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Abstract

We intend to perform the first measurements of the spin-dependent EMC effect uti-
lizing CLAS12 in Hall B. We will polarize “Li, in which a highly polarized proton is
embedded in a nuclear medium, using a “LiH target. The experiment measures the spin
structure function gvai in a range of 2 < Q% < 9 GeV? and 0.1 < z < 0.7. This spin
dependent EMC effect emphasizes the quark polarization degrees of freedom within a
nucleus, due to the spin dependence of the coupling between the quarks and the strong
field inside the nucleus.
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1 Physics overview

1.1 Introduction

The question of how the properties of hadrons bound in the nuclear medium differ from
the properties of free nucleons has been looked into for nearly three decades. That the
structure functions of bound and free nucleons are not equal was first discovered by the
European Muon Collaboration (EMC) at CERN. As part of an extensive program, they
measured structure functions on hydrogen, deuterium and iron targets. The initial goal
of using iron was to increase luminosity. However, when the structure functions F, of
the iron and deuterium were compared, they discovered that the ‘per nucleon’ structure
function in iron differs significantly from that of deuterium. This nuclear dependence,
known since as the EMC effect, has stimulated experimental and theoretical interest over
the last two decades.
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Figure 1: Experimental data for the EMC effect in the unpolarized structure function
F; for *Ca and *%Fe taken at NMC, SLAC and BCDMS.

In recent years many experiments dedicated to study the nuclear effects in unpolar-
ized inelastic scattering have been carried out at CERN, SLAC, FNAL and JLab. Fig.
1 shows a compilation of data for the observed ratio of the structure functions ‘per nu-
cleon’ for several larger nuclei and deuterium. Several distinct regions with characteristic
nuclear effects are clearly identifiable from this figure: in the low z region, (z < 0.1), the



nuclear structure function is reduced compared to the free nucleon structure function
and around z ~ 0.1 the ratio rises to cross unity. In the region 0.2 < z < 0.8 the
ratio is smaller than the free nucleon structure function. This region is considered as
the “EMC effect” region. In this region the ratio falls to a minimum around x ~ 0.65
and then rises steeply. In the very large = region the ratio rises above unity. These ob-
servations strongly suggest that the quark distributions in bound nucleons are different
from those in free nucleons. Several theoretical models have attempted to explain the
overall behavior seen in these ratios of unpolarized nuclear and free nucleon structure
functions. However they reproduce only part of the observed behavior. The observa-
tions seen for x < 0.1 are explained by the shadowing phenomenon while the observed
enhancement for x > 0.8 is associated with the Fermi motion. Several approaches have
been used to explain the observed nuclear dependence in the EMC effect region. Some
models have attempted to describe the EMC effect using conventional nuclear physics
employing nucleonic and pionic degrees of freedom. Another category of models has
assumed the existence of exotic states such as multiquark clusters in nuclei. A different
approach used by rescaling models postulates that the scale Q% or the variable z for a
bound nucleon is different from that of a free nucleon. Despite a tremendous effort, there
exists at present still no unambiguously accepted explanation of the EMC effect.

The modification of hadron properties in the nuclear environment is of fundamental
importance in understanding the implications of QCD for nuclear physics. In QCD, the
properties of hadrons are strongly influenced by the induced sea of quark-antiquark pairs
and the gluons produced in the confining interactions. Recent Lattice QCD calculations
indeed verify that the probability of finding virtual quark-antiquark pairs in the QCD
vacuum decreases systematically when quarks are added. In the thirty years since the
discovery of the EMC effect, rapid progress has been made in measurements of the spin
averaged EMC effect. On the other hand, there has been no experimental information
on the spin dependence of the EMC effect. This spin dependent EMC effect emphasizes
the quark polarization degrees of freedom within a nucleus, due to the spin-dependence
of the coupling between the quarks and the strong field inside the nucleus. Since no
measurements exist at present, it is likely that surprises await.

1.2 Physics motivation

1.2.1 Polarized EMC effect : Models

When viewed from the laboratory frame, the mechanism of deep inelastic scattering of
virtual photon from a nuclear system is different for small and large Bjorken x. For a
nuclear target, the virtual photon can scatter,

e incoherently from the constituents of the target nucleus or
e scatter coherently, in which more than one nucleon participates in the interaction.

It is well known that the latter is responsible for the nuclear effect known as “shadowing”
seen at small x (x < 0.05). The underlying process that causes such effects can be
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viewed as the virtual photon striking the nucleus first fluctuating into a quark-antiquark
pair then potentially forming more complex configurations. These interactions occur
if the distance 1/(2myx) during which the photon exists as a quark-antiquark-gluon
fluctuation exceeds the size of the target. Between 0.05 < x < 0.2 unpolarized structure
function data show an enhancement. The exact mechanism responsible for this effect is
not yet well understood. Nuclear effects for spin structure functions at small x have been
extensively discussed for 3He and "Li by V. Guzey and M. Strikman [1]. They calculate
nuclear shadowing of g! using an extension of the Gribov theory of nuclear shadowing in
DIS [5]. The effects of enhancement in the region 0.05 < z < 0.2 is modeled by requiring
the conservation of the Bjorken sum rule. The results are shown in Fig. 2. They predict
a 16% effect for nuclear shadowing and a 20-50% effect for enhancement of the ratio
gti- /gl (where n.s. stands for non-singlet).
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Figure 2: The figure shows the calculations of nuclear shadowing and modeling of the
enhancement for the non-singlet combinations of spin structure functions. Three curves
show three scenarios of the enhancement for “Li, which depends on the cross-over point
between the regions of shadowing and enhancement.

Recently, intense theoretical effort has been invested in predicting the EMC effect in
polarized structure functions in the moderate to high Bjorken z region (=~ z > 0.2). One
such calculation by I. Cloet, W. Bentz and A. W. Thomas [2] predicts a significant effect,
of order twice the size of the unpolarized EMC effect. To calculate the spin-dependent
light cone quark distribution of a nucleus with mass number A and helicity H, they use
the convolution formula,

SR @a) = dyafde 5(ea—yaz) Afyw(e) AT 1)

q
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Figure 3: Ratio of the quark distributions in 7 Li to the corresponding free distributions,
at a scale of Q% = 10 GeV?. The solid line represents Au?(z)/Au(z) and the dot-dashed
line Ad*(x)/Ad(z) [2].

In this formula, A f](vfﬁ(yA) is the light-cone momentum distribution of the nucleons in
the nucleus and x4 is the Bjorken scaling variable for the nucleus. The term Af,/n(z) is
the spin-dependent quark light-cone momentum distribution in the bound nucleon. For
the evaluation of this quark distribution, they describe the nucleon as a bound state of
a quark-diquark in the Nambu-Jona-Lasinio (NJL) model. The distribution A f,/n(x) is
then obtained by straightforward Feynman diagram calculations. In this calculation the
presence of the nuclear medium is taken into account through scalar and vector mean
fields which act on the quarks in the nucleon.

e The in-medium effect of the scalar field is incorporated by replacing the free masses
with the effective masses after the inclusion of Fermi motion. The Fermi motion
of the nucleon is included by convoluting the spin-dependent quark distribution in
the nucleon with a Fermi smearing function.

e The effect of the vector field is incorporated through a scale transformation of the
spin-dependent light-cone quark distribution of the nucleus.

The effect on u and d quark distributions in nuclear matter at a scale of Q% = 10
GeV? is shown in Fig. 3. The ratio A¢”(z)/Aq(z) for ¢ = u,d is approximately the
same in the large = region. Fig. 4 shows the EMC ratios Fiy/Fyy and gﬁn/glp at nuclear
matter densities. In the valence quark region, the spin-averaged model agrees very well
with the data. For the spin-dependent case the model predicts even larger effects than
the spin-averaged case. However these calculations are for nuclear matter. Calculations
for light nuclei such as '°N, "Li and "B have been published by the same authors in [3].

Another model by Jason Smith and Gerald Miller [4] emphasizes the importance of
including the sea quarks. The main difference between the model by Cloet, Bentz and
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Figure 4: Ratios of the spin-independent and spin-dependent nuclear to nucleon structure
functions at nuclear matter density [2]. The top curve is the ratio Fyy/Foy for nuclear
matter. Model predictions for the polarized EMC effect, gf})/ G1p, is shown by the lower
curve.

Thomas and that of Smith and Miller is that the latter includes sea quarks, while the
former is essentially a valence quark picture. The main argument made by Smith and
Miller is that any description of the EMC effect must be consistent with the constraints
set by both deep inelastic scattering and Drell-Yan data. In the Drell-Yan process, quarks
and antiquarks from hadron beams and nuclear targets annihilate each other and produce
virtual photons that subsequently decay into lepton pairs. A great virtue of the process
is that it can be used to examine the sea quark distribution of the nucleus. In this model
the medium modifications in both valence and sea quark distributions are calculated
within the chiral quark-soliton (CQS) model [8, 9, 10, 11, 12]. One of the drawbacks
of the CQS model, in the form used in the calculations, is that it fails to recognize
that quarks and gluons are never seen as free particles, or in other words, confinement.
Despite that confinement is not implemented in this model, the calculations reproduce
the trend of unpolarized (Fiy/Fay) and Drell-Yan data [13] within the accuracy of
current experiments. Fig. 5 shows the EMC ratio

(plA) 2
g1 (2, Q% kr)
Rl(% Q2) = Ag{lp)(m, Qz,kp i 0)7 (2)

A
V@@ k) = [V o (@ ).

The heavy line is the full calculation for nuclear matter and the light line is if only valence
quarks are included. The effects calculated at the valence quark level are similar to the
effects predicted by [2]. The full calculation shows a large enhancement for x < 0.3 due
to the sea quarks, suggesting a significant effect should be present in polarized Drell-Yan
experiments compared to the unpolarized case.
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Figure 5: The ratio Eq. (2) at scale Q* = 10 GeV? for nuclear matter in the model of
Smith and Miller [4]. The heavy line is the full calculation for nuclear matter, which
includes sea quarks. The light line is the effect calculated using only valence quarks at
the model scale.

1.2.2 Proposed experiment at Jlab

Although significant progress has been made in the theory for the polarized EMC effect,
the ratio still remains unmeasured. We plan to make the first measurement of the
polarized EMC ratio for the proton using a "Li target in the 0.1 < o < 0.7. The full
Q? and x coverage is given in Fig. 6. This kinematic region covers the DIS region as
well as the resonance region. Our measurement of the polarized EMC effect will test
the two theoretical predictions currently available. The two models differ significantly
in the region 0.3 < x < 0.5, particularly in the x dependence of the function, which
is significant in that the proposed measurement will be able to determine the shape of
the EMC ratio with higher precision than the absolute value of the ratio. Preference
towards one prediction over the other would indicate the role sea quarks play in the
medium modifications. Our pioneering measurement will help us understand the role
played by both quarks and antiquarks in nuclei.

2 Overview of the experiment

For this experiment we will use the base 12 GeV equipment, plus the new EGI12 tar-
get instrumentation, together with potential small modifications to accommodate the
specific target material utilized. We affirm that the previously stated intentions of the
collaboration to participate in and contribute to the construction of the base equipment
and additional approved equipment is still in effect, and progress toward the fulfillment
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Figure 6: The plot shows the kinematic coverage of the intended measurement.

of those intentions has been visible in a number of places. One such example is a re-
quest for MRI funds that has been submitted to NSF to build the new polarized target:
"MRI-Consortium for the Development and Construction of a Longitudinally Polarized
Proton and Deuteron Target for CLAS12 at Jefferson Lab” (S. Bueltmann, S. Kuhn, D.
Crabb, D. Day, Y. Prok, E. Brash).

2.1 Experimental setup and kinematics

We plan to cover the kinematic region shown in Fig. 6, for 11 GeV beam energy.
This beam energy was selected to choose the maximum possible coverage for the DIS
scattering. We plan to scatter longitudinally polarized electrons from polarized protons.
The scattered electrons will be detected with CLAS12.

2.2 Target

We plan to use the same target setup as in the EG12 experiment. Thus, we can capitalize
on the operational experience with this target during the EG12 run. It should be noted
that the considerable expertise of the JLab polarized target group will also be signifi-
cantly augmented by our collaboration on this experiment, many of whom have a high
degree of experience with such targets. This same Since polarizing the nucleus results
in a variety of spin combinations of the nucleons, an unambiguous extraction of g7 4 can
be done only for few special nuclei. 7Li is a good example of one such nucleus and also a
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realistic polarized target. We choose to polarize "Li using a “LiH target. Since we choose
to use Dynamic Nuclear Polarization (DNP) to polarize the target, both the "Li and *H
nuclei will be polarized. In principle, it is possible to reduce the proton polarization by
saturating the proton’s NMR transition, however this can be detrimental to the "Li po-
larization as well. This has to be further investigated. The "LiH beads will be immersed
in a liquid He bath for cooling purposes and the target will be continuously polarized.
Without any further developments to the present target system we expect to achieve a
target polarization of 80%. However we need to do more research and development to
optimize the target polarization. Studies of the optimization of the polarization of “LiH
have not been as extensive as that for °LiD [14],[15], particularly at our conditions of
5T and =~ 1 K. Measurements at Saclay [16] showed that for irradiations of between
2-3 x 10'electrons cm™2 at the appropriate irradiation temperature (180 - 190 K), po-
larizations of about 55% and 45% for proton and “Li respectively were obtainable in a
dilution refrigerator and with a field of 2.5 T. Increasing the field to 5 T increased the
polarizations to 70% and 50%. The only measurements of 5 T and 1 K that we are aware
of were made at UVA with "LiH that was irradiated under less than optimal conditions,
many years before. Proton polarizations of about 21% and 7Li polarizations of 12%
were achieved after about 3.5 hours of operation and were still increasing at a reasonable
rate. The Abragam group measured about 94% polarization for "LiH[21] with a 6.5
Tesla magnetic field. Because they achieved such high polarization, for the purposes of
this document we have assumed that we can reach 80% polarization in a practical setup
and with our 5 T field, after some further R&D. It has been noted [14] that the lithium
hydrides have very long polarizing times after the initial irradiation. However, when it
is exposed to ionizing radiation in the polarizing cryostat, the polarizing time reduces by
a factor of 5 to 6. The achievable polarization also increases by a relative 25%. Other
techniques such as ‘tempering’ also improve the polarization performance of “LiH.

Optimization of the irradiation parameters can be investigated using the electron
Linac at NIST and polarizing at UVA. Though the Equal Spin Temperature (EST)
theory [17] is well established for the lithium hydrides, it will not be difficult to test and
calibrate for the particular samples which will be used in the experiment.

The Hall B/EG1 polarized target insert consists of four cells that contain the target
material. In addition to “LiH, we plan to fill the other three target cells with unpolarized
120, pure 7Li and liquid He. The data taken with the '2C, “Li and liquid He targets will
be used to constrain the dilution factor of the “LiH, while pure “Li data will also be used
to refine the unpolarized structure function model of Fy for "Li.

3 Formalism

The inclusive doubly polarized electron-nucleon cross section for longitudinally polarized
target and beam can be written as,

do
dQdE’

=I'rlor +eop + P.P(V1 — e2Ayorcost + 1/ 2¢(1 + €) Asopsini)], (3)
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where 'z is the transverse flux factor, A; and A, are the virtual photon asymmetries,
1 is the angle between the target spin and the virtual photon direction, o and oy, are
the total absorption cross sections for transverse and longitudinal virtual photons and e
is the polarization parameter of the virtual photon.

The asymmetry Aj for longitudinally polarized beam and target is given by:

2ol 2o
_ dQdE’ ~ dQdET _
AII = 20110 I L2olT D (Al +77A2)7 (4)
10dE T dQdE

where %(%) is the differential cross section for the target spin antiparallel (paral-

lel) to the beam helicity and D and 7 are

1—€eE'/E evV@Q?/E
plDeE/E s o
1+eR 1—€eE'/E

The spin structure function g, is related to the experimental asymmetry A by

2y T B 2
gl('er ) - 1 _|_7_[A1 + \/;A2]F1(x7Q )7 (6)
where 9
v
T = @a (7)
1
€= A (8)
1+ 2tan2g (1 + &)
and ;
201/2

R= 9)

052 + 0';{/2 '
The ratio R is related to the unpolarized structure functions F; and F; by the relation,

Ey AM? 22
pe g () a0

4 Experimental method

4.1 Extraction of g; using asymmetries
The experimental asymmetry given in equation (4) is measured by observing scattering
rates,
meas __ Cback n+ - n_ (11)
I N PthFDF nt4+n- '

where n*(n~) are the raw counting rates normalized to the accumulated beam charge
for beam helicity parallel (antiparallel) to the target spin, P is the target polarization,
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P, the beam polarization, Fpr the target dilution factor and Ciy,e, is a correction due
to the presence of electrons which are coming from pair symmetric processes and pions
in the electron sample. In addition radiative effects also have to be taken into account.

The raw asymmetry A,.., = ZL:Z: includes both the free proton asymmetry and the
asymmetry due to "Li,
Arawoback
Ay = ———— — CA,. 12
T B PFpr P (12)

CA, is a correction to the measured asymmetry due to the presence of polarizable free
protons in the target. How the constant C' is determined will be discussed in 4.1.5.
The g; will be extracted from A7, (after radiative corrections) in the following way,

TLi T A7Li ]' TLi "Li
= — —n]A . 1
91 17 [ D + <\/; 77) 2 ] 1 (13)

4.1.1 Model for A,(z,Q?)

We are planning to model Aj in a similar manner as was done in the EG1 experiment
(E 91-023/E 93-009) in Hall B. There are several constraints we can impose on Ay. One
such constraint is the “Soffer Bound” [18],

|Ay| < /R(1+ Ay)/2). (14)

This takes into account the fact that oz < 4/ aLailp/ 2 Ay is directly proportional to the
combination gr(z, Q%) = g1(x, Q%) + g2(x, Q?),

v
gr(z, Q%) = @F1(93>Q2)A2(95>Q2)- (15)
The leading-twist prediction for gr, gi'", is the Wandzura-Wilczek [19] form,
Lg1(7, @
V(e = [ 2y (16)

In the DIS region gi" can be can be extracted from an iterative procedure. ¢y is
expected to be small in the DIS region, and in the low Q? and resonance region an ad-
ditional higher twist contribution has to be taken into account. Since our measurements
are mainly in the DIS region this is not expected to create a significant systematic error.
Fig. 7 compares ¢} with the contribution from the unmeasured part.

4.1.2 Beam and target polarization

Since the asymmetry for elastic scattering off protons is well known, the product of beam
and target polarization can be extracted using data

PP, = ¢ (17)
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Figure 7: The figure compares the unmeasured contribution to ¢% along with the EG1b
results for g} for Q* = 1.71 GeV2.

where A™* ig the measured asymmetry in the elastic peak. The elastic asymmetry, A?,,

for the proton can be calculated using [20],

o cost"V1—e?Ay +sinf"/2¢(1 — €) Ay

- Q_Q G2 (QQ) )
1+ ez a8

(18)

el

where 0* is the polar angle between the target spin direction and the direction of the
virtual photon and the virtual photon asymmetries A; and A, for elastic scattering are
given by,

Al = ]-7 (19)
2 /G 2
Ay = UQ_ Ge(Q7) ‘ (20)
V2 \Gu(Q?)

The quantities Gg and Gj; are the electric and magnetic form factors of the proton.

A, depends only weakly on G%,/G%,, which introduces an error of <1% for 1 < Q? < 3
GeV?2.

The product of beam and target polarization for the free proton can be extracted by

measuring the elastic electron-proton coincidences. However the polarization of 7Li and

H can be directly (and more precisely) measured by comparing the NMR signals, using
two coils embedded in the target. We intend to measure the target polarization using
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the latter method. We expect to achieve a 1% level accuracy for those measurements.
Available data [21] on the "LiH target show that proton and 7Li polarizations are in
agreement with the Equal Spin Temperature (EST) theory [17] (Fig. 8). Direct mea-
surements of "Li and 'H collected at the Paul Scherrer Institute, which are not shown
in the figure, are also consistent with the equal spin temperature theory [22].
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Figure 8: The polarization of "LiH versus that of proton. The curve is the theoretical
prediction from the EST theory.

4.1.3 Dilution factor calculation

In this experiment we are interested only in scattering from the polarized “Li. There-
fore to extract asymmetries it is necessary to correct for events from H. Since the “LiH
beads will be immersed in a liquid He bath, it is important to remove the background
contribution due to helium. To create an accurate background spectrum, helium as well
as foils and target window materials also have to be taken into account. The dilution

factor for "LiH is given by,

o N7LiH - Nback

Fpp = , (21)

Nrpin
where N7y and Np.r are the number of counts scattered from the “LiH target and
the background materials. Since target material will consist of irregular shaped granules
of varying sizes, the target thickness is not directly calculable. Instead the fraction of
target material filling the target cup has to be determined. This quantity is called the
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packing fraction. The dilution factor and the packing fraction will be determined using
the data collected using all four targets, "LiH, "Li, 2C and helium, as follows.

As a first step the normalized counts for targets, carbon (n¢), helium (ny7) and LiH
(nrig) can be written as sums of contributions from entrance and exit foils ('), helium
(He), carbon (C') and deuterium,

o OHe g OHe
nyr = (PFZF—F + ,OHeLi> Fop = <Pclcf—c + PHeLi> Fop,  (22)
op 0D 0D )

g OHe
ng = (pclc(1+f)—c+pHe(L—lc) n ) FO'D, (23)
Op op
o) OHe OLi
Nrig = (Pclcf—c + pre(L — le'H)i + PLiHlLiHﬂ) Fop, (24)
op 0D op

where p is the density in moles per cm® and [ the length of each component. The
cross sections are in cm? per nucleus. The factor F' contains all conversion factors and
the acceptance and overall efficiency of CLAS12 at a given kinematic point and f is the
contribution to the count rate from all foils combined, expressed as a fixed fraction of the
contribution from '?C in the carbon target. Using equations (22) and (23), normalized
counts from the '?C slab only, pclcoc = niz and the counts per 1 ¢m length of liquid
*He, pyeone = Ny, can be obtained,

, L L—l¢g (25)
N2y = no — n s
CTLyfle ¢ L+ fle M
1
1+ / )

T A

Similarly, by writing the contribution to the count rate from all foils combined ex-
pressed as a fixed fraction of the contribution from 7Li in the lithium target, f’, normal-
ized counts from the “Li slab only prilzor; = nb ;. can be obtained:

g OHe OLi OHe
nyr = (PFZF—F + PHeLi) Fop = (pLilLif/_L + prel - ) Fop, (27)
op oD oD oD

OrLi OHe OLi
nLi = (pLilLif/—L + pre(L — 11) =2 + prilpi— ) Fop, (28)
0D ) 0D
L L—1;;
= N — . 29
R + fllp; M + [l i (29)
Equation (24) can also be written as,
i n
Nrig = <{PL¢HZMH <U—L + U—H) + Pclcf} —C (L - lA)”lee> (30)
oc  oc pcle
PLiH (OLi , OH / /
ot ([ (7 ) ).
nyr + LiH <[pclc oo + oo ] Niz o 7’L4H6>
Then the target length [;;5 can be obtained by assuming,
T _ 05 (1 - ﬁ) , (31)
oc op
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lrin = (nLig — nMT)/ ([p—A (2 +0.5 <1 - &)ﬂ N2 — n2H6> : (32)
pcle \oc op

Where the quantity,
oc 7’LllchLilLi7

and on/oD can be determined by using the known unpolarized proton and neutron
structure function data. The total background Ny, is then given by,

ag n/12 /
Noaek = ([pLiHlLiH <—H> + Pclcf} C+(L- lA)n‘lHe) (34)
oc pcle

PLiH (OH ’ ’
=nyr + L1 <—> — )
nyr LiH ([pclc o ‘| Niz2e n4He>

4.1.4 Tensor polarization of the target

Using a nucleus with spin 3/2 can lead to some complications. In particular, in addition
to the desired vector polarization, the Boltzmann population of the four substates leads
to tensor polarization of rank 0, 1, 2 and 3. Since we are planning to polarize the
target along the beam direction (z-axis), the cross section could depend on polarization
tensors tog (=1), t19 (= P,), tao and t39. We plan to take data with both positive and
negative target polarization along the z-axis. Therefore when combined, the contribution
from most of the unwanted polarization tensors will cancel out in the numerator of the
asymmetry Ar;;z. However the other tensors will be present in the denominator, but
will make a very small correction versus the leading toy term, which is the unpolarized
cross section. To extract any non-trivial modifications of the structure function, we need
to compare the results to a classical nuclear physics calculation. We are planning to
work with theoretical specialists to calculate the proper polarized spectral function to
estimate any such effect.

4.1.5 Correcting the asymmetry for the free proton

To extract the “Li asymmetry from the measured "LiH asymmetry a correction due to
polarized H has to be made. The measured count rates n™ and n~ for positive and
negative incident helicity can be written as,

nt +n" =®(N,o, + Nrpiorn:), (35)
where,

® includes the acceptance and the flux of the incident beam,
N, is the number density of protons,

Nrp; is the number density of lithium,

and o; are the corresponding radiated cross sections. Similarly,

nt—n" = PB®(N,o,A,P, + NrporpArpiPrpy), (36)
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where A, and Ar;; are the corresponding radiated asymmetries and B,, Prj; are the
corresponding polarizations of the materials given above. For simplicity we haven’t
included the other possible polarizable materials in the target. In practice those materials
will be included and corrected accordingly. The measured asymmetry is then,

T —n" N, P
Amw:nin_:PbP7Lif<A7Li+ o pAp>7

nt+n

N7Li 071 P7Li (37)

where,
N7 LiO7Li

= )
N7LiU7Li + NpUp

(38)

which was described in section 4.1.3. The “Li asymmetry can then be extracted as

follows,
Avaw N, o, P
-2 L P4, (39)
PyPrpif  Nrpgorp Prp
orr; will be extracted from “Li data for each kinematic bin. Note that N,/N7; = 1.
The free proton radiated asymmetry A, is known quite accurately and we intend to use
similar methods to those which were employed in the experiments at SLAC and in the

JLab EG1 measurements.

A7Li -

4.1.6 F, and R =oy/or for Li

Available data suggest that nuclear effects seem to affect the structure functions F; and
F, in a similar manner and to cancel in R. Fig. 9 shows the world’s data for R4/Rp
for different nuclear targets as a function of Q* [23]. It is very clear from the figure that
all data are consistent with unity in the Q2 and z region of the intended measurement.
Therefore we assume that Rr;; = R,. For R, we are planning to use the same model
that was used in the analysis of EG1 data. In this model,

e The ratio R is calculated using the SLAC fit “R1998” [24], which is an update to
the SLAC/Whitlow fit, “R1990” [25]. The data used in the fit cover the kinematic
range of 0.005 < z < 0.86 and 0.5 < Q? < 130 GeV2. The model includes
three different parameterizations for R. The model uses the average of the three
parameterizations. The uncertainty in R due to statistical fluctuations of the data
is given by the error of the fit,

0.070 — 0.392 + 0.702>

OR 2) = 0.0078 — 0.013
(z, Q%) z T 1.7+ Q2

(40)

The fit has a confidence level of 73% for all the data used in the fit.

e In the resonance region a fit to the recent Hall C data performed by Eric Christy
is used.
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Figure 9: The ratio R4/Rp for several nuclear targets with respect to deuterium as a
function of Q? [23].

The resonance region and the DIS region are combined using a smooth interpolation.
Since the proposed measurements are for Q> > 0.7 GeV? the low Q? resonance region,
which is relatively unmeasured, is not a concern.

To extract g; we also need to know the unpolarized structure function F; of “Li. The
data collected using the unpolarized pure "Li target will also be used to improve the
unpolarized structure functions for “Li in addition to using that data, to determine the
dilution factor of the target.

4.1.7 From g“ to g?‘f'm

The determination of the g} "% from a measurement on gILi relies on our understanding
of the reaction mechanism of the virtual photon combined with the use of a realistic "Li
wave function. The "Li nucleus has total angular momentum .J = 3/2, negative parity
and dipole moment ;. = 3.26p. In the single particle shell model "Li can be described
as a combination of one unpaired proton and two paired neutrons in the Ps/, state, and
a closed i/, shell (Fig. 10). In the shell model the ground-state wave function of “Li
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with the z component M; = 3/2 is given by [1],

32 _ 3 3/27,3/27,—-3/2] 2 3/2.0,1/2,—1/2
U= m[@p L NG (ww w2 (41)
1 1/2\33/2—1/2 1 —1/2q3/2q1/2
= R e ]+\/—1,5[\pr w20
The wave function with M; = 1/2 is given by,
1 2
/2 3/2qs1/2q,-3/2] 1/247,3/2\,—3/2
xpLH_—m (WP w 2w NG LR ERsE (42)
3 1/231/2—1/2 —3/2.q,3/2q1/2
_\/ﬁ[@p L T }+\/ﬁ[\1/p w2
The M; = —1/2,—3/2 wave functions can also be obtained in a similar way. Therefore

according to the simple ground state shell model, the “Li nuclear polarization is due to
a single proton 87% of the time.

o ee
H # Suo

Figure 10: The shell model description of 7Li.

The possibility of using clusters instead of nucleons to describe the 7Li nucleus is
discussed in [26]. In this model “Li is considered as containing o particle and triton
cluster. It can be viewed as a S = 1/2 triton orbiting in an L = 1 state about the «
cluster as shown in Fig. 11. The four M = £3/2,+1/2 substates have equal probability.
In the +3/2 sub state the triton and the “Li spins are given by[27],

‘i—l, i—l, i—§> :
2'72

where the notation is, CG |my, mg, M) and C'G is the Clebsch-Gordan coefficient of a
given sub state. This approach gives the result that the total polarization in the "Li
is 86%. More advanced Green’s-function Monte Carlo (GFMC) calculations for the “Li
nucleus have been performed in [28]. These calculations predict 89% proton polarization
and -4% neutron polarization, which agree quite well with the cluster model calculations.
The high degree of consistency between the proton polarization found in the cluster
approach (86%) and the highly sophisticated GFMC approach (89%) demonstrates that
the uncertainty in these measurements due to nuclear effects is very small.
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Figure 11: The cluster model description of "Li.

In closing this section, it is important to emphasize that the above shell model discus-
sion is intended simply to illustrate the origin of the high polarization of the embedded
proton; we do not intend to use simple shell model estimates to determine the
degree of polarization alignment between the unpaired proton in ”Li and the 7Li nucleus
overall. This crucial number, of approximately 89%, will be taken from the sophisticated
Quantum Monte Carlo calculations such as the Green’s Function Monte Carlo (GFMC).
These approaches typically describes static properties of the nucleus to an accuracy of
1-2% for the ground state and lower excited states of nuclei with A < 13. These state-
of-the-art calculations are very well known within the nuclear structure community, but
may not be familiar to a broader circle of readers; they represent the culmination of
a three decade sustained effort to derive nuclear properties rigorously from the NN in-
teractions and known fundamental properties of the interactions. An illustration of the
precision achieved in these approaches can be seen in Fig. 12, which shows the energies of
the ground states and lower excited states of the A=6-8 nuclei. The very small discrepan-
cies between the IL2 approach and the excited states which have measured experimental
values are typically less than 100 keV. We recognize that this is a crucial aspect of the
extraction of the EMC ratio from the precise experimental polarization measurement in
the "Li system, and thus we will collaborate with the groups carrying out these calcula-
tions to do careful evaluations of the uncertainties for polarization observables, as well
as exploring experimental cross-checks that can be performed.

5 Expected results

We are primarily interested in the deep inelastic scattering region because most model
calculations are based on inelastic scattering. We are planning to propose a measurement
of inclusive electron scattering from "Li. Scattered electrons will be measured in CLAS12.
As mentioned previously the existing polarized target setup will be used. Data will be
taken with high-energy beam, preferably 11 GeV, and with inbending torus current
settings in CLAS12. Fig. 13 shows the projected errors for Rgye = gf'A/g{’ calculated
from the 30 days of the EG12 inbending running scaled to 70 days of inbending data at
12 GeV. An additional scale factor was used to take into account the correct dilution
factor of “Li, an 80% target polarization and a beam polarization of 80%. Fig. 13
shows the statistical uncertainties we believe we can achieve. The estimated systematic
uncertainties depend partly on technical progress expected to be achieved by the time
of running. The estimates for the systematic uncertainties on the absolute value of the
EMC ratio currently range from 5-7%, based on the extensive experience gained from the
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Figure 12: Green’s Function Monte Carlo (GFCM) calculations for excited states in the
A=6-8 region from [7]. This figure illustrates the precision achieved in these approaches.
The energies of the ground states and lower excited states of the A=6-8 nuclei are plotted
for several variants of Quantum Monte Carlo calculations, along with experimental data
when it is available. The very small discrepancies between the IL2 approach and the
excited states which have measured experimental values are typically less than 100 keV.
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Figure 13: Projected statistical uncertainties for the ratio ¢ TLi /g% as a function of z;
see text for details. Also shown is (solid line and dashed line) the predictions by [3]
specifically for “Li.

EG1 polarized target and the expected improvements in the new EG12 polarized target.
It should be emphasized that the shape of the x dependence will be measured with a
smaller uncertainty than is expected for the absolute value of the ratio. This precision is
important in order to distinguish between current models for the polarized EMC ratio,
which have a markedly different  dependence. In addition, we may be able to go to
higher = by including the resonance region and invoking duality. It has been shown that
duality works well for the unpolarized EMC effect [29]. The Fig. 14 shows the duality
in the unpolarized EMC effect for three nuclear targets. The data clearly follow the DIS
data. Duality is also proven to work well for polarized structure functions beyond the
A(1232) resonance region. g¢i is negative in the delta region, the EMC effect measures
the ratio of g; of nuclear and nucleon data inducing a positive value. Therefore it is not
unrealistic to expect similar effects as in the unpolarized case. The projected errors are
compared to the theoretical calculations by [3] for 7 Li.
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Figure 14: Comparison of nuclear to deuterium crossections for data collected in the
resonance region and the DIS region. The solid circles are Jefferson lab data taken in
the resonance region and the open markers are the data taken in the DIS region at SLAC
and BCDMS. As it can be seen the resonance data are in agreement with DIS data.

6 Conclusion

We intend to perform the first measurement of the polarized EMC effect, g 7Li /qt,
for x > 0.1. The absolute value of the polarized EMC ratio will be determined with
good accuracy, and the shape of the x dependence of the ratio will be determined with
high accuracy, which is important for distinguishing between current model calculations.
The ratio will be determined from the fundamental quantity gIL" through the use of high
precision Quantum Monte Carlo calculations in light nuclei such as the Green’s Function
Monte Carlo. In order to optimize the polarized target technology for this measurement,
we intend to do further research and development, investigating other technical options
such as a pure "Li target, that will improve the systematic uncertainties significantly
compared to the methods described herein.
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