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Abstract

The leading twist tensor structure functibnof spin-1 hadrons provides a unique tool to
study partonic effects, while also being sensitive to coherent nuclepegies in the simplest
nuclear system. At lowt, shadowing effects are expected to dominatewhile at larger
values,b; provides a clean probe of exotic QCD effects, such as hidden colaiodatguark
configuration. Since the deuteron wave function is relatively well kn@awmg,novel effects are
expected to be readily observable. All available models predict a smalhmhiag value ob;
at moderate:. However, the first pioneer measurementodit HERMES revealed a crossover
to an anomolously large negative value in the regien< = < 0.5, albeit with relatively large
experimental uncertainty.

We will perform an inclusive measurement of the deuteron tensor asymmeiry region
0.15 < = < 0.45, for 0.8 < Q% < 5.0 GeV2. With 28 days of 11 GeV incident beam,
we can determiné; with sufficient precision to discriminate between conventional nuclear
models, and the more exotic behaviour which is hinted at by the HERMES datdJVa solid
polarized NDB target will be used, along with the Hall C spectrometers, and an unpolarized
115 nA beam. An additional 10.3 days will be needed for overhead. Thasunement will
provide access to the tensor quark polarization, and allow a test of the-Kiloaano sum
rule, which vanishes in the absence of tensor polarization in the quarksginow, tensor
structure has been largely unexplored, so the study of these quantitissthe potential of
initiating a new field of spin physics at Jefferson Lab.



Foreword

This proposal is an update to PR12-11-110. For convenienceepreduce the PAC38 report
comments below. A brief response to the major issues is thended. Each of these points are
then discussed in further detail in the main text.

PR12-11-110 “The Deuteron Tensor Structure Function b1”

Moativation: This proposal, a follow-up of LOI-11-003 submitted to PACB7dedicated to the
measurement of the deuteron tensor structure fundtjidoy measuring deep inelastic scattering
from a tensor polarized deuterium target. All available ralsdoredict a small or vanishing value
of b, at low x, however the first pioneering measurement et HERMES revealed a crossover to
an anomalously large negative value, albeit with a relagMarge experimental uncertainty. This
justifies the intention to make a precise measurement: coafion thath, is relatively large may
then require an explanation based on more exotic modelshimdeuteron, such as hidden color
due to a 6-quark configuration.

Measurement and Feasibility: The collaboration proposes to carry out this experimenHil

C, using the polarized UVa/JLab NDRarget, the HMS/SHMS spectrometers and an unpolarized
115 nA electron beam. The tensor structure functips derived from the measurement of the
difference between the transversely and longitudinallygderpolarized cross-sections, which is
directly proportional tob, itself. From the measured value lgfthe tensor asymmetry.. can be
calculated, provided the structure functidfy is known. The collaboration proposes to perform
the measurement in 28 days of data taking at 11 GeV at the twéurs/af 0.3 and 0.5, which
cover the range in which the HERMES data display the crossoivgrto large negative values.

I ssues. Despite the interesting physics case presented, the PAGdeatified several issues with
this proposal.

1. One obvious problem is the theoretical interpretatiorthed results of this kind of experi-
ments. Following the recommendation of PAC37 the collabonatias partially addressed
this question by expanding the discussion of the expectealim of b, (x) in various theo-
retical models. However to draw significant conclusions ftbie measurement, also given
the limited kinematical coverage (see below) chosen, wougjdire further work.

2. The chosen x range, although overlapping with the regiowhich the HERMES results
were obtained, does not seem sufficient to determif in such a way as to unambigu-
ously establish its conventional or exotic behavior. ThE RAcourages the collaboration to
explore the possibility to carry out the measurement usiteyge acceptance spectrometer
covering a wider x range.



3. The PAC has concerns about the proposed experimentabthatiing the cross section dif-
ference between the transversely and longitudinally tepstarized target configurations.
Given a 5-tesla field for this type of target, the effect ondbeeptance due to the target field
for these configurations can be quite different, and suctesyatic uncertainties due to the
acceptance and other effects may well be larger than thetefffatthe proponents are trying
to measure.

4. The proponents should pursue the tensor asymmetry nezasot technique. Currently, the
proposed target has a rather low tensor polarizatievil(0%). It is crucial and important to
pursue more vigorously techniques such as the RF “hole bgrtechnique to improve the
tensor polarization of the target.

Brief Collaboration Response: We have modified our experimental technique to measure the
tensor asymmetry instead of the cross section differerscsyggested. We have assumed a larger
tensor polarization (B=20%) than the previous proposal. A search of the relevesralure in-
dicates that this value is reasonable, but will require sdmeslopment of existing techniques.
We have initiated this process, but the R&D funding has bewitdd due to lack of an approved
experiment to demonstrate the need for these novel tarifétshave expanded our x-coverage,
although we note that a significantly non-zero valué,cdt any x would unambiguously confirm
its non-conventional behavior. We have engaged severatitite for calculations and to confirm
that our interpretation of the relationship between thesuead asymmetry and the tensor structure
functionb, is valid.

In the following document, we address these items in furtietail.
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1 Background and Motivation

The deuteron is the simplest nuclear system, and in many Wesyas important to understanding
bound states in QCD as the hydrogen atom was to understanoumgl lsystems in QED. Unlike
it's atomic analogue, our understanding of the deuteroranesnunsatisfying both experimentally
and theoretically. A deeper understanding of the deutsrtarisor structure will help to clarify
how the gross properties of the nucleus arise from the uyidgrpartons. This provides novel
information about nuclear structure, quark angular moomaniand the polarization of the quark
sea that is not accessible in spin-1/2 targets.

A measurement of the tensor structure functiprs of considerable interest since it provides a
clear measure of possible exotic effects in nuclei, i.e.etltent to which the nuclear ground state
deviates from being a composite of nucleons only [1]. JeffeiLab is the ideal place to investigate
tensor structure in a deuteron target at intermediate agda We describe such a measurement
in this proposal.

1.1 Tensor Structure of the Deuteron

When a spin 1 system such as the deuteron is subjected to a tiodgrid along the z-axis, the
Zeeman interaction gives rise to three magnetic subldyets+1, 0, —1 with population fractions
P+, P, po, respectively. These populations are described by botletavpolarization,

P, = (L/I)
= (p+ —po) + (Po — p+) =P+ — p- 1)
and a tensor polarization [2]:

P.. = (312 = I(I+1))/I*
= (py+ —po) — (po —p-) =1 —3po (2)

which are subject to the overall normalizatipn+ p_ + py = 1.

Fig. 1 graphically demonstrates the dependence of the twteon distribution on the spin
projection. If the two nucleons are in a relative = 0 state, the surface of constant density is
toroidal, while if they are in then = +1 state, the surface has a dumbbell shape.

In the case of deuteron spins in thermal equilibrium withgbgd lattice, and neglecting the
small quadrupole interaction [2], the tensor polarizat®related to the vector polarization via:

P,=2—/A—3P? 3)

The maximum absolute value 6f. = —2 occurs only for vanishing populations in the = +1
states. If, on the other hand, only the= 1 or m = —1 state are occupied, the vector polarization
reaches its maximum value ofl, andP,, = +1.



Figure 1: Nucleon densities of the deuteron in its two spimjgations,/, = +1 and/, = 0,
respectivelyReproduced from [3, 4]

1.2 Deep Inelastic Scattering from Spin-1 Tar gets

Four independent helicity amplitudes are sufficient to dbscvirtual Compton scattering from a
spin-1/2 target, after requiring parity and time reversghriance. This number doubles for a spin-
1 target, as the spin can be in three states (+, 0, -). Thisgise to a tensor structure which was
first discussed for the deuteron for the real photon case isy{Blaand later in the virtual photon
case, by Frankfurt and Strikman [6]. Hoodbhoy, Jaffe and dltan [7] introduced the notation
which we now follow, whereby the tensor structure is desatiby the four functiong,, b,, b3 and

b,. To summarize, the hadronic tensor can be decomposed as:

P,Pv
Wul/ = _Flguu+F2 NV

1
—biry + ébg(sw +t + up)
1 1
+§bg(8wj — U’MV) + 5174(8/“/ — twj)
g g g g g
‘I'Z;le;w/\aq)\s + Z;ZEMV)\O'QA(p gs —S-qp ) (4)
where the purely kinematic expressians, s,., t,., andu,, can be found in [7]. The terms are
all proportional to the polarization of the targeét The spin-1 structure functions,, F», ¢g; and
g2 have the same expressions and are measured the same way apiiorl/2 target. The spin-
dependent structure functiohs b, b3, by, are symmetric under — v andE — E* and therefore
can be isolated front; andg; by unpolarized beam scattering from a polarized spin-Jetarg

1.2.1 Interpretation in the Operator Product Expansion

In the Operator Product Expansion (OPE) framework, theifegdperatorsDy'#* and O’y
in the expansion are twist two. For a spin-1 target, the mataments of the time-ordered product



of two currentsl),,, have the following expressions:

1
< p, E‘Ol‘;lun‘p7 E> = S[anp“l...p“" + dn<E*u1Eu2 _ gpmpw)p“?’.-.p“”],
<p, E|OW " p, E > = S[r,e ™ E{E,pp"..p" (5)

The non-zero value of; arises from the fact that, in a spin-1 target, Qp#lp“? term doesn’t
cancel the tensor structurg“! E#2, The coefficient/,, can be extracted from the comparison of
T,, expansion and the spin-1 target hadronic tensor Eq. 4 as\vsill

(e 9]

biw) = > 200d,w",
n=2/4,...

b(w) = > 40Pd,w" (6)
n=2/4,...

for 1 < |w| < oo (Wherew = 1/z). A Callan-Gross-type relation exists for the two leadindesr
tensor structure functions:

2$b1 = b2 (7)

valid at lowest order of QCD, whei@() = C?). At higher orders, Eq. 7 is violated.
Sum rules can be extracted from the moments of the tensatsteufunctions:

! 1
/x"fl b(z)de = =CWVd,,
0 2
1
/ 2 hy(z)dr = CPd,, (8)
0

where n is even.

The OPE formalism is based on QCD and is target-independemiettr, a target dependence
is generated by Eq. 5, and spin-1 structure functions anesio the same QCD corrections and
their moments have the same anomalous dimensions as for-&/@diarget. In addition, the tensor
structure functions should exhibit the same scaling bemasF; andF5, since they are generated
from the same matrix eleme6t;' "".

We focus in this document on the leading twist structure fionch,. A Callan-Gross type
relation allows access t@ onceb, is determined, antk andb, do not contribute at leading twist.

1.2.2 Interpretation in the Parton Model

In the infinite momentum franieof the parton model, the scattering of the virtual photomfra
free quark with spin up (or down), which carries a momentuawtionz of the spinm hadron, can
be expressed through the hadronic terigy:

(1) 1 . 1 1 ie#vkanSU 1 1
Wil = - 5 0m + ;PMPV (qT(a:) + ql(x)) + T(%(x) —q (x)),

§All spins and momenta are along theaxis.



for a target of spin projection equal to 1 along thdirection, and:
wo — (21 Lp.Pv2g° (9)
uwo - quu + v “w v QT(‘%)

for a target of spin projection equal to zero along thdirection. The tensor structure functiois
andb, can be expressed from the comparisomigf) — W) with Eq. 4 as follows:

biw) = (20~ al(@) - a}(a) (10)
bo(x) = 2xbi(x) (12)

whereq" (¢7") represents the probability to find a quark with momenturotioa = and spin up
(down) in a hadron which is in helicity state. The tensor structure functidn depends only on
the spin-averaged parton distributidns

¢'(z) = qf(z)+q(z)
() = q(x) +q)(x) = 2¢)(x)

so it can be expressed as:
(12)

Explicitly, b; measures the difference in partonic constituency ifvar1 target and am=0
target. From this we see that whibe is defined in terms of quark distributions, it interestingly
depends also on the spin state of the nucleus as a whole.

1.2.3 First Measurement of b, (z) by the HERMES Collabor ation

The HERMES collaboration made the first measurement [8, 9} @h 2005. The experiment
explored the lows region of0.001 < z < 0.45 for 0.5 < Q? < 5 Ge\2. An atomic beam source
was used to generate a deuterium gas target with high tenkoization. The HERA storage ring
provided 27.6 GeV positrons incident on the internal gagetar

As displayed in Fig. 2, the tensor asymmetry, Avas found to be non-zero at about the two
sigma level, with an apparent zero crossing arouné 0.3. The tensor structure functian
exhibits a steep rise as— 0, which is qualitatively in agreement with the predictiorisoherent
double-scattering models. See for example Ref. [10]. Theoasiof Ref. [9] interpret the rapid rise
at lowx in terms of the same mechanism that leads to nuclear shagawimpolarized scattering,
i.e. double scattering of the lepton, first from the protbentfrom the neutron, with sensitivity to
the spatial alignment of the two nucleons.

As is often the case with a pioneer measurement, the pra@$ide results leaves some room
for ambiguity. Despite the surprisingly large magnitudd ameresting trend of the data, all points

Ysince, by parityg;* = 7"

10
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Figure 2: Top: HERMES [8] measurement of the inclusive tensor asymmetry:A andxb, (x)
of the deuteronBottom : The tensor structure functidn(z) without z-weighting, which reveals
a steep rise as — 0.
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Figure 3: Kinematic coverage of the HERMES measurement. &isbet vertical lines indicate
the borders of the bins in x, the dots their centers of gravibe solid curves indicate the vertical
acceptance of the spectrometer, defined by its aperturelditi@n, the kinematic cuts imposed on
the variables & y and W are shownReproduced from [8].

are roughly within two sigma from zero, which calls for a hegiprecision measurement. Another
issue is that some of the HERMES momentum transfer value®aréske Fig. 3), so that quark
structure functions may not be the correct language. @heariation in eache-bin is also quite
wide (=10 Ge\? for z ~ 0.3), which complicates the interpretation of this data, siseeeral
models predict significar®?-dependence df,. See for example Fig. 4.

1.3 Predictionsfor the Tensor Structure Function b, (z)

The leading twist tensor structure functibnquantifies effects not present in the case of spin-1/2
hadrons. However, tensor effects only exist in nuclearetargso the study df; serves as a very
interesting bridge between nucleon and nuclear physicsh®ane hand, deep inelastic scattering
(DIS), clearly probes partonic degrees of freedom, i.e.rkgjdbut on the other hand, depends
solely on the deuteron (nuclear) spin state as seen in EQMeIdiscuss now several predictions
for thex dependence df;.

1.3.1 Conventional Nuclear Effects

In Ref. [7], the authors note thaf(z) is small and calculable for a weakly bound system like the
deuteron, and that its measurement would provide a cleaatige for exotic components in a spin
one nucleus. In effect; (x) measures the extent to which a target nucleus deviates fitoiria
bound state of protons and neutrons. The authors evaluateathe ofb, in three conventional

12



scenarios for the deuteron constituents and their dynamics

I. If the deuteron is composed of two spin-1/2 non-interagtiucleons at rest, then the eight
helicity amplitudes characteristic of a spin-1 target atpressed in terms of the four he-
licity amplitudes of each spin-1/2 nucleons, and theretbestotal number of independent
amplitudes is reduced from eight to four. All structure ftioes of the deuteron are then the
simple sum of the structure functions of the two nucleond,tae tensor structure functions
vanish:b; = by = b3 = by = 0.

Il. If instead, the deuteron is composed of two spin-1/2 eors moving non-relativistically
in a central potential, then the target motion modifies thiecitye amplitudes. Using the
convolution formalism, it was found that the contributidntltese moving nucleons tg is
small and is dominated by the lower component of the nucteDirac wave function.

[ll. In the final scenario considered, the deuteron contaii$-state admixture. Because the
proton and the neutron are moving in opposite directionsadditional term due to the
S — D interference appears in the convolution procedure. Thisaeontribution tob, is
predicted to be even smaller than in the previous case.

All three scenarios predict a small or vanishing leading the authors to predict thiat~ 0
for the deuteron.

As an interesting counter example for whiehcould be significant, the authors consider a
model of a massless relativistic quark with= 3/2 moving in a central potential. In this cal-
culation, a meson in the¢ = 1 state is formed from the coupling of &, massless quark with
a spin-1/2 spectator. This crude model predicts that) exhibits large negative values peaked
aroundx = 0.5 [7]. Curiously, this behavior is possibly mirrored by thestitig HERMES data
(see Fig. 4), but there is only a single data point with langeautainty in this region.

1.3.2 Nuclear Pions

In 1988, Miller also examined the tensor structure functipfiLl3]. The basic mechanism is that
the virtual photon hits an exchanged pion which is respdaddr the binding of the deuteron.
In this early calculation, the convention used by Miller tgrwas different from that used in the
HERMES results and in Ref. [12]. A recent update to this catauigd14], which uses a consistent
convention and the pion structure function from [15], iswhon Fig. 4. The spread of the curve
originates from the parametel, = (.9 £ 0.3) which governs the strength of the sea in the pion.
Miller’'s calculation, similar to other ‘non-exotic’ modglis unable to reproduce the trend of the
HERMES data, and predicts very small value$@f:) at intermediate and large

1.3.3 Convolution Model

Khan and Hoodbhoy [1] evaluatégl(x) in a convolution model with relativistic and binding en-
ergy corrections. They use this to evaluate the effect ofeaud-ermi motion and binding on the
deuteron structure functions. They observe that for zermFmotion and binding? (z) = 0.

They also predict a small enhancementpin the region ofr ~ 0.3, as seen in Fig. 5. Note

13
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Figure 4: Theoretical predictionsLeft plot: Double-scattering contribution thy(z, Q?) as a
function of z [11]. Note the strong)? dependence at low xRight plot: HERMES results [9]
compared to calculations from S. Kumano [12] and from the-gioe exchange effects of G.
Miller [13, 14].

Figure 5: Prediction for B(z) (solid curve) from Ref. [1], the S-D contribution t¢’br) (dashed
curve), and the D-D contribution t¥%x) (dot-dashed curve). Note the vertical scale which would
make the curve mostly indiscernible from zero in Fig. 4 (fjgReproduced from Ref. [1]
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Figure 6: Relativistic convolution calculation 6f (z) andb?(x). Curves: BS - solid, Bonn -
dotted, Bonn with cut -dashe®&eproduced from Ref. [16].

however, that the absolute scale of this predidteid O(10~*), while the HERMES data implies
that the scale is more than an order of magnitude larger thian t

1.3.4 Rdativistic Calculation

Umnikov [16] calculated, (z) and b, (z) within a covariant approach, based on the relativistic
convolution formalism for DIS and the Bethe-Salpeter folisralfor the deuteron bound state.
Fig. 6 sets the scale for () at the10~? level. Both the relativistic and non-relativistic calcudets

are consistent with the CK sum rule (see Sec. 1.3.8), althtiheghonrelativistic convolution model
results in an incorrect behaviour of at law

1.3.5 Double-Scattering Effects

Using Vector Meson Dominance (VMD), the authors of Ref. [1ddlate the double-scattering
contribution tob;. The existence time of a vector meson can be described bytteence length:

Q2
Max(M? +Q?)

\ = (13)

which is the length over which the vector meson propagatesgithe timeAt = 1/AFE. For
significant shadowing or double scattering to occur, a mimmtoherence length o 1.7 fm
(the inter-nucleon separation) is required. AAt> 0.3, the coherence length is only about the
size of the nucleon, so double scattering contributionsaatieipated to be negligible. However,
for z < 0.1, double-scattering should be significanbinbehaving agl — )% /z'*2°, wheres is

15



determined from the soft pomeron intercept(t = 0) = 1+ 4. The authors predicted a significant
enhancement df; at low z (< 0.01) due to the quadrupole deformation of the deuteronghwisi
qualitatively confirmed by the HERMES data. See Fig. 2.

1.3.6 Virtual Nucleon Approximation

M. Sargsian [17] recently calculated the tensor asymmatryfor deep inelastic scattering. See
Fig. 8. In the approximation in which only proton-neutrommgmnent of the deuteron is taken
into account and nuclear parton distributions are gengrdeugh the convolution of partonic
distribution of nucleon and deuteron density matrix (sge Refs. [18, 19]), the deuteron structure
function b, is related directly to the d-partial wave of the deuteron evawnction [17, 18]. As
a result, this approximation predicts negligible magréttior 5, for + < 0.6 due to small Fermi
momenta involved in the convolution integral. However, gredicted magnitude df; is large
atx > 0.7 where one expects substantial contribution from the d-wakes to high momentum
component of the deuteron wave function involved in the oaution picture of DIS scattering
off the deuteron. In this casé; is very sensitive to the relativistic description of the tean
and its measurement can be used for checking the differgmmbapations of high momentum
component of deuteron wave function.

In the calculation presented, two Virtual Nucleon and Ligline approximations are used
to calculate the tensor polarization for DIS scatteringtbé deuteron. In both approximations
only the proton-neutron component of the deuteron is taknaccount. In the Virtual Nucleon
approximation, the covariant scattering amplitude is ceduby estimating the spectator nucleon
propagator at its on-energy shell in the lab frame of theateat Within this approximation the
baryonic sum rule is satisfied while the momentum sum ruleots fhe latter is due to the fact
that part of the light cone momentum of the bound virtual eanlis lost to the unaccounted
non-nucleonic degrees of freedom in the deuteron waveifumcin the light cone approximation
the scattering amplitude is estimated thier p, pole of the spectator nucleon on the light cone.
In this case the wave function is defined on the light-coneregfce frame and it satisfies both
baryon number and momentum sum rules. For the detailed atsopaf these approximations,
see Ref. [19].

1.3.7 FittoHERMESData

Kumano [12] points out that the twist-2 structure functionsindb, can be used to probe orbital
angular momentum. He then extracts the tensor polarizexk qura anti-quark distributions from
a fit to the HERMES data [9]. He finds that a non-negligible tensaarization of the sea is
necessary to reproduce the trend of the data, as shown i Figowever, this conclusion has
to be considered with caution due to the exten@&ctoverage (Fig. 3), and large uncertainty of
each HERMES data point. In particular, the author calls fatebeneasurements éf at largex

(> 0.2), and further investigation of the tensor structure fumtsiin general.
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1.3.8 TheClose-Kumano Sum Rule

Following the formalism from the parton model in [7], Closedafumano [20] related the tensor
structure functior, to the electric quadrupole form factor of the spin-1 targestigh a sum rule

/Olda:bl(x) _ —12‘;’\42%751?@(7:”;(5@%@)5
- ;(5Q+5Q)S—O (14)

whereFy)(t) is the electric quadrupole form factor of a spin-1 hadromathomentum squared
The Close Kumano (CK) sum rule is satisfied in the case of an anpel sea. The authors note
that in nucleon-only models, the integraligfis not sensitive to the tensor-polarization of the sea,
and consequently the sum rule is always true, even when titerda is in aD-state.

The authors of Ref. [1] calculated the first momentbofr) in a version of the convolu-
tion model that incorporates relativistic and binding gyecorrections. They found a value of
-6.6510~%, and emphasize that deviations from this will serve as a gapthture of exotic effects
in the deuteron wave function. Similarly, Ref. [16] predistsl0—* and3 - 10~° for the relativistic
and nonrelativistic calculation of Eq. 14, respectively.

A truncated version of Eq. 14 was evaluated by the HERMES [@xPEriment and found to
be:

0.85

/ by (z)dz = 0.0105 £ 0.0034 4 0.0035 (15)
0.0002

which possibly indicates a breaking of the Close-Kumano sule and consequently a tensor-

polarized quark sea. However, since the comparison is drilyeatwo sigma level, more precise

data is needed for a true test.

IEfremov and Teryaev evidently proposed the same relatiomésons in Ref. [21].
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1.4 Interest from Theorists

During the preparation of this proposal, we contacted sé¢vleeorists to gauge interest in a preci-
sion measurement 6f. The response was uniformly positive. We provide some of teedback
for context.

It is known thath, is sensitive to dynamical aspects of constituents with amgubmenta. Mea-
surements of; could open a new field of spin physics because this kind of@pisics has not
been explored anywhere else. The only experimental inftmmaame from the HERMES collab-
oration; however, their data are not accurate enough to firelittdependence df;, especially at
large x.

It is an unique opportunity at JLab to develop this new fieldmh physics.

S. Kumano (KEK)

I’'m glad to hear that), is not forgotten in all the excitement about other spin deleen effects.

R. Jaffe (MIT)

| am particularly interested in signatures of novel QCD eiffdn the deuteron. The tensor charge
could be sensitive to hidden color (non-nucleonic) degoééiedom at large:. It is also interest-
ing that antishadowing in DIS in nuclei is not universal bupdads on the quark flavor and spin.
One can use counting rules from PQCD to predict the» 1 dependence of the tensor structure
function.

S. Brodsky (SLAC)

| am certainly interested in the experimental developmefind the novel QCD phenomena from
the hidden color component of deuteron.

Chueng-Ryong Ji (NCSU)

You have finally piqgued my interest in this subject...Suha$yis of real interest the spin community!
| hope | might be able to say something coherent about theparinterpretation at some point—
this of course is where my real interest lays.

L eonard Gamberg (Penn State Berks)

| find the proposal well written, well justified, sound, and @rgit

Alessandro Bacchetta (Universita di Pavia)
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A Input for SHMES

0 (GeVie)

o 01 02 03 04 035 b

xBjo rken

Figure 7: Kinematic coverage for 11 GeV beam in Hall C usirgiMS and SHMS. A cut will
be applied folV >2.0GeV.

2 TheProposed Experiment

We will measure the leading twist tensor structure funchiceind tensor asymmetry. . for 0.15 <
x < 0.45,0.8 < Q? < 5.0GeV? andV > 2.0 GeV. Fig. 7 shows the kinematic coverage available
at JLab utilizing an 11 GeV beam, and the Hall C HMS and SHMS$tspmeters at forward angle.

The polarized ND target is discussed in section 2.2. The vector polarizapanking fraction
and dilution factor used in the estimate of the rates are 4b8& and 0.25 respectively. With an
incident electron beam current of 115 nA, the expected dente@minosity is2 x 10%° / cm?-st.
The momentum bite and the acceptance were assumed®@be +8% andAQ) = 6.5 msr for the
HMS, andA P :jg%% andAS2 = 4.4 msr for the SHMS. For the choice of the kinematics, special
attention was taken onto the angular and momentum limith®fspectrometers: for the HMS,
10.5° < 0 < 85° andl < P, < 7.3 GeV/c, and for the SHMS;.5° < 0§ < 40°and2 < P, < 11
GeV/c. In addition, the opening angle between the spectiensiés physically constrained to be
larger than 17.5 The invariant masg’” was kept tol” > 2.0 GeV for all settings. The projected
uncertainties fob; and A.. are summarized in Table 1 and displayed in Fig. 8.

A total of 28 days of beam time is requested for productiom datth an additional 10.3 days
of expected overhead.

2.1 Experimental Method

The measured DIS double differential cross section for a-&piarget characterized by a vector
polarizationP, and tensor polarizatioR, . is expressed as,
d*c, d*c

1
dxdQ)? - drdQ)? (1 —BFpdi+ ZPZZAZZ> ’ (16)
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® Hermes ~
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Figure 8: NEEDS TO BE UPDATED. Corresponding projected prenisf the tensor asymmetry
A... The black band represents the systematic uncertaintg. slswn are the HERMES data [9],
and the calculations from Kumano [12], Miller [13, 14], anar§sian [17].

T Q? W P, 0 Rates| A.. JAstat | b b3t | time

(GeV?) (GeV) | (GeV) (deg)| (kHz)| x1072 %1072 | (days)

SHMS | 0.30 1.5 2.11| 8.46 7.3 | 048 | 048 0.11]-0.33 0.072] 15.7
SHMS | 0.40 2.2 2.07| 8.20 90 | 0.14 | 099 0.22|-0.38 0.083 12.5
HMS | 0.50 3.5 2.11| 7.30 12.2| 0.03 |1.40 0.34|-0.25 0.062] 28.1

Table 1: OLD TABLE. NEEDS TO BE UPDATED. Summary of the kinensatand physics rates

using Hall C spectrometers.
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where,o, (o) is the polarized (unpolarized) cross sectiéi,is the incident electron beam polar-
ization, andA; (A..) is the vector (tensor) asymmetry of the virtual-photontdean cross section.

This allows us to write the positive polarized tengbk: P,. < 1, asymmetry using unpolarized
electron beam as,

2 ol
A, = — -1 17
(%) a7

wherec! is the polarized cross section for

-2 _
P, = Nt 2o+ 1 , forn, +n_ > 2n,. (18)
ny +n_ +ng

Heren,, represents the portion of the ensemble inithstate.

Using Eqg. 17 the asymmetry.. compares two different cross sections measured under dif-
ferent polarization conditions of the target, positivednsor polarized and unpolarized. To obtain
the relative cross section measurement in the same cortfurthe same target cup and material
will be used at alternating polarization states (polarieed unpolarized), and the magnetic field
providing the quantization axis will be oriented along theaimline at all times. This field will
always be held at the same value, regardless of the targetiaigtolarization state. This ensures
that the acceptance remains consistent within the stafill@*) of the super conducting magnet.

The expressions for the tensor asymmetry in Eq. 17 needsnwldied to take into account
the presence of unpolarized nuclei in the deuterated anmar(®ii);) target. Since many of the
factors invoved in the cross sections cancel in the rat®afymmetry can then be expressed in
terms of the charge normalized, efficiency corrected numbepolarizedV! and unpolarizedV

CountS,
2 N1
A, = — -1 19
P ( N ) (19)

Here f is the dilution factor defined as,

f— NDO'D
B .]\/YN(TN—F]VDO'D—f—E.]\/TA(TA7

(20)

whereNp, is the number of deuterium nuclei in the target and @nds the corresponding inclusive
double differential scattering cross sectidvy is the nitrogen number of scattered nuclei with
cross sectiow,, and N4 is the numbers of other scattering nuclei of mass numbeith cross
sectiono 4. The denominator of the dilution factor can be written inrierof the relative volume
ratio of NDs to LHe in the target cell, or the packing fractigry. In our case of cylindrical
geometry the packing fraction is equivalent to the percéti@ cell length filled withV D;. For
the full development of the dilution factor see Sec. 2.2.3.

The measurement of the tensor asymmetry allows for a cdiloalaf tensor structure function
b, using the world data on the leading-twist structure furrcfity,

b — —2AZZF1d (21)
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The time necessary to achieve the desired precisibis:
Ny 16
Rp P2 f25A2 Ry

whereR, is the deuteron rate and; = N'+ N is the total estimated number of counts to achieve
the uncertainty A... See Sec. 2.1.1 for full details of the statistical uncettai

T= (22)

2.1.1 Statistical Uncertainty Calculation

To investigate the statistical uncertainty we start with ¢lguation ford,, using measured counts
for polarized dataV,; and unpolarized dat&/,

2 N, — N
Az = fP ( 1N ) ' (23)
The absolute error with respect to counts in then,
2 SN1\? (NN’

For small asymmetriesy; ~ N, so that twice/V is required to obtain the total number of counts
Nr for the experiment. This leads to:

4 1
fpzz \/NT.

SA,, = (25)

2.1.2 Systematic Uncertainty in A,

The systematic uncertainty of the asymmetry can be estimated based on known relative uncer-
tainties and the systematic effects seen in past expersment

Target Polarization

The target positive tensor polarizatidn, is calculated using the vector polarizatiéh using
Boltzmann statistics for spin temperature equilibrium,

P.=2—/1-3p2 (26)

The uncertainty inP,, depends only on the uncertainty in the NMR measuremeft of his leads

to the expression,
3P,

Ji-ar

The polarization uncertainty fa¥ D5 have historically about 5%. However, with new techniques in
polarization uncertainty minimization[22] we anticipatebe able to achieve considerable reduc-
tion. Here we use the estimate of 4% relative uncertainty,ifor and average vector polarization
of 45% leading to a relative uncertainty i), of 7.7%.

5P, = SP,. (27)
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source error (%)

Target Polarization 8%
Dilution/Packing fraction 4%
Detector Drift 1%
Radiative Corrections 1.5%
Charge Determination 1%
Detector resolution and efficiency 1%
Total 9.2%

Table 2: The systematic error estimates of the asymmetry measurement.

Time dependent factors

Systematic variation in time due to detector drift was stddior transversity JLab experiment
E06-010. For 3 months running, all detectors in HRS were stabhbout a 1% level.

Radiative Corrections

The systematic effect od.. due to the QED radiative corrections will be quite small. Bbse
previous data for unpolarized radiative corrections weaides% uncertainty. With unpolarized
beam, the polarized contribution is considered to be nixgigor the range inc that we are
measuring.

Charge Deter mination

The BCM/BPM for low current readouts was recently re-desigoed2p. This was also used for
QWeak, so it is available in Hall C. The signal with noise ratippression, was designed to reach
1% in significantly less than 1 s. The Hall-A Tungsten calatien will be used to further reduce the
charge determination systematic. With the calibrationwidsten calorimeter, the BCM will have
an absolute uncertainty at the level of 1-2%, and relativeettainty (from one target polarization
period to next period) should be better than 1%, dependirth®finearity of the BCM response.

Total Systematic Uncertainty

Table 2 shows a list of the leading uncertainties contmiguto the systematic error id,.. The
resulting estimate in the relative uncertainty4f is 9.2%.

2.1.3 Overhead

Table 3 summarizes the expected overhead, which sums tdags3 Measurements of the dilution
from the unpolarized materials contained in the target, @inthe packing fraction due to the
granular composition of the target material will be perfedmvith a carbon target. Target annealing
will be performed approximately once per day, and targeteneltchanges will be performed
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Overhead Number Time Per (hr) (hr)

Target anneal 30 2.0 60.0
Target field rotation 3 12.0 36.0
Beamline survey 2 8.0 16.0
Target material change 5 8.0 40.0
Target T.E. 16 4.0 64.0
Packing Fraction 6 2.0 12.0
Linac change 2 8.0 16.0
Momentum/angle change 1 2.0 2.0
Moller measurement 6 2.0 12.0
Optics 3 4.0 12.0
Arc Energy Meas. 3 2.0 6.0
BCM calibration 2 2.0 8.0
10.3 days

Table 3: Major contributions to the overhead.

slightly more than once a week. Configuration changes inclatiion of the magnetic field of
the target from parallel to perpendicular and vice versa.

2.2 Polarized Target

This experiment will require the installation of the JLabAJpolarized target operated in longitu-
dinal and also transverse mode. Transverse polarizattpnres operation of an upstream chicane
to ensure proper transport through the target magnetic fidie target is typically operated with
a specialized slow raster, and beamline instrumentatipahia of characterizing the low current
50-100 nA beam. All of these requirements have been metqushlyi in Hall C. The polarized tar-
get (see Fig. 9), has been successfully used in experiméd®, E155, and E155x at SLAC, and
E93-026, E01-006 and E07-003 at JLab. The same target wiltilieed in experiments E08-027
and EO08-007 in late 2011. A similar target was used in Hall Bifie EG1,EG4 and DVCS exper-
iments, although Hall B does not at present have the faslitiecessary to operate a transversely
polarized target with an electron beam.

The target is in the process of undergoing significant retimvand improvement [23]. The
superconducting coils were refurbished by Oxford instmiseA new 1 K refrigerator and target
insert were designed and constructed by the JLab targep giidwe cryogenic pumping system has
been overhauled. In particular, the older Alcatel 2060ldmpvane pumps have been replaced with
new Pfeiffer DUO65 magnetically coupled rotary vane pungrg] the pump controls are being
refurbished. The target motion system has been rebuilt oratch. And now, the magnet and
vacuum jacket rotate independently of the refrigerator tanget insert, which simplifies rotation
from parallel to perpendicular magnetic field orientations

The target operates on the principle of Dynamic Nuclearization, to enhance the low tem-
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Figure 10: Top: NMR signal for ND; with a vector polarization of approximately 50% from
the GeN experiment. The average polarization in beam fdr ékperiment was 35%.Bot-
tom: Relationship between vector and tensor polarization inliegum, and neglecting the small
guadrupole interaction.
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Figure 11: Performance of the NRarget during the GeN experiment.

perature (1 K), high magnetic field (5 T) polarization of dafhaterials by microwave pumping.
The polarized target assembly contains several target cEB.0 cm length that can be selected
individually by remote control to be located in the uniformeldi region of a superconducting
Helmholtz pair. The permeable target cells are immersedvassel filled with liquid Helium
and maintained at 1 K by use of a high power evaporation rfaigr. The coils have a 50
conical shaped aperture along the beam axis which allowrfobstructed forward scattering.

The target material is exposed to microwaves to drive theetiyge transition which aligns
the nucleon spins. The heating of the target by the beam saudeop of a few percent in the
polarization, and the polarization slowly decreases witietdue to radiation damage. Most of
the radiation damage can be repaired by periodically amge#ie target, until the accumulated
dose reached is greater than abtitx 10'7 e~/cn?, at which time the target material needs to be
replaced.

2.2.1 Polarization Analysis

The three Zeeman sublevels of the deuteron system=(—1, 0, 1) are shifted unevenly due to
the quadrupole interaction [2]. This shift depends on thgleabetween the magnetic field and
the electrical field gradient, and gives rise to two sepdratgsition energies. Hence, the unique
double peaked response displayed in Fig. 10. When the systahthiermal equilibrium with the
solid lattice, the deuteron polarization is known from:

B 4 + tanh % (28)

- 2 uB
3 +tanh 2“]67T

z

where . is the magnetic moment, andis Boltzmann’'s constant. The vector polarization can
be determined by comparing the enhanced signal with thateofTE signal (which has known
polarization). This polarimetry method is typically redla to about 5% relative.
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Similarly, the tensor polarization is given by:

2 uB
4+ tanh Q‘Z—T (29)

= 2 uB
3 4+ tanh 2“k—T

zz

From Egs. 28 and 29, we find:

P -2 \Ji=3P2

In addition to the TE method, polarizations can be deterthimeanalyzing NMR lineshapes
as described in [24] with a typical 7% relative uncertainty. high polarizations, the intensities
of the two transitions differ, and the NMR signal shows amasetry R in the value of the two
peaks, as shown in Fig. 10. The vector polarization is theergby:

R*—1

P=—-—"
R+ R+1 (30)
and the tensor polarization is given by:
R?—2R+1
R2+R+1 (31)

The DNP technique produces deuteron vector polarizatibng o 60% in N3, and 64% in
LiD [25], which corresponds to tensor polarizations of apgmately 30%. The target polarization
decays while in beam, so that the average vector polarizatio be expected to be about 35%, as
seen if Fig. 11.

An average polarization of 45 percent enables a significa#smrement of; (z), as shown
in Fig. 8. Any improvement to the expected polarizationh@ligh not strictly necessary, would
allow the addition of kinematic points, and/or improvedtistecal accuracy. With this in mind,
we are pursuing technigues to enhance the tensor polanzayi directly stimulating transitions
to/from thelM, = 0 state, as discussed in Ref. [2]. D. Crabb from the UVa group bagtsuccess
in obtaining enhanced tensor polarizations via RF saturatfoone of the Zeeman transitions,
otherwise known as ‘hole-burning’. The method was not pedsiue to the lack of need for tensor
polarized targets at the time of the study. Another methoehttance tensor polarization entails
simultaneously pumping the sample with two independentaniave frequencies, which requires
careful isolation of the respective cavities.

2.2.2 Depolarizing the Target

The NMR will be used on both to probe polarization. To movarfrpolarized to unpolarized
measurements the target polarization will be annihilagdgidestructive NRM loop field changes
and destructive DNP microwave pumping. It is also possibleemove LHe in the nose of the
target to remove the polarization by heating. During unpoéal data taking the incident electron
beam heating is enough to remove the thermal equilibriurarfzaition.

The NMR measurement will ensure zero polarization. Theetampaterial will be kept at-1
K for polarized and unpolarized data collection. These bascies are used to minimize the
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systematic differences in the polarized and unpolarized dallection. To minimize systematic
effect over time the polarization condition will be switch&wvice in a 24 hour period. This is
expected to account for drift in integrated charge accutimria

2.2.3 Rendering Dilution Factor

To derive the dilution factor we first start with the ratio aflarized to unpolarized counts. In each
case, the number of counts that are actually measured, ghectieg the small contributions of
the thin aluminium cup window materials, NMR coils, etcg ar

Ny = et Ailh[(on + 301)ps + ome(1 — py)l, (32)

and
N = Q&Al[(0N+30)pf+JHe(1 —pf>]. (33)
where( represents accumulated chargés the dectector efficiencyl the cup acceptance, ahd
the cup length.
For this calculation we assume similar charge accumulaticoh that) ~ (), and that the
efficiencies stay constant, in which case all factors drambthe ratio leading to

M (on +301)py + one(l — py)

N (on +30)ps + one(l — py)
(on +30(1 +2A..P../2))ps + ome(l — py)
(on +30)ps + ome(l — py)
[(on +30)ps + one(1 —py)l +30A..P../2
(on + 30)ps + one(l — py)
30A,.P,./2
(on +30)ps + one(1 — py)

1

= 1+

whereo; = o(1 + 2A,.P../2) has ben substituted, per eq. (16), with = 0. It can be seen that
the above result corresponds to eq. (19) in the main text.

3 Summary

We request 39.8 days of beam time in order to perform a poeciseasurement of using a lon-
gitudinally polarized deuteron (NP target, together with the Hall C HMS and SHMS spectrom-
eters. All existing theoretical predictions fayrin the region of interest predict small or vanishing
values forb; at intermediate values of, in contrast to the apparent large negative result of the
only existing measurement from HERMES. Tensor structuresomeanents provide information
not available from spin-1/2 targets. This experiment withpde access to the tensor quark polar-
ization, and allow a test of the Close-Kumano sum rule, whinhishes in the absence of tensor
polarization in the quark sea. Until now, tensor structwas een largely unexplored, so the study
of these quantities holds the potential of initiating a neldfiof spin physics at Jefferson Lab.
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