(]_ + 7"1)25p1, (20)
3

(57‘2 = 6(1 + T‘2)2(5p2.

Thus, to improve the precision on r; and r, measurements one needs to minimize
0p1 and dp,. This implies that one should measure the yield from hydrogen and
deuterium with similar relative accuracy and measure the 7+ and 7 yields with
similar absolute accuracy for each target.

2 The Experiment

2.1 FEzxperimental goal.

By studying deep inelastic semi-inclusive (e, e/r*) reaction on hydrogen and deu-

terium at the highest possible W2 and W'? available to JLab at 6 GeV, we plan to
measure the yield ratios r; and 7y to high statistical accuracy (1.25% and 0.5%) in
order to extract light quark and anti-quark distribution ratios in the nucleon. By
examining the z-dependence of these ratios, we expect to reproduce the HERMES
observation of factorization with much higher precision.

The planned experiment will use one Hall-A HRS spectrometer with the septum
magnet at 6° as the hadron arm. The electron arm will be based on the Big Bite
dipole magnet with a detector package assembled mostly from existing equipments.

2.2  Kinematics choice

The kinematic variables are defined in Fig. 5. We always use a beam energy of
E=6.0 GeV. E' and 0. are the energy and angle of the scattered electron, p, and
0, are the momentum and lab angle of the detected pion, z = E,/v. W? is the
invariant mass squared of the whole hadron system and W'? is the invariant mass
squared of the hadron system without the detected pion.

We chose to cover the region of 0.1 < z < 0.4 and the highest possible 172
with 6 GeV beam in order to be as far as possible into the deep inelastic region.
We also chose to detect the fragmentation products directly along the momentum
transfer with 35% ~ 65% of total energy transfer to favor the current fragmentation
regime rather than the target fragmentation regime. The W’ are also chosen to be
the highest possible (3.5 GeV? to 6.1 GeV?) to avoid contributions from resonance
structures. These choices make the direction of ¢ very close to the beam line, thus,
the use of septum magnet is necessary. Because the design of the septum magnet
moves the interaction points 80 ¢cm upstream of the regular target location, the
other HRS spectrometer cannot be used at an angle larger than 12.3°. We plan to
assemble an electron arm spectrometer using the existing Big Bite dipole magnet
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Table 1: Summary of central values of kinematic settings at beam energy E = 6.0 GeV. E'(in GeV)
and 0, (in degree) are electron arm momentum and angle, 6, (in degrees) indicates the direction of ¢,
0 (in degrees) is the hadron arm angle (fixed at 6°), P (in GeV/c) is the hadron arm momentum.
W2 (in GeV?) is the invariant mass square of the hadron system, W' (in GeV?) is the invariant
mass square of the hadron system without the detected pion. Each kinematic setting contains
(e,e’rT) and (e,e’w~) runs on hydrogen and deuterium targets.

Label | E' 6, v (z) W2 Q |q|] 6 60, |= P, W~

1.05 2550 4.95 .13 894 1.23 5.07 5.11 6.00
Kla 0.35 1.75 6.12
K1b 0.41 2.03 5.63
Kle 0.47 233 5.15
K1d 0.53 2.62 4.66
Kle 0.59 292 4.18
K1f 0.65 3.22 3.69
0.90 37.50 5.10 .23 822 223 531 5.92 6.00
K2a 0.35 1.78 5.63
K2b 0.41 2.09 5.19
K2c 0.47 2.40 4.75
K2d 0.53 2.70 4.31
K2e 0.59 3.01 3.86
Kof 0.65 3.31 3.45
0.60 59.50 5.40 .35 747 3.55 5.72 5.19 6.00
K3a 0.35 1.89 5.13
K3b 0.41 221 4.73
K3c 0.47 254 4.32
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Figure 5: Diagram of (e,e’w) reaction on nucleon.

and a modified detector package based on the existing Real Compton Scattering
experiment ' detector setup.

Because of the finite acceptance of the planned electron-arm Big-Bite spectrometer
(AQ =10 msr, AP/P = +20%), a wider kinematic region is covered. The coverage
in the (z, Q?) plane is shown in Fig. 6, and the coverage in the (x, W?) plane is shown
in Fig. 7. The data will have enough statistics to allow six z-bins in Kinematics-1
and -2 and three z-bins in Kinematics-3. In principle, the Big Bite spectrometer in
the planned configuration can provide a even larger momentum acceptance, but we
took a conservative approach in estimating count rates.

Although the absolute efficiencies of pion detection will cancel in the yield ratios,
changes in relative efficiencies, especially between 7% and 7~ measurements could
introduce systematic errors. At each electron-arm kinematics, several hadron arm
momentum settings are planned. They overlap each other by 3% in momentum bite
to provide self-consistency monitoring in pion detection efficiencies.

Fig. 8 shows the Hall-A floor configuration for Kinematics-1, with the Big Bite
dipole magnet located 2.5 meters away from the target at an angle of 25.5°. Well-
collimated shielding is planned in front of the magnet to reduce background. Shield-
ing between the detector package and the beam dump are also required.

2.3 Spectrometers and detectors
Hadron Arm Spectrometer and Detectors

The hadron arm HRS spectrometer will be in its standard configuration with a
threshold gas Cherenkov and an aerogel Cherenkov (with n=1.015, and proton
threshold of 5.5 GeV). Two layers of lead glass shower counters at the very end
of the detector package are also needed to provide additional 7/e separation. We
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Figure 7: Kinematic coverage of (z, W?).

require the gas cherenkov signal to be included in the trigger as an online veto to
et and e.

The Electron Arm Spectrometer and Detectors

We plan to put the Big Bite dipole 2.5 meters away from the target as a deflection
magnet for the electron arm. The electron arm configuration presented here is based
on the following considerations:

e The background decreases quickly with increasing particle momentum. The
bending angle should be as large as the detector size allows and the detector
should not see the target directly.

e To provide particle ID and good pion rejection, well segmented shower detec-
tors should be used. The existing Real Compton Scattering (RCS) calorimeter
is a good choice.

12



HRE Spectrometer

Septum Magnet

Shielding .

Big Bite Magnet

Detectors

Figure 8: Experimental floor plan of kinematics-1.

e Segmented scintillators can be used to reduce events from background.

e An additional Cherenkov counter would help in eliminating pion contamina-
tion. Aerogel Cherenkov counters with n = 1.008 allow compact design with
reasonable segmentation.

e Reconstruction of the vertex in target gives a large reduction factor on acci-
dental events. Reasonable target reconstruction can be done with Big Bite
which has simple optics. Additional proportional wire chambers need to be
installed.

e Knowledge of the electron energy with the calorimeter allows the trajectory of
electron to be reconstructed even with multiple hit events in the wire chamber.

A GEANT Monte Carlo simulation was done to guide the design of the electron
arm detector package. Fig. 9 shows the simulation of negative particles passing
through the well-collimated Big Bite magnet. Based on the simulation, the location
of the RCS calorimeter is chosen to be 7.5 meters away from the magnet.

Under the above configuration, reasonable acceptance ( ~ 60%) can be achieved
over a momentum bite of at least +20%. Fig. 10 shows simulation result of the Big
Bite momentum acceptance.

Fig. 11 shows a schematic view of the detector package design. Separated by 2.5
meters, front(M1) and rear(M2) MWPC will have three planes (U1, V1, W1) with
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Figure 9: GEANT simulation of negatively charged particles passing through Big Bite magnet.
The locations of two wire chambers and the RCS lead glass array are also shown. Positively charged
and neutral particles are outside the view of detectors.

wire spacing of 2.0 mm. Helium bags will be put inside the magnet and between
two wire chambers to reduce multiple scattering. The angular resolution will be
about 1 mrad, and the momentum resolution will be better than 1.0%. Two layers
of scintillator (S1, S2) and two Aerogel Cherenkov (Al, and A2) counters will be
segmented into 8 sections each. Their orientation will be alternated between two
different directions. Scintillator time resolution of 0.25 ns is expected. The existing
RCS lead glass calorimeter (PbG) has 704 blocks with the size (40 by 40 by 400

mm).

There are a large number of available components for this detector package. The
RCS Lead Glass Calorimeter and its DAQ) are under construction and development
for experiment E99-114. It is the most expensive part of the detector. Aerogel
Cherenkov counters can be assembled from components of existing counters in Hall
A except the aerogel material (n = 1.008). 5-inch PMTs are available from Hall A
Cherenkov counters. We are discussing with MIT /Bates the possibility of borrowing
the MWPC from Bates FPP system and instrument it with a PICO4 readout which
is available in Hall A. These MWPC has dimensions of 37x71 and 88x142 cm which
fit perfectly with the proposed geometry. We will need to add third plane to the
MWPC chamber for tracking improvement.

14
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Figure 10: Big Bite momentum acceptance at 1.0 GeV setting. The histogram shows random
electron rays (with energy pe) starting from the target with Afj,, = £50 mrad and Af,., = £50
mrad. The shaded area represents particles accepted by the detector package.

2.4 Background rates and accidental coincidence rates.

Single electron rates in each arm are estimated using deep inelastic scattering cross
sections (see next section). Single proton and pion rates are estimated by a code of
J.S. O’Connell and J.W. Lightbody, Jr. '3

For the hadron arm at 6°, the electron singles rate in the worst case is in the order
of 100 kHz, positron rates are certainly less than the electron rates. Pion singles
rates are less than 30 kHz, and proton singles rates are of the order of 2 kHz in the
worst case. The combination of the threshold gas Cherenkov and two layers of lead-
glass shower counters should provide sufficient e~ /7~ and e* /7 separation. For
the electron arm, in the worst case (at 25.5° and 1.0 GeV), the electron singles rates
should be less than 30 kHz, and the 7~ rates less than 150 kHz. The 7~ /e~ ratio
will not exceed 10:1 on the electron arm throughout the experiment. Nevertheless,
we introduced two well-segmented aerogel Cherenkov counters in the electron arm
detector package design to further reduce the possibility of pion contamination.
Combined with the well segmented RCS lead-glass array e”n~ separation should
not be an issue in the electron arm.

The trajectory corrected time-of-flight resolution is expected to be better than
1.0 ns. The worst signal-to-noise ratio will occur at settings Kla - K1d, assuming a
2.0 ns coincident time window, the accidental rates of (e”7~) or (e- ") could reach
the few Hz level while the true coincident rates are above 20 Hz. Since both arms
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Figure 11: Electron arm detector configuration.

have an interaction point resolution of at least 2.0 cm along the beam, an additional
accidental reduction factor of 7.5 can be easily achieved for a 15 cm long target.
Therefore, the signal-to-noise ratio will be higher than 10:1 in the worst case.

3 Count Rate Estimate and Beam Time Request

3.1 Coincident (e,e'm) Cross Section Model and Rate Estimate.
The model of coincident cross sections has the following inputs:

e The inclusive (e, €') cross sections for protons and deuterons.

e A parameterization of fragmentation function D (z) and D~ (z) as functions

of Q%

e A model of transverse momentum distribution of pions as fragmentation prod-
ucts.

The inclusive deep inelastic (e, €') cross section can be expressed in the quark
parton model as:

d2 2 1 1— 2 E'
= LD s (e @) @

)

where my is the nucleon mass, y = v/E, s = 2Emy + m%. The quark distribution
functions ¢;(x, Q%) and ¢;(v,Q?) are taken from the CTEQ5M global fits ". The
predicted inclusive cross sections agree with SLAC data'* to better than 20% within
the kinematic region of this proposal.
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The semi-inclusive (e, e’'h) cross section relates to the quark fragmentation func-
tion D’ (z, Q%) and the total inclusive cross section oy, through:

1 do(e,e'h) €2 fi(x,Q*) D (z,Q?)
Ot dz ieifi(w, Q?)

The two light quark fragmentation functions, D*(z, Q%) and D~ (z,Q?), relate to
each other roughly through %:

(22)

D7(27Q2) _ 1—2z
D+(2,Q%)  1+2z

(23)

The average pion fragmentation function D™ (z,Q*)=1/2(D*(z,Q?) + D~ (z,Q?))
was parameterized (BKK parameterization) ' based on fits of ete™ annihilation
data. Existing data indicated that the fragmented products follow a nearly struc-
tureless azimuthal distribution and a Gaussian-like transverse distribution. For the
ple, e'm™) X reaction, at the kinematic point of v = 4.10 GeV, W2 = 4.56 GeV? and
Q%*=1.20 GeV?, Bebeck et al. '7 determined that the pion transverse momentum (p, )
distribution follows the form of e(=271) with B=8.09 + 0.65 GeV~2, corresponding
to a quark transverse momentum distribution of o,,, = 0.25 GeV. We used this pion
distribution and realistic spectrometer acceptances in a Monte Carlo simulation to
estimate the count rates. We note that when a virtual photon of several GeV strikes
a quark, the majority of the fragmentation products remain within a few degrees of
the direction of the virtual photon. Therefore, by detecting fragmentation products
along the direction of ¢, the Hall-A HRS spectrometer provides sufficient solid angle
coverage. In this proposal, the kinematics are chosen such that the direction of ¢
always lies within the acceptance of HRS.

With a 100 A beam on a 15 cm standard Hall-A cryogenic hydrogen/deuterium
target, the luminosity is 4.0 x 10%® cm 25!, The HRS spectrometer with the septum
magnet has an angular acceptance of Afy,, =23 mrad andA#,., = £50 mrad, and
a momentum acceptance of £4.5% 8. The well-collimated Big Bite setup as electron
detector will accept at least 60% of the charged particles over a momentum range
of £20% within A6}, = £50 mrad and A6,., = +50 mrad. An electron detection
efficiency of 90% is assumed. To test the onset of Generalized Factorization, we take
six different P, settings at Kinematics-1 and -2, and three P, settings at Kinematics-
3. The beam time arrangements at each settings are chosen such that the absolute
value of r; can be determined to dr; = 1.25% statistically. The time distribution
within one setting is chosen such that the yields from hydrogen and deuterium are
measured with similar relative accuracies and yields of 7+ and 7~ are measured
with similar absolute accuracies. The statistical uncertainty of ry is roughly half of
the uncertainty of 7, with the planned arrangement we have dr, = 0.46%, 0.53%
and 0.61% for each setting in Kinematics-1, -2 and -3, respectively.

The estimated count rate and beam time allocation in each setting are listed in
Table 2. The beam time request is summarized in Table 3. In addition to the
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476 hours of production beam time, we request 8 hours for a dummy target yield
check, 12 hours for Hadron-arm magnetic filed changes For two angle changes of the
electron arm, we request 16 additional hours of time, possibly it can be arranged
during scheduled maintenance periods. Since the planned Big Bite detector package
will not be used in other Hall-A approved experiments, some beam time should be
available for parasitic developments. Additional Hall-A facility development time
(~ 48 hours) will be requested separately for Big Bite calibrations and detector
shakedown. A total of 512 hours (21 days) of beam time is requested for this
experiment.

Table 2: Count rate estimates and beam time for each kinematic setting.

Label || z P Rate (Hz) Time (Hours) Time
R:" Rfr RE Ry |Tr Tr T; T} | Sum

Kla 0.35 1.73 3745 18.03 79.05 38.06 23 1.1 1.1 0.5 |5.0
K1b 0.41 2.03|37.34 15.62 7882 3298 |25 1.0 1.2 0.5 |52
Klc 047 2.33136.22 13.06 7647 275728 10 13 05 |56
K1d 0.53 2.62|34.17 1050 72.14 221632 10 15 05 |6.2
Kle 0.59 2923127 806 66.01 170238 10 1.8 05 |70
K1f 0.65 3.22 2759 5.85 5824 1235|146 1.0 22 05 |82

Kin-1 Sub-Total: 37.0

K2a 035 1.78 771 371 1505 725 |68 33 35 1.7 |15.2
K2b 0.41 209|723 3.03 1413 591 |79 33 40 1.7 |16.9
K2c 0.47 240 ]6.65 240 1299 468 |93 34 48 1.7 |19.2
K2d 0.53 270|597 1.83 11.65 3.58 |11.3 3.5 58 1.8 | 223
K2e 059 3.01 521 134 1017 262 |139 36 7.1 1.8 |26.5
K2f 0.65 3.31]439 093 857 182 |17.8 3.8 9.1 19 |32.7

Kin-2 Sub-Total: 133.0

K3a 035 1891090 043 162 078 |382 184 21.0 10.1 | 87.7
K3b 041 2211081 034 148 0.62 |458 19.2 253 10.6| 100.8
K3c 047 2541073 026 132 048 |558 20.1 30.8 11.1]|117.7

Kin-3 Sub-Total: 306.0

‘ H Total Beam Hour: ‘ 476.0 ‘

4 Expected Results

Since we plan to measure yield ratios rather than the absolute cross section, sen-
sitivity to instrumental effects are minimized. The major concern of systematic
uncertainties comes from the possible bias between 7% and 7~ detection efficien-
cies and in luminosity corrections. Since we planned enough overlap on different
pion momentum settings, local detection efficiency differences could be monitored
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Table 3: Summary of beam time request.

E’ 0. Time

GeV | degree (Hours)
Kin-1 | 1.05 | 25.50 37.0
Kin-2 | 0.90 | 37.50 133.0
Kin-3 | 0.60 | 59.50 306.0

Dummy Target Coincident Yield Check 8.0
Magnetic Field Changes and Target Moves | 12.0

Electron Arm Move 16.0
Data Production Beam Time 512.0
Total Time Requested 512.0
(21 days)

and corrected. Luminosity monitoring through beam charge and target density
measurement as well as spectrometer single events rates can correct the overall lu-
minosity to 0.5% level. The difference in luminosity determination between 7% and
7~ measurements should be less than 0.25%.

The radiative correction differences between (e, ¢’r) and (e, e'w™) reaction could
introduce systematic uncertainties in extracting quark and anti-quark distribution
ratios. We expect this kind of higher order radiative correction difference to be
relatively small in the yield ratios. In principle, this correction can be calculated
exactly in the frame work of QED. Although we are not aware of such a calculation
at the moment, we certainly believe that a reliable procedure of radiative corrections

in (e, e'm™) reaction can be developed in the future.

Another issue in the interpretation of this experiment is the effects of final state
interaction in H(e,e'w) and D(e,e'r) reaction. We intentionally chose pion mo-
mentum to be higher than 1.75 GeV/c for reduced m — N scattering cross section
to avoid complications of final state interaction. We also chose to avoid resonance
region by taking W'> as high as possible (3.5 < W'> < 6.1 GeV?) and observing
the pions directly along the momentum transfer. Thus we expect the effects of final
state interaction to be rather small. We are actively seeking help from theoretical
colleagues on calculations regarding this issue.

We will have enough data to determine the onset of the generalized factorization
to 1.25 % on ry and 0.5% on ry. If a clear z-independent behavior is reproduced as
in the HERMES experiment, the yield ratios will directly be the quark distribution
ratios as r; = (d +d)/(u + @) and ry = (d — d)/(u — @). Strong constraints can be
made to the quark distribution functions over the measurement region.

On the other hand, our measurements could demonstrate a transition to the
factorization regime, with some kinematics show the evidence of factorization while
others won’t. A clear demonstration of such a transition will be very interesting.
Lastly, if the evidence of generalized factorization cannot be identified through our
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measurements, a clear contradiction to the HERMES data will be established. This
will cast doubt on the usual methods of extracting quark distribution functions and
quark spin distributions in deep inelastic semi-inclusive experiments.

4.1 FExpected results on light quark and anti-quark distribution ratios.

The projected data on r; and ry measurements are shown in Fig. 12. The error
bars on the data points are statistical only. In comparison to the projected r; data
points we show in Fig. 13 a QCD fit result ' of (d + d)/(u + @). We point out
that the typical deviation among different fit models differ by 3-10% in the region
of 0.1 <z <0.4.

The projected data points of d/u is shown in Fig. 14 together with Fermilab E866
and CERN NA51 data points.

T T T T T T T T T T T T T T T T T T T
; ——— CTEQ5M (@ 1
0.75 F \\ — — - symmetrical sea
L‘_ -
0.50
025F t+itistideegis 3 i
P N I S N T S N T ST ST SR NN ST S S S N S
——— CTEQSM ®) ]
0.75 — — - symmetrical sea
LN i
0.50
0.25 . . . |

Figure 12: The projected data on r; and rs.
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Figure 13: The ratio of ry = (d + d)/(u + @) versus x at Q>=10 GeV? from different fits. The
solid line and the shaded band are QCD fits and error from M. Botje. Dashed-dotted curve is from
CTEQ4M, and the dashed curve corresponds to CTEQ4M prediction with a modified down quark
density.

4.2 Other possible physics products.

We note here that (e,e’K™) and (e, e’ K~) events will also be collected in the data.
Time of flight difference and PID provided by aerogel Cherenkov will be sufficient
enough to separate them from (e, e'n*) events. Distributions of s-quarks could be

accessed through this reaction.

Although we are not planning to measure the absolute cross sections with high
precision, in principle, there is no obstacle to determining the absolute detector
efficiencies and spectrometer acceptances at the £5% level. Therefore, inclusive
(e, €') cross sections, single pion cross sections, as well as 77 /7~ cross section ratios
can also be determined. Extraction of fragmentation functions within our acceptance
are also possible. It will be rather interesting to compare them with parameterization
from high energy data.
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Figure 14: The projected data on d/a, statistical errors only.

5 Relation to Other Experiments

With luminosity of (1 —5) x 1032 cm~2s™! for unpolarized beam at HERMES, six
orders of magnitude lower than this proposal, it will be very time consuming to
collect data to the same statistical accuracy as we proposed here. In addition, for a
large detector setup as in HERMES, detection efficiency control at different part of
the detectors to a precision of 0.5% level would prove to be very challenging.

Fermilab P906 is a proposed extension of Fermilab fixed target E866 experiment
using a high intensity 120 GeV proton beam out of the Fermilab Main Injector. The
P906 proposal would increase the x coverage to 0.45 with much improved statistics
over E866 data. Using the completely different Drell-Yan ratio technique, P906 is
not in competition with this proposal.

Very small forward angle access is almost impossible in Hall C and Hall B. This
fact makes the deep-inelastic semi-inclusive reactions, such as in this proposal, in-
accessible to these two Halls at 6 GeV energy without an extensive hardware de-
velopment efforts. We note that Hall-C proposal PR-00-004 (C. Armstrong . et
al. PAC-17) was proposed to test “Duality in Meson Electroproduction” using the
(e,€e'm) reaction, however, we do not share the same physics goals, measurement
techniques, and kinematics.
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6 Summary

In conclusion, we will be able to make high precision measurements of deep inelastic
semi-inclusive 7 /7~ yield ratios on hydrogen and deuterium to test the generalized
factorization and to extract light quark and anti-quark distributions ratios. JLab
at 6 GeV will allow us to reach W? high enough such that deep inelastic scattering
measurements become possible. At a higher z range and much better statistical
precision than the HERMES experiment, we will be able to independently test the
Fermilab E866 results with a completely different reaction mechanism. If proven
successful, this method would allow us to extend the measurements to quark spin
density distributions and to strange-sea quark distributions. A total of 512 hours of
beam time is requested for experiment with 6 GeV unpolarized beam in Hall-A.
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