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Abstract: We propose to measure the spin asymmetries in semi-inclusive
deep-inelastic ple,e’h)X and d(e,e'h)X reactions (h = «, 77, Kt and
K ™) on longitudinally polarized NH3 and LiD /ND; targets. The deuteron
target running will be concurrent with an approved experiment, EQ7-
011, which will measure high precision inclusive spin asymmetries on the
deuteron target to extract ¢g¢/F@. Since E07-011 plans to use both LiD
and NDj targets to constrain nuclear effects in LiD, this experiment will
also use both type of deuteron targets. The large acceptance BETA de-
tector, in the same configuration as in the approved “SANE” experiment,
will be used to detect the scattered electrons. The HMS spectrometer will
be used to detect the leading hadrons in coincidence (z = 0.4 ~ 0.6). The
high statistic data will allow a spin-flavor decomposition in the region of
z = 0.12 ~ 041 at Q? = 1.21 ~ 3.14 GeV?. Four leading order meth-
ods and two next-to-leading order methods of flavor decomposition will be
applied independently to provide consistency cross-checks. Especially, a
next-to-leading order spin-flavor decomposition of Au,, Ad, and Az — Ad
will be extracted based on the measurement of the combined asymmetries
Af;,*”_. The possible flavor asymmetry of the polarized sea will be ad-
dressed in this experiment. The precision data from this experiment will
significantly improve our knowledge of the flavor structure of the nucleon
spin for both valence and sea quarks. The much improved knowledge on
the moments of the polarized quark distributions will provide benchmark
tests for theoretical models and lattice QCD calculations. In addition to
the double-spin asymmetry A%y, the target single-spin asymmetry A}, will
also be measured as by-products. Especially, the term Aﬁzwh, which at the
leading order is produced only through a non-vanishing T-odd Collins frag-
mentation function. Within the same data set, the deviation from the naive
factorization assumption, which translates into the systematic uncertainties
of the leading order flavor decomposition, will be clearly demonstrated by
comparing the combined asymmetry Af;*”_ with the inclusive asymmetry
A;n. A total of 11 days of new beam time for the proton target running at
5.9 GeV in Hall C is requested. In addition, the 17 days of deuteron target
configuration can be run in conjunction with EQ7-011.
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1 Introduction

The last decade has seen remarkable progress in the knowledge of the polarized
quark distributions Agy(z). The most precise and clearly interpreted experimental
tool has been inclusive deep-inelastic lepton scattering (DIS) applied at the CERN
and SLAC. However, the information available from inclusive DIS process has in-
herent limitations. As the cross sections are only sensitive to eg, the square of
the quark charge, an inclusive DIS experiment probes quarks and anti-quarks on
an equal footing, therefore is not sensitive to the symmetry breaking in the sea
sector. From the inclusive data alone, it would only possible to determine combi-
nations of Ag + Ag , but never Aq, and Ag separately. Only one particular flavor
non-singlet combination can be directly inferred through DIS measurements, i.e.
Ags(7,Q?) = Au+ At — Ad — Ad = 6(¢7 — g7). The additional assumption of
SU(3) flavor symmetry allows the hyperon beta decay data to constrain the first
moments of Aq. The celebrated result of this approach is that quark helicities seem
to make a small net contribution to the nucleon spin, and the strange sea appears
to be negatively polarized.

The sensitivity to each individual quark flavor is realized in semi-inclusive deep
inelastic scattering (SIDIS) in which one of the leading hadrons is also detected.
Since the leading hadrons from the current fragmentation carry information about
the struck quark’s flavor, detection of the leading hadron effectively “tags” the
quark flavor. Therefore, SIDIS offers an unique opportunity for determining the
spin, flavor, and sea structure of the nucleon !, thereby significantly enriching our
understanding of QCD and the nucleon structure. High precision polarized SIDIS
data on the proton and the neutron allows a flavor decomposition of nucleon spin
structure, which could lead to the discovery of a possible flavor-asymmetry in the
polarized sea. Recently, the HERMES collaboration published the results of a lead-
ing order spin flavor decomposition from polarized proton and deuteron data, and
for the first time extracted the @, d and s = 5 sea quark polarization >3. Unlike the
predictions of several theoretical models, HERMES found that within the available
statistics Au — Ad is consistent with an unbroken SU(2); symmetry.

Recently, Ji, Ma and Yuan explicitly showed® that QCD factorization is valid for
SIDIS with hadrons emitted in the current fragmentation region with low transverse
momentum p,, < ). Factorization of spin-dependent cross sections in SIDIS and
Drell-Yan has also been shown for low p,j, case ”. At high enough energy trans-
fer the quark-scattering and hadron production processes follow the naive x — z
separation: the cross section becomes a simple product of quark distributions (z-
dependent) and quark fragmentation functions (z-dependnet). The HERMES data
has demonstrated that, within the experimental precision, the semi-inclusive double-
spin asymmetries A%y (N = p,d) at (Q?) = 2.5 GeV? agree reasonably well with the
SMC data* which was obtained at (Q?) = 10 GeVZ2. Recent Jefferson Lab Hall B
results® of A}T; asymmetry, which is at (Q?) = 1.8 GeV?, are also shown to be con-
sistent with the HERMES and the SMC data. This non-trivial agreement indicates
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that the violation of the naive x — z separation is not large around Q? of 2.0 GeV?,
and the semi-inclusive asymmetry A%, has a rather weak % dependence, just like
the inclusive asymmetry A;y. The apparent “precocious scaling” suggests that at
modest @2, information on the quark distributions is reasonably well-preserved in
semi-inclusive reactions.

Jefferson Lab is actively pursuing the opportunity of an energy upgrade to 12
GeV. Semi-inclusive experiments will be a rich program with the upgrade if the
leading order naive x — z separation can be demonstrated to hold at a reasonable
level. With the high luminosity available at Jefferson Lab, it is possible to perform
precision measurements at a large scattering angle, which brings Q? close to that
of HERMES while investigating a similar x region. To quantitatively answer the
question of leading order naive x — z separation at 6-12 GeV, it is crucial to perform
precision measurements on observables that are sensitive to its violation. Recently,
a schematic strategy of tests has been suggested® which requires no prior knowledge
of fragmentation functions nor parton distributions. The experimental challenge in
this strategy is to measure the combined double-spin asymmetry Aﬂ,”_. If the
naive x — z separation holds perfectly, Af;\r,”_ will turn out to be identical to the in-
clusive A, asymmetry due to the exact cancellation of the fragmentation functions.
Their difference, ATyt™ — Ay, gives a clear indication on the size of the next-to-
leading-order contributions which violate the naive leading order z-z separation.
In practice, the combined asymmetry A{r;\r,”_ poses more experimental challenges,
since knowledge of phase spaces and detector’s efficiencies are required. Preliminary
results from HERMES demonstrated perfect agreements between A’f;”f and Ay
for both proton and deuteron, indicating that the NLO correction terms are not
large at (Q?) = 2.5 GeV?.

This experiment is specifically designed to have well controlled hadron phase
spaces and detection efficiencies such that the combined asymmetries A’f;,i”_, in
addition to the individual asymmetries A% (h = 7%, 7=, K™ K~), can be deter-
mined with high enough precision to give a better lever-arm in the flavor decom-
position. At Q? of 1.21 ~ 3.14 GeV?, a leading order spin-flavor decomposition of
the nucleon spin structure will be performed in the region of x = 0.12 ~ 0.41. The
much improved statistics over the existing data will present us with the opportunity
to probe the possible flavor asymmetry of the light sea quark polarization. At the
high-z bins, this experiment overlaps with the Hall A experiment® (E99117) which
extracted ratios of Au/u and Ad/d from the inclusive asymmetry Ay, at high-z.
The consistency check between semi-inclusive data from this experiment and the in-
clusive data of E99117 provides the validity test of the various flavor decomposition
methods in semi-inclusive experiments at JLab energy.

It was pointed out by Christova and Leader® that if the flavor and charge non-
singlet combined-asymmetries Af;,_”_ are measured with a high enough precision,
quark polarization Au,, Ad, and Au— Ad can be extracted at leading order without
the complication of involving quark fragmentation functions. Even at the next-to-
leading order, information on the valence quark polarizations is well preserved in

7



—n

the combined asymmetries A’f;{, since gluon densities do not appear in the non-
singlet observables®. Furthermore, the Q2-evolutions of non-singlet densities A,
Ad,, At — Ad are rather simple since gluons are not involved.

In addition to a direct extraction of Au — Ad, one can also chose to access the
polarized sea asymmetry through precise measurements of Awu, and Ad, in the
valence region. The key point here!? is that the the Bjorken sum rule establishes the
link between the first moments of the sea-quark and the valence-quark polarizations
at all orders of QCD. Written in terms of the moment A;q = fol dxAq, Bjorken sum
rule reads

Ags = a3 = [Au(Q”) + A1a(Q%)] — [A1d(Q?) + A1d(QY)]

- i—A — 1.2670 £ 0.0035 in all QCD orders. (1)
therefore,
_ - Lliga] 1 .
A — Aqd = 3 g_ — §(A1uv — Aydy) in all QCD orders. (2)

Using Eq. 2, and the earlier SIDIS results of HERMES Aju, and A:d,, it was
speculated ' that the spin-flavor asymmetry could be as large as: A1 — Ad =
0.235 4 0.097. Considering that the NMC data '? gives [y (d — @)dz = 0.147 &
0.039, this estimate ends up close to the Pauli-blocking model prediction ! of (Au —
Ad)/(d —u) =5/3.

From the deuteron data alone, one can also form I, the first moment of Au,+Ad,,
and extract at leading order the moment:

- 1 1
AT+ Ad = 3TY — gl + 7508 (3)

where T'VV is the moment ofglY = (¢} + ¢7)/2 from inclusive data, and ag = 3F — D
is from hyperon [S-decays.

2 Summary of major developements since semi-SANE approval

The semi-SANE experiment (E04-113) has been approved with “A~” for 25 days of
beam time at PAC-26 in 2004. Since then there’re several major developements on
the spin-physics side:

e HERMES final results of quark spin-flavor decomposion has been published.

e RHIC-spin results has indicated a rather small gluon contribution to nucleon
spin.



o COMPASS experiment recently released the results of the flavor non-singlet
asymmetry A"" "7 of polarized deuteron data. At (Q?) = 10 (GeV/c)?, the
first moment of Au, + Ad, has been extracted at LO to be 0.40+0.07(stat.) £
0.05(syst.). Combine with the existing includive DIS data of g4 and value of
the octet matrix element (ag = 3F — D = 0.58 +-0.03) from hyperon [ decays,
the first moment of A+ Ad at LO was found to be 0.04-0.0440.03, suggested
that A and Ad, if different from zero, must be of opposite sign.

e Stimulated by the needs for analyzing semi-SANE data, a global NLO-QCD
fitting tool has been developed by Sassot et. al and readily available to include
both inclusive and semi-inclusive asymmetry data in the analysis and properly
track the error propogations from the measured asymmetries to the parton po-
larizations. Furthermore, a global NLO-QCD analysis of parton fragmentation
functions has been developed by Sassot et. al which address the uncertainties
of parton fragmentation functions for the first time.

At Jefferson Lab major progresses are:

e The BigCal colarimeter has been constructed and is in operation for Gep-III
experiment.

e The SANE gas Cherenkov detector is almost completed and a beam test has
been planned. The SANE experiment has been re-approved with “A” rating
and scheduled for installation in June-July 2008 with data collection starts Au-
gust 1, 2008. Since the semi-SANE experiment will use the same experimental
setup as of the SANE experiment, with the standard Hall C HMS spectrom-
eter added as the hadron detector, the switch-over can be completed within
two days. The current accelerator schedule makes it possible to complete the
semi-SANE data during Nov.-Dec. 2008.

e The G1d experiment, which will share half of the semi-SANE beam time, has
been approved with “A” rating at PAC31.

3 Physics Motivation

The principle goal of spin-dependent SIDIS experiments is to perform flavor decom-
position of nucleon spin structure taking advantage of flavor tagging. In this section,
we first express the SIDIS cross sections and asymmetries at leading order (LO) and
the next-to-leading order (NLO) before summarizing the HERMES results of the
leading order purity-method. We will outline two other methods of flavor decom-
position for this experiment: the flavor non-singlet (Christova-Leader) method at
leading order and the next-to-leading order, and the leading order “fixed-z purity”
method. We will also address the issue of the naive z-z separation and methods of
“effectively measuring” the next-to-leading order contribution following the strategy
of Christova and Leader 8. Theoretical models of polarized light sea asymmetry is
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summarized to motivate our measurement of Au — Ad. Existing experimental evi-
dence suggesting the naive z-z separation at the relevant (Q? are summarized at the
end of this section. The next-to-leading order predictions of various experimental
observables of this experiment are presented in detail in Appendix—A. The detail
of leading order “fixed-z” purity formalism is presented in Appendix—B. Through-
out this proposal, SU(2) isospin symmetry and charge conjugation invariance are
assumed and heavy quark contributions are neglected, as in the analysis of SMC,
HERMES and COMPASS data. In addition, we assume a symmetrical strange
quark distribution and polarization (s(z) = 5(z), As(z) = As(z)).

3.1 SIDIS cross sections at leading order and the next-to-leading order

At the leading order of g, the SIDIS process is separated into a hard quark scat-
tering followed by a quark hadronization process, as shown in the first diagram
of Fig. 1. The naive z-z separation assumption, on which the SMC, HERMES and
COMPASS analysis were based, implies that the spin-independent (¢”) and the spin-
dependent (Ac") hadron-h production cross sections separate into the z-dependent
quark distributions and the z-dependent quark fragmentation functions:

oM(5,2) = X Aay(a) - Dly (), Aot(w,2) =Y AAqs(@) - Dly(2),  (4)

where = Q*/2Mv, z = Ej/v, e; is quark charge, ¢(z) and Ags(z) are quark
distributions and polarization of flavor f (f = u,d, u,d, s,5). The functions D(';f(z)
represent the probability that a quark f fragments into a hadron h.

LO: NLO-qq:

Figure 1: Semi-inclusive deep inelastic scattering diagrams at leading order (LO) and the next-to-
leading order (NLO).
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The naive x — z separation is violated at the next-to-leading order when the one-
gluon diagrams in Fig. 1 are considered. However, the exact form of this violation
has been well-known 4. At NLO, the terms of ¢(z) - D(z) and Ag(z) - D(2) in Eq. 4
are added with the double convolutions of the type ¢ C® D and Ag® AC ® D in
which C and AC are well-known Wilson coefficients '°

¢ ® C ® D|(z, 2) /1 da’ /1 dz (%) C(z',2\D (5) (5)

Not only are z and z mixed through the double convolutions at the next-to-leading
order, the unpolarized cross section o” also depends on the virtual photon variable
y = (Eq — E")/ Ey due to the longitudinal component of the virtual photon.

We define the short-hand notation:

qD+%q®C’®D:q[1+®%C®]D, 6)
2 27
at NLO instead of Eq. 4, we have:

(0%
oMx,2) = erqy [1 + ®2—;qu®] D!
f

+ (Zeﬁqf) ®%ng®D +G® 2 5 (EefD ) : (7)

Ac™( Z equf [1 +Q— Aqu®]

+ (Z efeAqf) ® g‘—;Ang ® D+ AG® g—;Acgq ® (2 e?ch’;f) . (8)
! f

For any given form of the parton distributions, the SIDIS cross sections can be cal-
culated numerically ' according to Eq. 7 and Eq. 8. It is also well-known that in
Mellin-n space, the double-convolutions factorize into simple products under mo-
ments, and the parton distributions can be recovered by an inverse Mellin transfor-
mation with all moments of Wilson coefficients already well-known '7.

3.2 Double-spin asymmetries at leading order and the next-to-leading order

Considering the beam and target polarization (Pg and Pr), and the dilution factor
(f" = o)y n/otyn), which reflects the presence of unpolarized nucleons in the target,
the experimental double-spin asymmetry® for a longitudinally polarized beam on a
longitudinally polarized target is

Al = f"PpPr - Prin - Aly, (9)

bFor the deuteron case, an additional correction of 1+ %wD)’l with wp = 0.05 £ 0.01 is required
to account for the D state in deuteron !8.
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the kinematic factor Py, is:

1+ R
Pkm—D-(1+777)'71+72, (10)
in which
_ -y p_ 1=y
2_y ’ 1+€R ’
et =1+2(1+v2/Q?) tan?(6,/2), (11)

D is the virtual photon polarization, R(x, Q?) = o1, /o7 accounts for the longitudinal
component of the virtual photon and y = v/E,, v*(z,Q*) = 4M?2?/Q?. In the
current fragmentation regime, the virtual photon asymmetry A%y is defined as:

Aoz, Q% 2)
oz, Q% 2)

At the leading order, the cross sections in Eq. 12 take the form of Eq. 4. At the next-
to-leading order, the cross sections are replaced by Eq. 7 and Eq. 8. The next-to-
leading order and leading order predictions!®'? of the pion asymmetries are plotted
in Fig. 2, as functions of z at x = 0.2. In principle, the asymmetry A?, depends on
both variables z and z, its z-dependency comes from the parton distributions and
z-dependency comes from the fragmentation functions. Accurate knowledge of the
fragmentation functions is needed in order to extract quark polarizations from the
measured A", asymmetries.

However, in some special combinations, if o” and Ac” happen to have similar z-
dependencies, as their ratio, the asymmetry will end up with a weak z-dependency.
This type of cancellation can provide us with much cleaner observables to access
quark polarizations without the complication of fragmentation functions. For ex-
ample, Christova and Leader pointed out ® that at the leading order, under the
assumptions of SU(2) isospin symmetry and charge conjugation invariance, the
fragmentation functions are canceled exactly in the combined A+ 4+ h~ double-spin
asymmetries. Furthermore, if strange quark contribution can be safely neglected,
the semi-inclusive asymmetry AE\L,”_ is reduced to the inclusive asymmetry A;y.
Even at the next-to-leading order, the z-dependence of Af;\r,i“_ is predicted to be
very weak !, as shown in the lower panels of Fig. 2.

Another example is the deuteron asymmetry A7,(x, z) which is predicted to have
a very weak z-dependence at both leading order and the next-to-leading order. In
the p + n system, the SU(2) isospin symmetry guarantees an exact cancellation
between the z-dependencies of Ac”" and o” for v and d quarks, leaving only the
relative z-dependencies of % and d quarks to generate the overall z-dependency
for AT,(x,z). As a result, AT,(z,z) is practically z-independent, and one has

T (x,2) = AT, (z,2) = Ag at 2 > 0.1, as shown in Fig. 2 and Fig. 25 of Appendix—
A.

AllzN(l‘a QQa Z)

(12)
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Figure 2: The next-to-leading-order (solid lines) and the leading order (dashed lines) pion asym-
metry predictions 12 using de Florian and Sassot’s parton distributions '® set i+ are plotted for
(Q?%) = 2.2 GeV? and x = 0.2 as functions of z.
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3.8 The HERMES leading order purity method and results

The SMC, HERMES and COMPASS analysis explicitly assumed the naive z — z
separation of Eq. 4 at the leading order, the asymmetries are related to the parton
polarizations through linear relations as:

h 2y _ ZpeiAgp(x, @) - Dj(z, Q%)
Aly(2,Q%2) = Ef e?cqf(x’Qg) . D?(Z,QZ) .

(13)

The HERMES analysis used the purity-method to achieve leading order flavor
decomposition *. In Eq. 13, a purity matrix P}(z,Q?, z) was defined such that:

9 _ 2 AQf(xaQQ)
All.LN ) b - h ) b) . 7’ 4
A= LI g .
where ) ( )fd Dh( )
_e5qp(w) [dzDy(z
PiO) = 5 @) [deDI () (15)

and the explicit Q? notation has been omitted for simplicity. The purity-method
integrates over all experimental allowed z-range such that SIDIS events are included
as much as possible to improve statistical accuracy. The exact values of ’P}L(x, Q?,2)
in the HERMES analysis were obtained through a detailed Monte Carlo simulation
which was based on the Lund fragmentation model ?* and taking into account of
the experimental phase space and detector efficiencies. The parameters used in the
fragmentation model were fine-tuned in order to reproduce the measured hadron
yields.

Integrating over hadrons with 0.2 < z < 0.8, HERMES extracted five flavor quark
polarizations:

Q= (xAu,xAd, x A1, zAd, xAs) , (16)
from a data base of measured double-spin asymmetries
A nt T at T + N

A= (A7), A7 AT, AL AR AL Ay, Aw) (17)

by solving the relations of A = Pl (x) - Q. The recent HERMES data of deuteron
asymmetries ? are shown in Fig. 3 in comparison with the SMC data*.

The HERMES results of flavor decomposition are shown in Fig 4. As expected,
u-quarks are strongly polarized in the direction of proton spin, while d-quarks are
polarized opposite to the proton spin. The u and d sea quarks carry a small amount
of spin while the s-quark polarization is consistent with zero. Fig. 4 also shows the
HERMES results of z(Au — Ad) together with the prediction of a broken SU(2);
symmetry >#?5. The data are consistent with an unbroken SU(2); symmetry in the
polarized light sea.

The HERMES results left a lot of room for improvements, at least with respect to
the statistics. In addition, the validity and the stability of the leading order purity

14
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two different parameterizations

22,23

. The right panel shows the difference of the polarized light

sea £(Au — Ad) as a function of . The error bars are statistical, while the shaded bands at the

bottom indicate the systematic uncertainties.
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method needs to be independently verified. The issue of naive z-z separation, the
size of the next-to-leading order contributions and the intrinsic uncertainties of the
fragmentation Monte Carlo simulation can be quantitatively addressed® when data
of better statistics becomes available.

Recently, the COMPASS experiment 2 released the results of A%" and A%™, iden-
tified charged hardon asymmetries off a deuteron target, with improved statistical
precisions at lower-x region. The asymmetry results are shown in Fig. 5.

h h-
Ad+ Ad
06F | ° COMPASS 06F | ° COMPASS
0 E 2 HERMES 0 E 2 HERMES
'5; o SMC '5; s SMC
041 0.4
03f 0.3f
o0.2f i # . ﬁ % 0.2F
0.1 L} 0.1
0: +- % %‘ 4 4 0:
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“E 1 - o i - ‘
1072 10* X 102 10" X

Figure 5: Hadron asymmetry A%" and A%~ measured by COMPASS 26, SMC and HERMES.

3.4 Spin-flavor decomposition at leading order and the next-to-leading order

This experiment will use four independent leading order and two independent next-
to-leading order methods to achieve spin-flavor decomposition. At leading order,
the result from the LO flavor non-singlet (Christova-Leader) method will be cross
checked against the LO global fit method, the “fixed-z purity” method and the
Monte Carlo purity method. At the next-to-leading order, the result of NLO non-
singlet (Christova-Leader) method will be cross checked with the NLO global fit
method. Within the same data set, the naive x-z separation assumption can be
tested quantitatively by comparing the combined asymmetry A’f;{,”_ with the well
known inclusive asymmetry A;x (also from the same data set with much improved
statistical accuricies). Their differences will clearly demonstrate the size of the
deviation due to the next-to-leading order contributions. In this section, we will
give a brief outline of these flavor decomposition methods. The formalism details
are provided in Appendix-B.

The non-singlet (Christova-Leader) method at LO and NLO

At the leading order, under SU(2) isospin symmetry and charge conjugation in-
variance, the fragmentation functions canceled exactly in the combined asymmetry

16



ATV In the quantities related to o™ — o™, the strange-quark does not con-
tribute. From Appendix-B, we have :

Aor" — Aol 4Au, — Ad,

AT T = o or T
R = (18)
Therefore:
Buio = [(tu = d) - 4 + (ot d) 45 )]
Adjro = [t (w+d) - AT = (duy— ) - 457)],
(Au, — Ady)ro = % [2 (4u1, —d,) .AT;_”f — 3(uy + dy) .Aflr;r—w*)] . (19)

From the inclusive DIS data, we have:

1
9 (2, Q") — ¢1(2, Q") = 5 Agqs(2, Q) o, (20)
the non-singlet Ags is defined as:
Ags(z, Q%) = (Au+ Ad) — (Ad + Ad). (21)

The polarized light sea asymmetry can be extracted through:

(A2 = Ad)|ro = 3(g7 — 97|20 — 5 (Auy — Ady) |10 (22)

1
2
A similar relation holds at the next-to-leading order.

At the next-to-leading order, under SU(2) isospin symmetry and charge conju-
gation invariance, the NLO convolution terms become much simpler in quantities
that related to o™ — o™ . Since the gluon density terms (9q and qg) in Eq. 7 and
Eq. 8 are identical for 77 and 7~ production, they drop out in the charge and flavor
non-singlet combined-asymmetry &:

(4Au, — Ad,) [1 + ®(a/2m) AC,,®] (DT — D™)

M =l — dy) [1 + ®(an/2m)Cy®] (DT = D)
rem — (B Ad) [1+ @(ay/2m)AC,,8) (D* — D7) (23)

(uy + dy) [1 4+ ®(as/27)Cyy®] (DT — D7)

in which Awu, and Ad, evolve as non-singlets and do not mix with other densities.
Therefore, measurements of ATy™™ on proton and deuteron can determine Au,
and Ad, at the next-to-leading order without any consideration of gluon and sea
distributions. The double-convolution terms in Eq. 23 are expected to introduce
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negligible z-dependency in Af;\r,_“_ at the kinematics of this experiment, as demon-
strated in the calculation of de Florian and Sassot ! in Fig. 2 and Fig. 25. The
solution of Eq. 23 needs to follow an iterative procedure and the order from higher-
x to lower-z, since the measured Agq, values at higher-z feed into the solution of
lower-z through the convolution terms. Initial assumptions of Ag, at high-z can be
taken from a theoretical ansatz that respects the positivity limit.

The first moment of Au, — Ad, is linked with the moment of A% — Ad through
the Bjorken sum rule at all QCD orders!!. The Bjorken sum rule, written in terms
of the moment Aq = fol dzAgq,

Args = [Aru(@Q?) + Aru(Q?)] - [A1d(Q?) + A1d(QY)]
ga

v
Therefore, valid in all QCD orders, we have:

= 1.2670 £ 0.0035 wvalid in all QCD orders. (24)

1
Alﬂ—Ald:§

ga

1
g — §(A1uv — Aldv)- (25)

Furthermore, a well-defined procedure has been given !' to obtain the moment
Aju, — Aqd, directly from the measured asymmetries Af; ~™ and AT, ™™ with-
out first solving Eq. 23 point-to-point. The stability of this procedure has been
demonstrated ' using the HERMES-1999 data.

From the deuteron data alone, one can also form I';,, the first moment of Au,+Ad,,
and extract at leading order the moment:

- 1 1
AT+ Ad =3I — sl + 150 (26)
where 'Y is the moment ofgl¥ = (g7 + ¢7)/2 from inclusive data, and ag = 3F — D
is from hyperon [3-decays.

The recent COMPASS results 26 of A""~*" are shown in Fig. 6. The extracted
valence quark polarization z(Awu,+Ad,) and the running-z,,;, integral of Au, +Ad,
are shown in Fig. 7. The fact that the integral of Au, + Ad, is significantly different
from that of assumption of a symmetrical polarized sea indicated that the sign of
A7 is opposite to that of Ad.

Global fits at leading order and the next-to-leading order

The formalism of STDIS asymmetry including the next-to-leading order contributions
has been well established. Several global fitting efforts have been carried out in
recent years when SIDIS asymmetry data became available. The NLO global fitting
procedures of SIDIS data follows the similar strategy as in the NLO inclusive DIS
fitting, except that one includes both inclusive and semi-inclusive data in the fitting
process with different weighting. The combinations of Aq + Ag have been well
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Figure 6: Charged hadron combined asymmetry Ag+_h_ measured by COMPASS 26,
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Figure 7: The valence quark polarization z(Au, + Ad,) compared with fron that of inclusive g¢
data, and the running-z,,;, integral of Au, + Ad, from the deuteron data of COMPASS 2¢.
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constrained through the inclusive ¢7 and g7 data alone, the added SIDIS data sets
are used only to provide separation between Ag and Ag. Once the SIDIS asymmetry
data, A"y, becomes available, similar global fitting procedure will be carried out by
our theory collaborators 1.

The leading-order “fixed-z purity” method

The HERMES leading-order “purity” method can be much simplified if high statis-
tics data are available at a well-defined z-value for all asymmetries. Instead of
obtaining the “purity matrix” over a large z range as integrated quantities in a
Monte Carlo, a well-localized “fixed-z purity” can be defined as described in de-
tail in Appendix—B. The measured asymmetries are related with quark polarization
through linear relations, for example:

ATz Z)_4Au+AJ+(4Aa+Ad))\W+2As§F
p Al dut+d+ (da+d) Ay +2s &

ete. (27)

where \;(2) = D_(2)/D}(z) and & (2) = D7(z)/D}(z) are ratios of fragmentation
functions. These ratios are better known than the fragmentation function them-
selves. The existing parameterizations?” obtained from e*e~ data provide reason-
able accuracies to start with. Both HERMES ?® and JLab Hall C have measured
the ratio A(z) = D /D;.

For a given z-bin, at a fixed z-value, each asymmetry measurement provides an
independent constraint on a linear combination of quark polarizations. In addition
to the semi-inclusive asymmetries A%y, the well-known inclusive asymmetry A, and
A4 impose extra constraints on Au 4+ A%, Ad + Ad and As + A5 = 2As. In this
experiment, we will extract 5 quark polarizations:

—

Q= (mAu, zAd, A, Ad, a:As) , (28)
from measurements of 10 double-spin asymmetries

A= (A”+ AT

1p »“*1p »

+ - + - + -
ATy AT AR AT AR AT Ay, Av) (29)
by solving the over-constrained set of equations A = P (x) -Q. The determination of
these coefficients requires inputs from unpolarized quark distributions and ratios of
fragmentation functions, the exact knowledge of the fragmentation function becomes
irrelevant.

Spin observables to test the leading order naive z-z separation

If we further assume As = As = 0 in the valence region, the fragmentation functions
are canceled at the leading order in the combined asymmetry A@Tﬁ”_, as discussed
in detail in Appendix—B, such that:
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Aot + Aol 4(Au+ Ag) + Ad+ Ad

ATHT (2,Q%,2) = = Ap(z,Q%),

P ort +or  Alu+u)+d+d

- Ao 4+ A% Au+4 Ad+ A+ Ad
AT (1,2, 2) = —4 4 — ——— = A(z,Q%. (30
" (2,07, 2) o+ o wtdrisd 1a(z, Q7). (30)
The combined asymmetry A}TX,”* reduces to the inclusive asymmetry A;y under

the leading order naive z-z separation. The relation AT\ (2, Q2 2) = A (x, Q?)

is a rather strong condition to satisfy, since the left-hand side involves the hadron
observable z while the right-hand side doesn’t. The deviation of A’f;rf from the
inclusive A;y asymmetry “effectively” measures the relative importance of the con-
tribution from the next-to-leading order terms.
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Figure 8: The HERMES inclusive asymmetries on the proton and the deuteron are compared
with the respective semi—inclusive combined ht + h~ asymmetries. The top panels show the
asymmetries, where the hadron tagged asymmetry is offset in z for presentation. The lower panel

shows the ratio of the uncertainties, o(A;) /a(A’I‘;JFh_)_

The HERMES experiment extracted the combined asymmetry A’f]f,ﬁ as shown in

Fig. 8 in comparison with the inclusive asymmetry A;y. The near perfect agree-
ment of AM" with A;y at (Q?) = 2.5 GeV? indicated that the next-to-leading
order correction terms are small or mostly canceled in the asymmetries and the tar-
get fragmentation contribution has a negligible impact to the asymmetries. Should
similar agreements be observed at Jefferson Lab energy, with (Q?) = 2.2 GeV? for
this experiment, parton polarizations can be reliably extracted through the leading
order interpretation of SIDIS asymmetries.

3.5 Au— Ad: the flavor asymmetry in the polarized sea

A few years ago, Fermilab experiment E866 reported measurements of the yield
ratio of Drell-Yan muon pairs from an 800 GeV/c proton beam incident on hydrogen

21



and deuterium *>*'. The data suggested a significantly asymmetric light-quark sea

distribution over an appreciable range in x; the asymmetry and d/@ peaked around
x = 0.18, as shown in Fig. 9. Furthermore, based on the E866 data and the CTEQ4M
global-fit values of % + d, the values of d(z) — @(x) were extracted, and it was
concluded that: [ [J(x) - ﬂ(x)] dr = 0.118 £ 0.012. Many theoretical models,
including meson cloud model, chiral-quark model, Pauli-blocking model, instanton
model, chiral-quark soliton model and statistical model, have been proposed to
explain the d/% asymmetry. These models can describe the d — % reasonably well.
However, they all have difficulties explaining the d/u data at 2 > 0.2.
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Figure 9: The Fermilab E866 results®*:3!. The left plot shows the ratio d/@ as a function of z, the

right plot shows the extracted value of d(x) — u(x) together with the HERMES semi-inclusive DIS
results.

Since the unpolarized sea demonstrates a significant flavor asymmetry, one naively
speculates a sizable flavor asymmetry exists for the polarized sea in the same z-
region . Indeed, many of the theoretical models have specific implications for the
spin structure of the nucleon sea, for example, the Pauli-blocking model and the
instanton model both predict a large A, Ad asymmetry, with A@ > Ad, namely,
JH[AT(z) — Ad(z)]dz = g-fol [d(x) —u(z)]dz ~ 0.2. In the chiral-quark soliton model,
A% — Ad appears in leading-order (N?2) in a 1/N, expansion, while the unpolarized
distribution d — % appears in the next-to-leading order (N,). On the other hand,
those meson cloud models which only include 7-meson predict A% = Ad = 0 since
they reside in spin-0 m-meson. By considering a vector meson (p) cloud, non-zero
sea quark polarization were predicted. A summary of theoretical predictions 3? of
In = [ [Au(z) — Ad(z)]dz are given in Table. 1. If the flavor asymmetry of the
polarized sea is indeed as large as the predictions of many model shown in Table. 1,
it would imply that a significant fraction of the Bjorken sum, f, [¢?(z) — g} (x)]dz,
comes from the flavor asymmetry of the polarized nucleon sea.
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Model I prediction

Authors and References

Meson cloud 0
(m-meson)

Meson cloud ~ —0.007 to —0.027
(p-meson)

Meson cloud = —6 f, ¢¥(z)dr ~ —0.7

(m — p interference)
Meson cloud
(p and 7 — p interference)

~ —0.004 to —0.033

Eichten et al.®3,
Thomas 3*
Fries et al. %°

Boreskov et al. 36

Cao et al. 37

Meson cloud <0 Kumano et al. 8
(p-meson)
Meson cloud ~ (.12 Fries et al.®
(m — o interference)
Pauli-blocking (bag model) ~ (.09 Cao et al.?"
Pauli-blocking (ansatz) ~ (.3 Gluck et al. 0
Pauli-blocking = 2 [y1d(z) — a(z)]dx ~ 0.2 Steffens 1
Chiral-quark soliton 0.31 Dressler !
Chiral-quark soliton ~ [o22°.12[d(x) — @(x)]dx Wakamatsu et al. 42
Instanton = gfol [d(x) — (z)]dr ~ 0.2 Dorokhov #3
Statistical ~ [}[d(z) — u(z)]dz ~ 0.12 Bourrely et al.
Statistical > [ [d(z) — w(z)]dz ~ 0.12 Bhalerao

Table 1: A summary 3? of theoretical predictions of In = fol (A
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3.6 The target single-spin asymmetry Ay,

As by-products, this experiment will also produce high statistic data on the target
single-spin asymmetry Ay. Especially interesting is the sin 2¢p moment of Ay, as
shown in Eq. 31, is caused only by a non-vanishing chiral-odd Collins fragmentation
function H;-?. CLAS eglb data has shown a noticeable A57%?, as plotted in Fig. 10

ep - e mX

< 0.1 7 ® W=sing
s m W=sin2¢

0.075 | +
0.05 |
0.025 F
0F
-0.025
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Figure 10: Azimuthal moment of target single-spin asymmetry Ai}rﬁ’ and A?}HLM from CLAS EG1b
ple,e'nT)X data®. The kinematic cuts are 0.5 < z < 0.8 and W' > 1.1 GeV. Curves are from A.
Efremov et al.*6

together with the theory prediction *® of Efremov et al.. A confirmation of such a
non-zero single-spin asymmetry is certainly very important. We expect to improve
the statistical accuracy on A?}iw by a factor of three over the existing CLAS data.

AP = Sy -sin2¢ Y- eqrhyf(x) - Hy(2), (31)
q

3.7 FExisting data agree with leading order naive x-z separation

The quark-hadron duality argument of Close and Isgur *” suggested that leading
order factorization might work at the Jefferson Lab energy leading to a naive z-z
separation. Existing cross section data supports such a leading order interpretation
at JLab energy. In Fig. 11, the p(e, e'n*)X and d(e, e'n*)X cross sections from
the Hall C E00-108 experiment® are compared with a SIDIS Monte Carlo. The
simulation, which is based on the naive z-z separation, reproduces the cross section
data closely. The lack of any clear resonance structure at z < 0.6 (W' > 1.5
GeV) indicates that the contributions from exclusive resonance production channels
are not large in the cross section when W’ is above the A mass, confirming the
observation of a Cornell experiment *® at Ey = 11 GeV. In Fig. 12, CLAS 5.7
GeV data in the p(e, e'm™)X reaction is shown to have a common z-dependence for
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different z-bins, confirming the observation of z-z separation in an earlier Cornell
experiment ®® at 11 GeV.

The existing asymmetry data also suggests leading order z-z separation at 6 GeV.
In the left panel of Fig. 13, clear agreement of A’{; between HERMES and CLAS
(eglb run) data are shown. In addition, the semi-inclusive asymmetries clearly agree
with the inclusive asymmetry A;,, indicating the strong domination of current-
quark fragmentation in the semi-inclusive data. The CLAS data corresponding to
(@?) = 1.77 GeV? and a rather low missing mass cut of W’ > 1.1 GeV. Furthermore,
the CLAS A’f; data demonstrated no z-dependency, as shown in the right panel of

Fig. 13. Similar z-independent behavior of A’{; and A", was also observed in the
HERMES data?® within the statistical uncertainties.

4 The Proposed Measurement

4.1  Qverview

We plan to study the F(€, e'h) X and d(€,e'h) X reactions (h = 7", 7, KT and K™)
with longitudinally polarized NH3y and ND3/LiD targets in Hall C with a 6 GeV
polarized electron beam. Relative yields will be determined for different combina-
tions of beam and target spin orientations and the combined asymmetries Af;i”_
will be constructed in addition to the various double-spin asymmetries A%,. The
HMS spectrometer will be located at 11.5° beam right as the hadron arm detector.
The HMS will be set at a central momentum of 2.7 GeV/c and with either positive
or negative polarity. In the HMS, particle identification of kaons and pions will be
done by time of flight relative to the beam RF time. For the electron arm, we will
use a combination of large calorimeter (BigCal), lucite array, gas Cherenkov and
scintillator tracker hodoscope for particle identification and background reduction.
This is the same detector package that will be used in the approved experiment %3
E07-003,“ Spin Asymmetries on the Nucleon Experiment” (SANE) in which it was
designated as the Big Electron Telescope Array (BETA). BETA will be centered
at 32° beam left. A detailed description of BETA is given in the SANE proposal.
Since this is a coincidence experiment, and the HMS can be used for target position
reconstruction, from coincidence timing and HMS vertex cuts one can eliminate the
majority of the background in BETA.

4.2  Kinematics and phase space

The definitions of the kinematics variables are the following: Bjorken-z, which indi-
cates the fractional momentum carried by the struck quark, z = Q?/(2vMy), My
is the nucleon mass. The momentum of the outgoing hadron is p, and the fraction
of the virtual photon energy carried by the hadron is: z = E,/v. W is the invariant
mass of the whole hadronic system and W' is the invariant mass of the hadronic
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Figure 11: The absolute cross sections for SIDIS 7+ production on proton and deuterium targets
from Hall C E00-108 at z = 0.32 are shown to agree with a SIDIS Monte Carlo simulation (dashed
line).
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Figure 12: CLAS 5.7 GeV data in the p(e, e'nt) X channel is shown to have a common z-dependence
for different z-bins.
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Figure 13: Left panel: CLAS Ai’; data compared with HERMES data, the inclusive A; asymmetry

of CLAS and HERMES are also plotted for comparison. Right panel: the CLAS asymmetry Af;
are plotted for different z-bins.
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system without the detected pion. We have:

1
W2 = M]QV + Q2(E - 1)7
W”=(My+v—E.)?—|7—p.|* (32)

We have chosen to cover the highest possible W with a 6 GeV beam, 2.4 < W < 3.0
GeV, corresponds to 0.14 < z < 0.40 and 1.35 < Q* < 3.14 (GeV/c)?. We have
also chosen to detect the leading fragmentation hadron which carries 0.6 > z > 0.4
of the energy transfer to favor the current fragmentation. The value of W’ is also
chosen to be as high as possible (1.50~2.30 GeV) to avoid contributions from the
resonance structures. The cross section weighted average kinematic values for each
x-bins are listed in Table 2.

E) (0 (z) (W) Q) O | (2) (Wa) (2k) (W)
GeV  deg. GeV GeV? deg. | range GeV range GeV
(e, e'm) (e,e'K)
PHMS = 2.7 GGV/C, OHMS =11.5°
1.10 25.2 0.138 2.93 1.24 4.8 0.56 2.03 0.57 1.96
1.26 28.1 0.202 2.80 1.76 6.3 0.58 1.89 0.59 1.82
1.37 31.7 0.282 2.64 240 7.8 0.60 1.75 0.61 1.66
1.47 35.6 0.391 243 3.25 9.8 0.61 1.54 0.62 1.45

Table 2: The cross section weighted average kinematics for the central BET A angle of 32° and the
HMS angle of 11.5°. The HMS momentum setting (prars = 2.7 GeV/c) and the corresponding z-
coverage, W' values are listed. The small shifts in z and W' values for (e, e'w) and (e, e’ K') reactions
reflect the mass difference of kaon and pion. Data of all z-bins will be collected simultaneously.

In the two—dimer*lsional plot ' of z vs ncu, where the center-of-mass rapid-
ity ney = %lngfiﬁ is defined in the center-of-mass frame, as shown in Fig. 14
L

for W = 2.5 GeV, the rapidity gap between the two fragmentation regimes is
Ancy = 3.8 when 0.6 > z > 0.4 is required. This condition is well above the
regularly used Berger’s Criterion of Ancy = 2.0 for separation of current and tar-
get fragmentation 2. The phase space coverage is obtained from a detailed Monte
Carlo simulation which includes realistic spectrometer models, detector geometry
as well as the target holding field. The phase space covered in this experiment are
shown in Fig. 15. The HMS has a solid angle of 6 msr and a momentum bite of
+10%. The BETA detector has a solid angle of 200 msr and we only plotted the
phase space corresponding to E' < 2.15 GeV. The hadron azimuthal angle (¢.,)
and polar angle (6,,) coverage relative to the direction of ¢ is plotted in Fig. 16.
An estimation of the expected resolution for kinematic variables was done using
a Monte Carlo simulation. In Table 3, the resolutions, o, are listed for each z bin.
In Fig. 16, the coverage in 0,, and ¢, is shown on a polar plot. The expected
range in @, is from 0 to 10° and the expect resolution better than a degree at all
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Figure 14: The center-of-mass rapidity gap for W = 2.5 GeV, above z = 0.50 the current and
target fragmentation regime is separated by Ancyr = 3.8. A typical fragmentation function is
shown on the side panel with z = E, /v and xr = p]*/|q].

z. At x = 0.14, the ¢,, coverage is from 135° to 270°. By z = 0.40, the HMS
spectrometer is centered along the ¢ and ¢, coverage is the full 360° at small @,
with and emphasis at ¢, = 90 and 270°, because the HMS collimator is rectangular.
The resolution in ¢, increases with increasing z, since the coverage in 6., is reduced.

‘ Variable H 00r, ‘ 0Onrq ‘ ops ‘ 0z ‘
(z) = .14 bin || 0.20° | 2.3° | 0.010 | 0.006
(z) = .22 bin || 0.20° | 3.1° | 0.010 | 0.007
(z) = .31 bin || 0.20° | 3.8° | 0.010 | 0.008
(z) = 40 bin || 0.20° | 4.6° | 0.010 | 0.008

Table 3: Resolutions (one standard deviation) in each z bin for the kinematic variables 04, ¢rg,
pt (GeV/c) and z obtained from the Monte Carlo simulation.

4.3 The experimental observables

The beam and target double-spin asymmetries can be obtained directly from the
number of events (N and N~) observed corresponding to each beam helicity, cor-
rected by the luminosity ratio £L*/L£~:

+
AlN - fhPBPTPkZTL . N++N_ . £_+ (33)
E_
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Q* ( GeV/c)?

Figure 15: Left panel: the phase space coverage in (Q?,x) and (W,z) planes with each z-bin
in different color. Phase space beyond E' = 2.1 GeV is not plotted. Right panel: phase space
coverage in (W' x), (pt,z) and (z,z) planes. The actual kinematic coverage is wider compared
with the nominal values listed in Table 2.
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Polar plots of O, versus ¢,
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Figure 16: The hadron azimuthal angle (¢.,) and polar angle (6,,) coverage for each z-bin. The
q vector goes into the page at the middle of each plot.

The dilution factors f* will be measured by comparing the polarized target spec-
trum with that of the Carbon target, as has been done in earlier experiments at
SLAC, Hall C and Hall B. The typical values of the dilution factors for the NHj3 tar-
get are estimated to be f™ = 0.19 ~ 0.23, f™ = 0.16 ~ 0.17. This estimation has
been confirmed in the 7 case in the CLAS eglb data, as shown in Fig. 17. Dilution
factors for the LiD target are 0.42 ~ 0.45. For the NDj3 target, the dilution factors
are ~ 0.25. Dilution factors for the (e, e’ K) measurements are similar to that of
the (e, e'm) case. The dilution factors are expected to be determined to 6 f/f < 2%.
The size of the raw asymmetries, Aﬁ, is expected to be < 7%, therefore, we expect
Aft-6f/f < dA[l. The statistical uncertainties on the double-spin asymmetry J A7y
is dominated by 6A|’|Z and is not influenced significantly by the uncertainties of the
dilution factor.

The combined beam-target double-spin asymmetry A?Iivﬁ needs the cross section
ratio o% /o as an extra input:

N _ , 34
ol + ol 1+7r (34)

where r = ol /o In this experiment, 7 = 6™ /o™ = 0.43 ~ 0.64 for proton. The
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Figure 17: The measured dilution factor of the CLAS 7+ production on a NHj3 target compared
with a LUND fragmentation model based Monte Carlo simulation.

error propagation follows:

(6ATN")? = (1:&77“)2 [(SALY)? + 12 (§A%Y)? + (Aly)2(6r)* + (AIR")*(6r)?] . (35)
Since it does not suffer from the dilution factors, the value of r can be easily deter-
mined statistically to |07|/r < 2.0% in this experiment. The systematic uncertainty
should also be below 2.0%, since only count ratios over similar phase spaces are
involved. In addition, the uncertainty of r is always modulated by the asymmetries,
thus, the first two terms in Eq. 35 dominate.

The target single-spin asymmetry Ay, will be obtained from the number of events
(N7 and N¢) observed for the target polarization along or against the beam di-
rection, corrected by the luminosity difference £7/L£. The luminosity will be
monitored by the spectrometer’s singles rate. The beam helicity is summed over.

N
i . N"—N“-ﬁ—(_
B kin N—)+N(—.£T

4.4 The electron detector: BETA

The electron-arm detector consist of a large lead glass calorimeter array, BigCal,
which has been constructed by the Hall C G g, collaboration, to measure the energy
of the electrons. BigCal will is currently being used in experiments 04-108 and
04-013. For SANE, BigCal will be augmented with three new detectors to become
the Big Electron Telescope Array, BETA. The detector closest to the target will be
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an forward tracking hodoscope. The next detector closest to the target will be a
new segmented threshold gas Cherenkov detector for additional 7 /e separation. A
pion rejection factor of 1000:1 is expected by the combination of BigCal and the
gas Cherenkov. In between BigCal and the gas Cerenkov is an array of Lucite bars
which are used for reconstruction of tracks back to the target, which is important for
a single arm experiment like SANE. Since this is a coincidence experiment, target
reconstruction and cuts will be done using the HMS spectrometer.

The calorimeter array, BigCal, combines lead-glass blocks used in the Hall A
Real Compton experiment with lead-glass from the Protvino group that was used
at Fermilab. Each RCS lead-glass block has a 4x4 c¢m cross-section and length
of 40 cm, while the Protvino lead-glass block has 3.8x3.8 cm cross-section with a
length of 45 cm. The lead-glass is being stacked 218 cm in height x 120 cm in width,
forming a solid angle of 198 msr at a distance of 3.6 meter from the target. The
blocks are individual wrapped with a thin layer of 1 mil thick aluminized mylar so
that they are optically isolated from each other. The electron energy resolution is
expected to be 5%/1/E(GeV). A horizontal and vertical position can be determined
by the energy-weighted centroid of the cluster of blocks which share the energy and
is expected to be better than 0.5 cm. For coincidence events, the target position
will be determined by the HMS to about 0.5 ¢cm so that expected angular resolution
for the scattered electron is about 3 mrad. We propose to use the technique of 7°
mass reconstruction as a means of calibration. This technique has been used in
other experiments, such as the RadPhi experiment (E94-016) at JLab and E852 at
Brookhaven which employed a large calorimeter. The gain monitoring system will
be designed and constructed by the University of Virginia group based on the gain
monitoring system that they successfully implemented for the RadPhi experiment.

The gas Cherenkov detector is critical for the rejection of pions while at the
same time maintaining a high efficiency for electron detection. Temple University
is designing and constructing the gas Cherenkov for SANE. The gas Cherenkov will
have a length of 175 cm with the radiator gas occupying a length of 125 cm and
the mirrors having a length of 50 cm. A total of eight mirrors will be employed
in two columns of 4 and each will have a size of 50 x 70 cm. The mirrors will be
designed for point-to-point focusing from the target cell to the photomultiplier tube.
The gas Cherenkov will use dry N, gas which at 20° C has an index of refraction
of 1.000279. This corresponds to a pion momentum threshold of 5.9 GeV/c. The
expected number of photo-electrons is 17~20. The possible contamination of J-ray
knock-out in the Cherenkov are eliminated in a coincidence experiment when a high
momentum hadron is required in HMS.

The BETA trigger will be formed between the gas Cerenkov trigger and the
BigCal trigger. The gas Cerenkov trigger will be an OR of the eight individual
PMT and will be set at the 0.5 to 1 photo-electron level. The Bigcal trigger is
an OR of 39 overlapping groups. Each group is form by signals from 64 lead-glass
blocks with the group overlapping the previous group by one row of blocks.
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4.5 The hadron detector: HMS

The experiment needs to cleanly identify electrons, pions, and kaons. The plan is to
do /e separation using a combined cut on the energy in the lead glass calorimeter
and number of photo electrons in the gas cerenkov in the HMS. Pions and kaons will
be identified by time-of-flight relative to the beam RF structure. The coincidence
trigger will be form between the HMS and the BET A singles trigger. The HMS
trigger will be the standard 3 out of 4 scintillator trigger from the S1 and S2 x and
y scintillator planes. The BET A trigger will coincidence between the calorimeter
trigger and the BET A Cerenkov detector. The BET A Cerenkov detector will have
the better time resolution ( expected to be 0.4 ns) and will be used to identify the co-
incident RF time pulse. With the proper time structure identified then time-of-flight
along the 25m flight path of the HMS can be used to for 7/K/p identification. As
shown in Table 4, for the range of momentum in the HMS ( momentum acceptance
in £10%) the difference in 7 and kaon time-of-flight is a minimum of 0.94 ns while
the proton and kaon time-of-flight is a minimum of 2.4 ns. The HMS scintillator
time resolution of ~ 0.25 ns is sufficient for particle identification.

‘ p (GeV/c) ‘ At(m-K) (ns) ‘ At(p-K) (ns) ‘

2.0 2.1 4.89
2.2 1.7 4.2
2.4 1.5 3.6
2.6 1.2 3.1
2.8 1.1 2.7
3.0 0.94 24

Table 4: For given hadron momentum, p, the difference in the pion versus kaon time-of-flight,
At(n-K), and difference in the proton versus kaon time-of-flight, At(p-K)(ns), over the 25m flight
path of the HMS.

4.6 Background rates

To calculate singles rates in the electron arm, a Monte Carlo simulation which
includes the target field, the geometry of the target and the magnet’s coils was
developed by Dr. G. Warren. Rates for electrons, positrons, charge pions, protons
and neutrons were calculated. Different codes were incorporated into the Monte
Carlo for the different particle types. The strong 5T target holding field forces low
energy charge particles to the direction of the beam. From the Monte Carlo, it is
expected that charged particles must have a momentum greater than 100 MeV/c
in order to reach the electron arm when it is centered at 32°. The expected trigger
rates for different particle types are given in Table 5. The rates in the Cherenkov
detector are calculated assuming a threshold of 0.5 to 1 photo-electron which reduces
the raw rate of charged pions by a factor of 100 and essentially eliminates the
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protons and neutrons. The rates in the calorimeter were calculated assuming a
500 MeV threshold on the energy deposited in the calorimeter. Positron to electron
singles ratio from the GEANT simulation are shown in Fig. 18, e singles rates is
at < 20% level compare with the e~ rate. In the (e, e'm) coincidence events sample,
the positron events are easily eliminated when a high momentum hadron is required
in coincidence, as has been demonstrated in the CLAS eglb data analysis.
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Figure 18: Positron to electron singles ratio in the BigCal according to the GEANT simulation.

Based on the individual detector rates given in Table 5, we expected the rate of
true coincidence between the gas Cherenkov and the calorimeter to be 0.97 KHz
with an additional accidental rate of 0.32 KHz. The singles rate in the HMS will
be below 10 KHz. With a 100 ns coincidence window between the electron arm and
the HMS the accidental coincidence rate will be below 1 Hz for the whole 100 ns
window. These accidentals can be further reduced by a factor of 10 by a higher cut
on the number of photo-electrons in the data analysis and then additional factor of
20 by a 5 ns cut on the coincidence time. The remaining accidental rate should be
less than 0.005 Hz under the timing cut.

| [ Cherenkov | Calorimeter |

Particle type || et +e~ | 77 +7~ | Trigger || et +e~ | 7#t+7~ | 7%4p+n | Trig
Rate (KHz) 0.79 543.03 6.22 0.66 31.48 228.51 | 260.65

Table 5: The expected rates for a trigger in the Cherenkov or the calorimeter under assumptions
given in the text.
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4.7 Beam line

This experiment will be running with the target field parallel to the beam direction.
The effects of the 5T target field on the beam will be minimal. Still the beam is
affected by the target field and to insure the incident beam is horizontal at the
target, the existing Hall C BE and BZ1 upstream chicane magnets will have to be
used to bend the beam slightly upwards before entering the target’s magnetic field.
For the downstream section of beamline a helium bag will be used to transport the
beam to the beam dump.

To maintain the target polarization, the beam has to be rastered. Rastering also
insures uniform distribution of heat and radiation on the target material. We would
use the slow rastering system developed for previous polarized target experiments
in Hall C which produced a 2 cm diameter beam spot at the target. We would also
plan to use the same Secondary Emission Beam Position Monitor (SEM) used in
previous Hall C experiments.

4.8 The polarized targets

We plan to use the University of Virginia polarized target which has been successfully
employed in E143/E155/E155x at SLAC and E93-026 and E01-006 at Jefferson Lab.
In this target dynamic nuclear polarization (DNP) is utilized to enhance the low
temperature (1K), high magnetic field (5T) polarization of solid materials (NH3,ND3
or SLiD). The irradiation of the target with 140 GHz microwaves drives hyperfine
transitions thereby aligning the nucleon spins. Proton polarizations in excess of
95% have been achieved in NH3. Deuteron polarizations in LiD have have reached
maximums of 30% (E155) while polariztions in ND3 have reached maximums of
40%.

A schematic view of the polarized target is shown in Fig. 19. The target magnet
coils have a £50° conical shaped aperture along the axis and a +17° wedge shaped
aperture along the vertically oriented mid-plane, and this geometry fit our choice of
kinematics. The polarized target assembly contains two 2.5 cm diameter, 3 cm long
target cells that can be moved by remote control to be located in the uniform
field region of the super-conducting Helmholtz pair. The permeable target cells are
immersed in a vessel filled with liquid He and maintained at 1 K by use of a high
power evaporation refrigerator.

Both beam heating and radiation damage from the electron beam reduce the in-
beam average polarizations which we have taken to be 80% for the NHj3 target, 22%
for the LiD target and 33% for the NHj target. The average in-beam polarization of
LiD during E155 was 22%. Most of the radiation damage is repaired by annealing
the target at about 80 K (for NH3), until the accumulated dose reaches > 2 x 107
electrons, at which point the material needs to be replaced. LiD suffers much less
from radiation damage which is repaired similarly, but at a temperature of 185 K.

We have included the overhead time for target annealing in our beam request.
Most of the overhead time can be shared with other activities, for example Moller
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Figure 19: The schematic view of the UVa. polarized target.
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runs, and unpolarized target runs.

The 3 cm NH; target corresponds to 1.8 g/cm? of material. An average beam
current of 100 nA was achieved in earlier JLab experiments. The luminosity corre-
sponding to the polarized proton in the uniform field region is 80 x 103 cm™2 sec™!.
The spin dilution factor, which is the fraction of polarizable nucleons in the target,
will be about 0.15 for NH3, assuming that 60% of the target cup contains NHz, with
the remaining volume filled with He. The NHj3 target is about 0.04 r.l. in thickness.

The 3 c¢m long ®LiD target corresponds to about 1.6 g/cm? of material, and is
about 2% of a radiation length. Various studies have shown that, to a good approx-
imation, %Li acts as a polarized proton and a polarized neutron plus an unpolarized
spectator particle 3. This results in a spin dilution factor of ~ 0.5 (compared to
0.28 for ND3). Even after taking into account target windows and liquid helium,
s¢ ~ 0.4, and in conjunction with its high polarization, LiD gives a much higher
nucleon average polarization than any other solid target. SLiD polarized targets
have been successfully used by the University of Virginia group to measure g; and
g2 at SLAC®5 and is being used by COMPASS.

LiD has other advantages over NDj3 including the fact that the polarization can
be measured with better accuracy. This lies in the fact that the NMR signal of NDj
has a poorer S/N ratio as there is a splitting of the RF transitions arising from the
interaction of the quadrupole moment of the deuteron with an electric field gradient
in the crystal. There exists no such interaction (no electric field gradient in the LiD
crystal) in LiD and the single NMR, peak is much narrower and better defined.

The third advantage of LiD is a greater tolerance to radiation (mentioned above
and better by a factor of 5) over NDj, resulting in fewer anneals and a greater data
taking efficiency. °LiD, like ND3, must be pre-irradiated to create the paramagnetic
centers necessary for DNP.

The target polarization will be measured continuously via NMR using a coil em-
bedded in the target material coupled to the Liverpool Q-meter and RF processing
module. This system has been the de-facto standard in polarized targets for the
last 20 years and has been successfully employed by the UVA group in a series of
experiments at SLAC and JLAB.

The response of the NMR circuit must be calibrated against a known polarization
- the thermal equilibrium polarization present in a spin system in equilibrium with
the environment. These calibrations, known as TE measurements, are a critical
part of any polarized target experiment and can be time-consuming, especially with
LiD which has a long relaxation time. Typically TE measurements are done at the
beginning of the run, before and after any configuration changes to the target and
opportunistically, at any sustained interruption in the delivery of beam. We have
included in the run plan time for TEs interspersed during the run.

The Li polarization in °LiD was studied at SLAC 5 and found to follow the
prediction of equal spin temperatures (EST) based on a measurement of the deuteron
polarization. It will be monitored. As part of the program to minimize the sources
of systematic errors, the target polarization direction will be reversed after each
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anneal by adjusting the microwave frequency.

In order to determine accurately the A-dependence from the various nuclei in
the polarized target, a small amount of beam time will be used to measure the
rates from auxiliary targets consisting primarily of helium, beryllium or carbon, and
aluminum. These targets will also allow a measurement of the dilution factor for
the polarized targets. These runs are often done in coordination with the annealing
sequence when the target is warmed up and the polarizable targets do not have to
be in the beam line.

4.9 Effects of the longitudinal target field

The polarized target has been used at several experiments at JLab and the recon-
struction of target angles and positions with the target field has been well under-
stood. In addition, the acceptance of the HMS has also been well understood in
single arm inclusive experiments. The longitudinal field of the polarized target will
effect the trajectories of outgoing charged particles. Of importance for this experi-
ment is the opposite effect the target field will have on trajectories of positive and
negative particles into the HMS. For this experiment, we will measure >C(e, 7¥)
reaction with target field turned on and off to understand the relative acceptances
for 7* that are needed for making the combined asymmetries A’f;i”_, as has been
during E01-006. In the left panel of Fig. 20, a comparison is made between the
measured rates of '?2C/(e,e’) reaction to a Monte Carlo simulation. The data was
taken at a beam energy of 5.7 GeV and the HMS angle of 13.15° with the target
field parallel to the beam direction.

The difference of the HMS acceptance between positively and negatively charged
particles when the target field turned on is shown in the right panel of Fig. 20.
The angular acceptance is plotted for the 2.3 GeV/c HMS setting. XPTAR is the
charge particle’s original out-of-plane angle (+XPTAR for trajectory downwards)
and YPTAR is the in-plane angle. For no target field, the acceptance is shown by
the green line. With the target field on, the acceptance for positively (negatively)
charged particles is shown by the black (red) line. There is a symmetric shift in the
acceptance with the centroid in XPTAR shifted by -20 mrad ( -1.2°) for negative
particles and with the opposite sign for positive charge.

5 Event Rate Estimate and the Expected Raw Asymmetries

5.1 Cross section and rate estimate

The estimation of the coincidence cross sections has the following inputs:

e The inclusive p(e,e’) and d(e,e') cross sections. Deep-inelastic cross section
for %Li, “He, 2C and “N are assumed to be the sum of the protons and the
neutrons, neglecting the nuclear effects.
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Figure 20: Left panel: a comparison between rates for the 12C(e,e’) reaction from E01-006 data
and a Monte Carlo simulation as a function of W. Right panel: the HMS acceptance in XPTAR
(hadron’s original out-of-plane angle) vs YPTAR (in-plane angle) for 7+ (black line) is compared
with 7~ (green line) for this experiment.

e Parameterizations of the fragmentation functions D}, D and DT for quark
to pion fragmentation, D}, Dy and DX for quark to kaon fragmentation.

e A model of the transverse momentum distributions of pion and kaon as frag-
mentation products.

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

d? 1+ (1-y)?) FE
= L) s e ptta), (37)

2
STy 0.3

where s = 2F My + M%. s The unpolarized quark distribution functions f{(z) and
f(z) are taken from the CTEQ5M global fits 3. The semi-inclusive (e, e’h) cross
section relates to the quark fragmentation function Dg(z) and the total inclusive
cross section oy, through:

1 do(e,e'h) _ Tyq¢;fi(2)Dy(2)
Otot dz 207 eﬁf{’ ()
For the quark to pion fragmentation functions D;"(z) and D_ (z), the parametrizatior®®
from Binnewies et al. was used in conjuntion with the ratio of unfavored to favored

fragmentation function taken from the fit by Geiger’®. For the fragmentation func-
tions DT, D}, Dy and DX we follow the parameterization ? of BKK.
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Existing data indicate that the fragmented products follow a Gaussian-like dis-
tribution in transverse momentum. For the N(e,e'm)X reaction, recent HERMES
data ® showed that the transverse momentum (P.) distribution for both 7 and
7~ follow the form of e(~%F1) with a = 4.66 (GeV/c)"2. Charge kaon transverse
momentum distributions are also found to be similar®2. We used this distribution
and realistic spectrometer acceptances in a Monte Carlo simulation to estimate the
count rates. The issue of hadron decay is also considered in the rate estimation.
The typical survival factors for 7% and K* of 2.7 GeV/c momentum are 0.82 and
0.23 correspondingly, after a flight-path of 25.0 m in HMS.

5.2 The expected raw asymmetries and the statistical uncertainties

The event rates, total number of events in each bin, the expected raw online asym-
metries and the associated statistical uncertainties for the nominal kinematics bins
are listed in Table-7 for the (e, e'w) and (e, €' K) reactions. Charged kaon yields are
expected to be at the 10% ~ 20% level compared to the yields of pion. Therefore,
kaon asymmetries will also be determined with reasonable accuracy. We have as-
sumed a beam current of 85 nA, beam polarization of 80%, target thickness of 3 cm,
a polarization of 80% for the NH3 target, 33% for the NH; target and 22% for the
LiD target. .

The expected statistical uncertainties of A%y and A’f; " are listed in Table 8 and
Table 9 . The expected statistical uncertainties of AT; “™ and AT, ™ are listed in
Table 10 together with the uncertainties of the extracted polarized parton distribu-
tion according to the Christova-Leader (CL) method. Part of the systematic uncer-
tainties due to the knowledge %% of ¢¥(z) and g¢7(z) (d¢7 = 0.0059, dg7 = 0.0057)
are also included in obtaining §(x(A% — Ad))zo in Table 10. The approved SANE
experiment in Hall C is expected to improve the world knowledge of ¢%(z) signifi-
cantly. The inclusive data from this experiment will also provide a high statistical
data set for extracting g} (z).

5.3 Systematic uncertainties
Systematic uncertainty of A", and AT *"

Knowledge of target polarization and dilution factor dominates the systematic un-
certainty of A%y. The effects of radiative corrections will be treated in a Monte Carlo
simulation following the procedures of the HERMES analysis ?, which found that
the systematic uncertainties introduced by this procedure are negligible. Kinematic
smearing will also be treated following the procedure of the HERMES analysis.

Since the direction of ¢ is close to the beam direction, the effects caused by the
small transverse component of the target polarization relative to ¢ can be safely ig-
nored. The size of the transverse double-spin asymmetry A%, is expected to be much
small compare with A%y and it is weighted by the hadron transverse momentum p;,
being further suppressed in this experiment.
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Pion rates and the total number of events on the NHj target:

(z) | (z) B~ R™ N™ N™ ["PyPrPryn OAT AT
Hz Hz k k 7t 7 % %
0.139 | 0.56 0.23 0.14 120 39 0.14 0.12 029 0.50
0.202 | 0.58 0.26 0.14 136 39 0.13 0.12 027 0.50
0.284 | 0.60 0.21 0.10 110 28 0.13 0.11 030 0.59
0.391 | 0.61 0.06 0.03 31 8 013 011 0.56 1.08

Pion rates and the total number of events on the NDj3 target:

() || (z) R™ R™ N™ N" [ "PyPrPun 6AT GSAT
Hz Hz k k Tt T % %
0.139 | 0.56 0.26 0.17 121 38 0.07 0.07 0.29 0.51
0.202 | 0.58 0.29 0.16 135 37 0.07 0.07 0.27 0.51
0.284 || 0.60 0.23 0.12 108 26 0.06 0.06 0.30 0.61
0.391 | 0.61 0.07 0.03 30 8 0.06 006 0.57 1.12

Pion rates and the total number of events on the LiD target:

() || (z) R™ R™ N™ N™ [ PyPrPun 6AT GSAT
Hz Hz k k ot T % %
0.139 || 0.56 0.36 0.23 125 39 0.08 0.08 0.28 0.50
0.202 | 0.58 0.41 0.23 140 39 0.08 0.08 0.27 0.50
0.284 || 0.60 0.32 0.16 111 27 0.07 0.07 030 0.60
0.391 || 0.61 0.09 0.05 31 8 0.07 0.07 056 1.10

Table 6: Pion event rates (R"), the total number of events (N"), the product of kinematic factor,
beam and target polarization and the dilution factor (f»PgPrPrin), the expected statistical un-
certainties of the raw asymmetry (§A?) are listed for the NH; target and both the ND3 and LiD
targets. Data of all z-bins will be collected simultaneously.
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Kaon rates and the total number of events on the NH3 target:

() || (zx) R*™ RX" NKT NK° fRKPyPrPun 0A[T A
Hz Hz k k Kt K- % %
0.139 | 0.57 0.04 0.02 20 0.14 012 070 141
0.202 | 0.59 0.04 0.02 23 0.13 0.12 0.66 1.46
0.284 || 0.61 0.04 0.01 19 0.13 0.12 0.72 1.78
0.391 | 0.62 0.01 0.00 5 0.13 0.12 1.33  3.33

O W = Ut

Kaon rates and the total number of events on the ND3 target:

() [ (zx) RET RK" NK' NK fKPyPrPu, SAKT SAK
Hz Hz k k K+ K- % %
0.139 | 0.57 0.04 0.02 20 0.07 0.07 070 1.44
0.202 | 0.59 0.05 0.02 23 0.07  0.07 0.66 1.50
0.284 | 0.61 0.04 0.01 18 0.06 0.06 073 1.84
0.391 || 0.62 0.01 0.00 5 0.06  0.06 1.35  3.46

O N =

Kaon rates and the total number of events on the LiD target:

() || (zx) RXT RX NET NK° fEPyPrPu, 0AFT AN
Hz Hz k k Kt K~ % %
0.139 | 0.57 0.06 0.03 21
0.202 | 0.59 0.07 0.03 23
0.284 | 0.61 0.06 0.02 19
0.391 | 0.62 0.02 0.00 3

0.08 0.08 0.69 141
0.08 0.08 0.65 148
0.07  0.07 0.72 1.81
0.07  0.07 1.33  3.40

S W = Ut

Table 7: Kaon event rates (R"), the total number of events (N"), the product of kinematic
factor, beam and target polarization and the dilution factor ( f* Pg PrPyin), the expected statistical
uncertainties of the raw asymmetry (§4") are listed for the NH; target and the ND3 and LiD
targets. Data of all z-bins will be collected simultaneously.

(z) | 047, 647, G6A7; SAT, OGAKT sAKT sAKT SAKS
% % % % % % % %
0.139 | 2.10 4.17 243 434 514 11.72 591 12.19
0.202 || 2.01 435 245 463 490 1260 593 13.54
0.284 || 2.25 528 291 583 543 1539 6.97 17.62
0.391 || 424 998 581 11.32 10.10 28.98 13.72 35.12

Table 8: The expected statistical uncertainties of the double-spin asymmetry A%,.
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(z) | 6AT ™ AT T gAKTHET gAKTHET
% % % %
0.139 2.03 2.28 5.12 5.68
0.202 | 2.00 2.35 1.98 5.83
0284 | 231 2.85 5.59 6.99
0.391 | 4.27 5.55 10.17 13.53

Table 9: The expected statistical uncertainties of the combined double-spin asymmetry Afj{,ﬁ.

(z) [ 6AT ™ AT S(xAu)or d(zAd)er  6(x(AT— Ad))ro
% %

0139 | 7.773  12.130 0.042 0.100 0.098

0.202 || 6524  10.620 0.039 0.094 0.093

0.284 | 6.699  11.500 0.038 0.091 0.090

0.391 || 11.196  20.641 0.049 0.116 0.114

Table 10: The expected uncertainties of A;’; ~™ and Af;-_”_ and the extracted polarized parton
distribution according to the Christova-Leader (CL) method. Uncertainties of dg7 = 0.0059 and

dg7 = 0.0057 are also included in obtaining §(z(Aa — Ad))ro.

Major systematic uncertainties in double-spin asymmetries A% :

Uncertainty in target polarization § Pr/Pr: +2.5% relative
Uncertainty in beam polarization 6 Pg/Pg: +2.0% relative
Helicity correlated beam charge uncertainty §(Q, /Q_): < 107* absolute
Radiative correction and smearing: +1.5% relative
Dilution factor 6 f/ f: +2.5% relative

Total systematic uncertainty of A%, +4.3% relative

The systematic uncertainties of Aﬂ]ﬂ_ are propagated from ATy and AT, while

assuming a systematic uncertainty of dr/r = 2.0% in Eq. 35.

Systematic uncertainty of Ag

The consistency of Aq obtained from several independent methods of flavor de-
composition will serve as the cross-checks of the systematic uncertainties in this
experiment. The HERMES analysis shown that the uncertainties in the fragmenta-
tion function dominated the systematic uncertainties in the flavor decomposition of
the LO purity method, introducing uncertainties of 0.02 ~ 0.06 in the value of the
extracted Au/u and Ad/d. The uncertainties introduced by the unpolarized PDFs
and R are found to be very small. Since we will only need the ratios of the frag-
mentation functions as inputs for flavor decomposition, we would expect a smaller
systematic uncertainties compared to that of the HERMES analysis.

In principle, intermediate p production processes are part of the fragmentation
process and should not subtracted from the SIDIS cross sections. Furthermore, due
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Figure 21: Comparison of the yield (in arbitrary units) of (e,e'r) from intermediate p production
(red line) to the total combined yield from DIS and p production (black line) for the z = 0.203
bin. The left figure is for 7t and the right figure is for 7~ production.

to the charge conjugation, the effect of intermediate p° production is canceled in
observables related to 7t — 7w~ . Therefore, the Christova-Leader method of flavor
decomposition is not sensitive to p production. Calculations of the yield of (e, e'r)
from intermediate p production have been done in the same Monte Carlo used for
SIDIS reaction. The cross section for N(e,e'p°)X was calculated from a modified
version of the formalism used in PYTHIA 4. For 7 production, the yield (e, e’)r*
from p is about 13%. In Fig. 21, the distribution of 7 yield versus four kinematic
variables: W', z, P, and ¢, are shown. The red line is the yield from p production
while the black line is the total combined yield from SIDIS and p production. One
can see that shapes of the distributions are similar for both pions for p production
and pions from SIDIS.

At a high-z setting of this experiment (z ~ 0.5 ~ 0.6), target fragmentation
contamination is expected to be small, as has been shown by the HERMES LUND
based Monte Carlo simulation. In addition, in the 7 —7~ yield target fragmentation
contributions are mostly canceled.

6 Beam time request

The beam time request are listed in detail in Table 11. The relative time between
h* and h~ runs are chosen to minimize the uncertainty of ATx~" for the z = 0.203
bin. The time allocations for NH3 and ND3/LiD targets are chosen to minimize
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the uncertainty of Au, — Ad, according to Eq. 19. The deuteron running can be
done concurrently with 6 GeV running of E07-011 which only measures inclusive
asymmetries with BET A at 32°. The total beam time needed for the deuteron
running is 14 days plus 3 days in overhead and the breakdown is listed in Table 11.
For the proton target running, the experiment needs an additional 9 days of runnings
plus 2 days of overhead in new beam time. The large amount of overhead time is
requested mostly for target related activities. This overhead time can be shared
with other experimental activities, such as Moller measurements and unpolarized
target measurements, as has been done in the past during other Hall C polarized
target experiments. Major target changes can also be arranged to coincide with the
scheduled accelerator maintenance activities in order to save overhead time.

Target Time (hr)
ht h~
LiD 96 48
ND, 128 64
Target overhead, Moller runs
and 2C target runs. 72
Time during E07-011 408 (17 days)
NH; 144 | 72
Target overhead, Moller runs
and 2C target runs. 48
Additional Time Request || 264 (11 days)

Table 11: Details of the beam time request.

7 The Expected Results

7.1 Double spin asymmetries A%\ and ATET
IN IN

The expected statistical accuracies of semi-inclusive double-spin asymmetries A7, ,

AT, A7 and AT, are shown in Fig. 22 as functions of z. Systematic uncertainties
of +4.3% relative to the asymmetries are not shown. HERMES and SMC data are
also plotted as a comparison. The CLAS eglhb Af; preliminary results® , at Fy = 5.7
GeV (Q?) = 1.77 GeV? and a cut of W' > 1.1 GeV, are also plotted. The expected
kaon asymmetries are shown in Fig. 23 for the proton and the deuteron.

The expected statistical accuracies of the combined charge pion asymmetries
A’f; ) A’f; ~™ AT and AT, ™ are shown in Fig. 24. The SMC asymme-
tries of h™ and h~ have been naively combined to illustrate the improvements of
this experiment on the statistical accuracies. This naive-combination of SMC data

assumes (z) = 0.5 and ignores differences in phase spaces.
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8 Relation with other experiments

e HERMES is now concentrating on transverse polarized data taking to measure
the transversity of the proton. There’s no plan to take more longitudinal
polarized target data.

e Hall B polarized target data were originally collected for inclusive measure-
ments in order to extract A;, and A;4. Part of data taken in year 2000 with
5.7 GeV beam (EG1b) can be analyzed for (e, e'r) reactions. However, the
physics goals addressed in this proposal can not be achieved in analyzing the
existing EG1b data. The much higher luminosity, the much better coverage in
deep inelastic kinematics, and the precision knowledge on acceptance, particle
identification and detector efficiency make this proposal unique at Jefferson
Lab.

At 6 GeV beam energy, to keep Q? and W as high as possible in order to access
the deep-inelastic region, the direction of momentum transfer ¢ must be kept
very close to the direction of the beam, typically to within 10°. Therefore,
very forward-angle hadron detection is crucial in order to detect the leading
hadrons in the fragmentation and to have a clear separation between the cur-
rent fragmentation and the target fragmentation regime. In addition, a cut in
W' as high as possible is desired in order to access the deep inelastic region
and to avoid the exclusive channels and the resonance production channels.
While Hall C HMS can reach 10.8°, the nominal CLAS acceptance shrinks
rapidly for hadrons coming out at angles less than 20°.

At hadron momentum larger than 1.5 GeV/c, the CLAS particle ID becomes
problematic, especially for kaons. Kaon contamination in the A7, asymme-
try can not be avoided. In addition, since positively charged and negatively
charged hadrons are bent in opposite directions, differences in the phase spaces
and the detection efficiencies are expected, it is difficult to construct the com-
bined 7+ 4+ 7~ asymmetries from the existing EG1b data.

9 Collaboration and responsibility

Members of this collaboration has vast experience running the UVa polarized target
at JLab and SLAC. Groups involved in building the calorimeter for the Hall C
GEp/Gump are participating in this experiment. We expect the JLab target group in
tandem with the UVa polarized target group will handle installation, calibration and
operation of the polarized target as was done in previous Hall C experiments using
the polarized target. The collaboration has a large overlap with the approved SANE
experiments which can be run back-to-back together with this experiment without
requesting any switch-over time. Members of this collaboration have experience
carrying-out spin structure measurements at SLAC, JLab Hall A and Hall C.

a0



10 Summary

We propose to measure the spin asymmetries in semi-inclusive deep-inelastic p(e, e'h) X
and d(e, ¢'h) X reactions (h = 7+, 7, K+ and K~) on longitudinally polarized NH,
and LiD targets. The scattered electron will be detected in the large solid angle
BETA detector in the same configuration as in the SANE experiment. The HMS
spectrometer will detect the hadrons at 11.5° and particle separation of K /7 /e can
be done with standard HMS detectors. A high statistic measurement of the double-
spin asymmetries ( A’f;t , A{{pi, Aﬁt , Aﬁi ) will be done in the kinematic region of
r=0.12 ~ 0.41 at Q? = 1.21 ~ 3.14 GeV? with leading hadron at z = 0.5 ~ 0.7.
The experiment will focus on the measurement of the combined asymmetry, Af;,_”f,
in which the ratio of 7~ to # cross-sections is needed. When changing from 7~ to
7T reaction the acceptance of the electron in the BET A detector will not change
and the acceptance of the HMS is well understood. Based on the measurement of
Aﬁ}_f, a leading-order as well as a next-to-leading order spin-flavor decomposition
of Au,, Ad, and Au — Ad will be done. In addition to Af;_”_ method of flavor
decomposition, three other leading order methods and the global next-to-leading
order fit method of flavor decomposition will be applied independently to provide
consistency cross-checks. The possible flavor asymmetry of the polarized sea will be
addressed in this experiment.

Two other important physics questions can also be addressed by this experiment.
The target single-spin asymmetry Ay, will be measured with high precision. Es-
pecially, the term Af}gwh, which at the leading order is produced only through
a non-vanishing T-odd Collins fragmentation function, will be measured. In ad-
dition, the combined asymmetry, A’f;(,”_, will be measured. In the naive leading
order factorization assumption, the combined asymmetry, A’f;f,”_, and the inclusive
asymmetry A;xy should be identical. Differences between Af;”_ and A,y indicate
the level of breakdown of the leading order factorization assumption. In this way,
within the same data set, the experiment has an handle on the size of the break-
down in the factorization assumption which introduces systematic uncertainties in
the leading order flavor decomposition.

We believe that this experiment will have a strong impact on our understanding
of nucleon spin structure. The success of this experiment will set a baseline and will
pave the way for future semi-inclusive measurements at the upgraded JLab. A total
of 28 days of beam time is requested at 6 GeV in Hall C. The 17 days of deuteron
target data can be taken in conjunction with E07-011, so the epxeriment needs an

additional 11 days for the proton target data.
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11 Appendix A: The predicted asymmetries at leading order and the
next-to-leading order

The predicted asymmetries '* of ATy and ATy at leading order and the next-to-

leading order are shown in Fig. 25 for each x bin of this experiment as functions of

z. The combined asymmetries of AT\ are shown in Fig. 26.
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Figure 25: The next-to-leading-order (solid lines) and the leading order (dashed lines) pion asym-
metry predictions !° using de Florian and Sassot’s parton distributions !¢ set i+ are plotted for
(Q?) = 2.2 GeV? as functions of z.

12 Appendix B: Details of flavor decomposition and tests of leading
order factorization

Following the short-hand notation of Ref®, we take the spin-independent cross sec-
tion as:

O'h(:E, z) = ;eiqf(x) . Df;f(z), (39)
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and the spin-dependent cross section as:
Aot(z,2) =0, —0l_= ; 5 Aqy () - Df;f(z), (40)

where thj refers to an electron of helicity-: and nucleon of helicity-j. Assuming

isospin symmetry and charge conjugation invariance, the number of quark to pion
fragmentation functions is reduced to three types: the favored (D), the unfavored
(D; ) and the s-quark (D7) fragmentation functions:

D} =Dr" =Dy =DI =D,
D- =D = Dg* = Dg* =D7,
DT=D" =D" =D =D, (41)

For the quark to kaon fragmentation functions, the following relations are valid

under charge conjugation 2°:

Dj = DE" = DK™ = DK* = DK™,

Dy =DY =D =D =DK,

DX = DK' = pK" = pk~ — pk~ (42)
For this experiment, which covers 0.12 < x < 0.43, we will assume a symmetrical

strange quark distribution and polarization (s(z) = 35(z), As(z) = AS3(z)) and
neglect heavy quark contributions.

12.1 Spin-dependent and spin-independent cross sections

According to Eq. 39, semi-inclusive 77 and 7~ cross section on proton and neutron
are:

907" = (4u+d)D;} + (44 + d)D; + (s + 5)DF,
907 = (4u+d)D; + (44 + d) D} + (s + 5) D},
90" = (4d + @)Dy + (4d +u) D5 + (s + 5) DT,
907 = (4d + u)D; + (4d + u)D} + (s + 5)DT, (43)

the explicit z, z, @ dependence has been left out to save space whenever not causing
confusion. The semi-inclusive K+ and K~ cross sections are:

96X" = (4u + 5) D} + (44 + s) D + (d + d) DX,
905" = (4u+ 5) D + (42 + s) D + (d + d) DF,
905" = (4d + 5) D + (4d + ) Dy + (u + ) DY,
96K™ = (4d + 5) Dy + (4d + 5) D} + (u + @) DK. (44)



Therefore, on the deuteron, the cross sections become:

907" = (4(u+d) +u+d)DS + (u+d+4(a+d))D, +2(s + 5)DT,
90d = 4(u+d)+a+d)D; + (u+d+4(a+d))D; +2(s +5)DT,
= (4(u +d) +28) D} + (4(u + d) + 25)Dx + (u + u + d + d) DX,
90d = (4(u+d)+28)Dg + (4(a+d) +28)Df + (u+a+d+d)DF. (45)

To get the spin-dependent cross sections (Ac™), one replaces the quark distribution
in Eq. 43, 44 and 45 with the quark polarization distribution.

12.2  The asymmetries expressed in “fived-z purity”

The “fixed-z purity” is defined as the linear coefficients in front of Aq in the expres-
sion of double spin asymmetries, A" = Ag"/o". At the fixed value of z and x, these
coefficients are obtained from the unpolarized parton distribution functions and the
fragmentation function ratios. Their expression are listed below:

4Au + Ad + (4AT + Ad) A, + 2A8E,

A7r+ — i 46
ip (7,2) du+d+ (du+d) N\ + 2s & ’ (46)
AT (2,2) = (4Au + Ad)A\, + 4Au + Ad + 2Asé,
AT utd) +da+d 26
A o) 4(Au+ Ad) + Al + Ad + (Au+ Ad + 4(AT + Ad)) Ay + 4AsE,
T,z) = = - )
1d Au+d)+a+d+ (utd+4(a+d) Ar + 45,
) (4(Au + Ad) + Au + AJ) Ar 4 Au+ Ad + 4(At + Ad) + 4AsE,
T,z) = - — .
1 (4(u+d) + u+d) Ae +u+d+4(u+d) +4s&,
AT+ A Ad+ Ad
Aﬁ+(x,z):4Au+AS+(4 + As) A + (Ad + d)fK’ (47)

Au+ s+ (40 + s) Ax + (d+ d)ég
(4Au + As) Mg + 4A% + As + (Ad + Ad)ék

Ay (#,2) = (Au+5)Ax +di+5s+ (d+d)ex

- 4(Au+ Ad) + 2As + (4(A% + Ad) + 2A5) A + (Au + Au + Ad + Ad)éx
A (7,2) = Au+d)+25+ (4(a+d) +25) Ak + (u+ @+ d + d)éx ’
AK (3,2) = (4(Au + Ad) + 2A5) Ak + 4(AT + Ad) 4+ 2As + (Au + Ad+ Ad + Ad)f

(A4(u+d) +28) A +4(E+d) + 25+ (u+ a4 +d+d)ég

where the fragmentation function ratios are defined as:
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12.3 The combined spin-dependent yield ratios as factorization tests

From the 7% and 7~ yield, one can construct the combined spin-dependent yield

ratios in which the fragmentation functions cancel out:

_ - 2D7

. AT 4+ Ao 4(Au+ Ag) + Ad + Ad + 2As - Dt D

A71rp = UI;H— +O_7r—p = — DT = -, (49)
p p A(u+1u)+d+d+2s

D} + Dy

N 2s 2As . 2D7
T dut+a)+d+d 4(Au+An)+Ad+Ad Di+D. )|’

_ - 2D7
Aot + Aot 5(Au+ Ad + Au + Ad) + 4A57D Do 0
I A I 2D7 ’

at4m—
Ald

~ A1+ 4s 4As ] 2D7
o Sutu+d+d) 5(Au+ AU+ Ad+ Ad) Dr+D- )|’

In Eq. 49 and Eq. 50, the left hand side are taken from semi-inclusive measurements
which depend on z, z (and Q?), but the right-hand side can be determined mostly
from the inclusive asymmetries while the left-over z-dependent terms are “double
suppressed” by the strange to non-strange quark ratios and the fragmentation func-
tion ratio 2D7/(D} + D).

The fragmentation functions and the strange quark effects can also be canceled
out in the combined asymmetries involving 7 — 7~ or K™ — K~ yields. These
type of asymmetries tends to results in larger experimental uncertainties since they
involve the difference between two numbers in the dominator. For completeness,
these observables are listed below:

Aaf — Aoy 4Au, — Ad,

AT =
p + - ’
oy’ — oy du, — d,
e A0TT— Aol Au, + Ad,
Al = - — . (51)
O-d - O’d U/fu + dfu
There are other “clean observables”, for example:
KK _ AcK™ — Aok Auw,
1p - K+ K- ’
ot —o) Uy
AK+7K— _ Ao'é(+ — Aaé(_ _ Auru -+ Adv (52)
1d okt — ok Uy +dy
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