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1 Tensor Structure Functions
The tensor polarized structure of the deuteron was first discussed for the real photon case by Pais [1] in
1967 and later, in the virtual photon case, by Frankfurt and Strikman [2]. In 1988, Hoodbhoy, Jaffe and
Manohar [3] introduced the notation which we follow in this letter, whereby the tensor structure is described
by the four functions b1, b2, b3 and b4.

For a spin-1/2 target and after requiring parity and time reversal invariance, only four independent he-
licity amplitudes are necessary to describe virtual Compton scattering. This number doubles in the case of
a spin-1 target as the spin can be in three states (+, 0, -). The hadronic tensor can therefore be decomposed
into eight independent structure functions:
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PµP!
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The expressions of rµ! , sµ! , tµ! and uµ! can be found in [3]. They all contain terms proportional to the
polarization of the target E. The structure functions F1, F2, g1 and g2 have the same expressions and are
measured the same way as for a spin-1/2 target. The spin-dependent structure functions b1, b2, b3, b4 are
symmetric under µ " ! and E " E! and therefore can be isolated from F1 and g1 by unpolarized beam
scattering of a polarized spin-1 target.

1.1 The Operator Product Expansion

In the Operator Product Expansion (OPE) framework, the leading operators Oµ1...µn

V and Oµ1...µn

A in the
expansion are twist two. For a spin-1 target, the matrix elements of the time-ordered product of two currents
Tµ! have the following expressions:

< p,E|Oµ1...µn

V |p, E > = S[anpµ1 ...pµn + dn(E!µ1Eµ2 !
1

3
pµ1pµ2)pµ3 ...pµn ],

< p,E|Oµ1...µn

A |p, E > = S[rn""#$µ1E!
"E#p$p

µ2)...pµn ] (2)

The non-zero value of b1 arises from the fact that, in a spin-1 target, the 1
3pµ1pµ2 doesn’t cancel the tensor

structure E!µ1Eµ2 . The coefficient dn can be extracted from the comparison of Tµ! expansion and the
spin-1 target hadronic tensor Eq. 1 as follows:
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n=2,4,...
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for 1 # |#| # $ (where # = 1/x). A Callan-Gross-type relation exists for between the two leading order
tensor structure functions:

2xb1 = b2 (4)
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THEORETICAL PREDICTIONS
Nuclear Physics B312 (1989) 571-588 
North-Holland, Amsterdam 

N O V E L  E F F E C T S  IN D E E P  I N E L A S T I C  S C A T T E R I N G  F R O M  
S P I N - O N E  H A D R O N S  1 

Pervez HOODBHOY 2, R.L. JAFFE and Aneesh MANOHAR 3 

Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics, 
Massachusetts Institute of Technology, Cambridge, MA 02319, USA 

Received 22 July 1988 

Deep inelastic scattering from a polarized spin-one target yields qualitatively new informa- 
tion which is not available in the spin-half case. Among several new structure functions, one. 
bl(x), is leading twist in QCD. It can be measured with an unpolarized beam. bl(x ) is small and 
calculable for a weakly bound collection of nucleons, and therefore its measurement would 
provide a clear signature for exotic components in a spin-one nucleus. 

1. Introduct ion  

D e e p  inelas t ic  e lectron scat ter ing f rom polar ized  targets  has a t t rac ted  much  
a t t en t ion  recent ly .  In  par t icular ,  the measurement  of g fP(x)  by  the European  M u o n  
C o l l a b o r a t i o n  [1] has s t imula ted  several p roposa l s  to invest igate  spin effects in o ther  
nuc lea r  targets .  Several po ten t ia l ly  polar izable  nuclei  have spin one, inc luding  
deu te r ium,  6Li and  14N. In this pape r  we descr ibe  the effects which may  be observed 
in deep  ine las t ic  scat ter ing f rom a polar ized  spin-one hadron,  in pract ice  a nucleus. 

W e  f ind new features in scat ter ing f rom a sp in-one  target  not  found  in the 
sp in -ha l f  case. The  new effects all reside in a single new structure funct ion bl(X ) 
which  is of  l ead ing  twist (twist two). b l ( x  ) can be de te rmined  by  measur ing  the 
deep  ine las t ic  cross sect ion for an unpolarized lepton beam to scat ter  f rom a target  
po l a r i zed  a long  the beam and subt rac t ing  the same cross sect ion for an unpola r ized  
target .  ( I f  the  beam is unavo idab ly  polar ized  (e.g. the muons  at  C E R N )  then it is 
necessary  to average the cross sections for target-spin para l le l  and  ant ipara l le l  to the 
beam,  and  sub t rac t  the unpolar ized  cross section.) The funct ion b I vanishes if the 
sp in -one  target  is made  up of  sp in-hal f  const i tuents  at  rest, or  in a relat ive s-wave. 
b a is non-ze ro  but  very small  for a target  made  up of  spin-half  par t ic les  moving 

This work was supported in part by the Department of Energy (DOE) under contract number 
DE-AC02-76ER03069. 

z Permanent Address: Department of Physics, Quaid-e-Azam University, Islamabad, Pakistan. Also 
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❖ “Spin crisis”: orbital angular momentum ⇒ b1d ≠0

❖ Conventional nuclear effects: Fermi motion and binding ⇒ b1d ≠0 

❖ New physics: 6-quarks configuration and hidden colors
‣ 6 quarks in deuteron but only 3 colors
‣ At small distance, 5 colors are needed
‣ deuteron wave function contains many more components

❖ Close-Kumano sum rule: 

❖ ...
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SOME THEORETICAL PREDICTIONS

numbers are all in qualitative agreement with HERMES, given their large error bars. Another mechanism is
expecting to contribute: coherent-double scattering. Miller specified that his mechanism is not the same as
that, even though the HERMES publication [5] combined them together.

In addition, at x > 0.2, a non-negligible value of bd
1 is expected just through the conventional nuclear

effects in the deuteron, Fermi motion and binding [10].

1.3.2 Double-Scattering Effects

Using Vector Meson Dominance (VMD), the authors of Ref. [4] isolate the double-scattering contribution
to b1. The existence time of a vector meson can be described by the coherence length !:

! =
Q2

Mx(M2
v + Q2)

(8)

which is the length over which the vector meson propagates during the time !t = 1/!E. Therefore, for
multiple scattering to occur, a minimum coherence length of ! 1.7 fm (the inter-nucleon separation) is
required. At x > 0.3, the coherence length is only about the size of the nucleon, so multiple scattering
contributions are anticipated to be negligible. However, for x " 0.1, double-scattering should be significant
in b1 behaving as (1 # x)2!/x1+2!, where " is determined from the soft pomeron intercept #P (t = 0) =
1 + ". Finally the auhors forsee a significant enhancement of b1 at low x (" 0.01) due to the quadrupole
deformation of the deuteron.

1.3.3 The Close-Kumano Sum Rule

Following the formalism from the parton model in [3], Close and Kumano [11] related the tensor structure
function b1 to the electric quadrupole form factor of the spin-1 target through a sum rule:

! 1

0
dx b1(x) = #

5

12M2
lim
t!0

t FQ(t) +
1

9

"

"Q + "Q̄
#

s

=
1

9

"

"Q + "Q̄
#

s
= 0

(9)

The sum rule is satisfied in the case of an unpolarized sea. However, the authors emphasize that in nucleon-
only models the integral of b1 is not sensitive to the tensor-polarization of the sea, and consequently the sum
rule is always true, even when the deuteron is in a D-state.

Recently, Kumano [6] estimated from an analysis of HERMES data [5] that a non-negligible tensor
polarization of the sea is necessary to reproduce the trend of the data. However, this conclusion has to be
considered with caution due to the large Q2 coverage of each HERMES data point (see Fig. 4), and the
assumption that the sum rule is satisfy for valence quarks.

1.4 Comments from Theorists

During the preparation of this letter, we contacted several theorists to gauge interest in a precision measure-
ment of b1. The response was uniformly positive. We provide some of their feedback for context.

“The tensor structure of the deuteron can be investigated in the deep inelastic region by measuring the
structure function b1, which should shed light on a new aspect of tensor-structure studies in terms of quark

7

Khan & Hoodbhoy, Phys. Rev. C44, 1219 (1991)

Kumano, Phys. Rev. D82, 017501 (2010)

Close & Kumano, Phys. Rev. D42, 2377(1990)

Brodsky, C-R. Ji & Lepage, PRL51, 83 (1983)
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2 Existing Data

The HERMES collaboration made the first measurement [5] of the inclusive tensor structure function b1 in
2005. The experiment explored the kinematic range of 0.001 < x < 0.45 for 0.5 < Q2 < 5 GeV2. An
atomic beam source was used to generate a deuterium gas target with high tensor polarization. The HERA
storage ring provided 27.6 GeV positrons incident on the internal gas target.

The tensor asymmetry Azz was found to be non-zero by about two sigma for x < 0.1, and the tensor
structure function b1 displayed a steep rise as x ! 0. The CK integral was evaluated and found to be

! 0.85

0.0002
b1(x)dx = 0.0105 ± 0.0034 ± 0.0035 (10)

which result possibly indicates a breaking of the Close-Kumano sum rule, and consequently a tensor-
polarized quark sea.
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Figure 2: HERMES measurement of the inclusive tensor asymmetry Azz of the deuteron. The error band
displays the total systematic uncertainty. Reproduced from [12].

As often the case with pioneer measurement, the precision of the results leaves room for ambiguities on
the type of phenomena which are responsible for a non-zero value of b1. One worry is that HERMES Q2

values are low at small x (see Fig. 4) where quark structure functions may not be the correct language. In
addition the Q2 coverage in each x-bin is quite wide and could mask any Q2-dependence. Indeed, several
theoretical models, as for example displayed in Fig. 1, show a significant Q2-dependence for x " 0.1.

9
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HERMES data at low x ⇒ impact high x 

numbers are all in qualitative agreement with HERMES, given their large error bars. Another mechanism is
expecting to contribute: coherent-double scattering. Miller specified that his mechanism is not the same as
that, even though the HERMES publication [5] combined them together.

In addition, at x > 0.2, a non-negligible value of bd
1 is expected just through the conventional nuclear

effects in the deuteron, Fermi motion and binding [10].

1.3.2 Double-Scattering Effects

Using Vector Meson Dominance (VMD), the authors of Ref. [4] isolate the double-scattering contribution
to b1. The existence time of a vector meson can be described by the coherence length !:

! =
Q2

Mx(M2
v + Q2)

(8)

which is the length over which the vector meson propagates during the time !t = 1/!E. Therefore, for
multiple scattering to occur, a minimum coherence length of ! 1.7 fm (the inter-nucleon separation) is
required. At x > 0.3, the coherence length is only about the size of the nucleon, so multiple scattering
contributions are anticipated to be negligible. However, for x " 0.1, double-scattering should be significant
in b1 behaving as (1 # x)2!/x1+2!, where " is determined from the soft pomeron intercept #P (t = 0) =
1 + ". Finally the auhors forsee a significant enhancement of b1 at low x (" 0.01) due to the quadrupole
deformation of the deuteron.

1.3.3 The Close-Kumano Sum Rule

Following the formalism from the parton model in [3], Close and Kumano [11] related the tensor structure
function b1 to the electric quadrupole form factor of the spin-1 target through a sum rule:

! 1

0
dx b1(x) = #

5

12M2
lim
t!0

t FQ(t) +
1

9

"

"Q + "Q̄
#

s

=
1

9

"

"Q + "Q̄
#

s
= 0

(9)

The sum rule is satisfied in the case of an unpolarized sea. However, the authors emphasize that in nucleon-
only models the integral of b1 is not sensitive to the tensor-polarization of the sea, and consequently the sum
rule is always true, even when the deuteron is in a D-state.

Recently, Kumano [6] estimated from an analysis of HERMES data [5] that a non-negligible tensor
polarization of the sea is necessary to reproduce the trend of the data. However, this conclusion has to be
considered with caution due to the large Q2 coverage of each HERMES data point (see Fig. 4), and the
assumption that the sum rule is satisfy for valence quarks.

1.4 Comments from Theorists

During the preparation of this letter, we contacted several theorists to gauge interest in a precision measure-
ment of b1. The response was uniformly positive. We provide some of their feedback for context.

“The tensor structure of the deuteron can be investigated in the deep inelastic region by measuring the
structure function b1, which should shed light on a new aspect of tensor-structure studies in terms of quark

7

= 0.0058
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Hermes JLab 
(projected)

Pzz 0.8 0.2

Dilution 0.9 0.50

L (cm-2 s-1) 10 31 10 35

ΔΘ 1.13 sr 1.43 sr
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Forward angle,  6.6 < Θ < 12 degree
 Backward angle,  13 < Θ < 22 degree

2π azimuthal coverage
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tion is related to the vector polarization via:

Pzz = 2 !
!

4 ! 3P 2
z (16)

This relation allows calculation of a target’s tensor polarization once the vector polarization has been de-
termined from standard NMR techniques. Vector polarizations can be determined by analyzing NMR line-
shapes as described in [14] with a typical 7% relative uncertainty, or by comparison of the NMR response
to the known thermal equilibrium (TE) polarization.

The DNP technique produces deuteron vector polarizations of up to 60% in ND3 and 64% in LiD [15],
which corresponds to tensor polarizations of approximately 30%. Tensor polarizations of 22% have been
achieved in previous experiments [13] using standard solid polarized ammonia targets. At the University of
Virginia and the University of New Hampshire, we are pursuing techniques to enhance the tensor polariza-
tion by directly stimulating transitions to/from theMs = 0 state. The UVa group had some initial success in
obtaining enhanced tensor polarizations via RF pumping, although the method was not pursued due to lack
of need for tensor polarized targets at the time of the study. Another method entails simultaneously pumping
the paramagnetic centers with two independent microwave frequencies, which requires careful isolation of
the respective microwave cavities. As this work is on-going, the rates in this proposal assume only tensor
polarizations that have been demonstrated previously.

4 Summary

This experiment will require 38 days of beam time in order to perform a precision measurement of bd
1 using

a longitudinally polarized deuteron (LiD) target, together with the Hall A SoLID spectrometer.

17

Tensor polarization:

Crabb et al. had some limited success in 
enhancing the tensor polarization in past 

R&D will be dedicated to improve 
the tensor polarization and dilution 

Table 1
Naive dilution factor, f, and polarizations of !H and "Li obtained at di!erent magnetic fields, B, and temperatures, !

Material Dopant f P
!

P
"

B/! !/K Ref.

#$ND
%

Irradiation 0.30 0.49 2.5 0.20 [12]
#&ND

%
Irradiation 0.29 0.42 5.0 1.05 [5]

C
$
D

#'
O EDBA-Cr(V) 0.24 0.50 2.5 0.30 [13]

"LiD Irradiation 0.50 0.71 6.5 0.25 [10]
0.64 4.9 0.25 [10]
0.40 2.5 0.25 [10]

gradients are missing in the face-centered cubic
(FCC) structure of the lithium deuteride crystal
lattice. The resulting NMR signals of the deuteron
and lithium are therefore very narrow and easy to
measure with a FWHM of about 6 G.

The dilution factors and typical polarization
values for the di!erent deuteron targets are given in
Table 1. This dilution factor is an approximation,
neglecting the EMC-e!ect and other kinematic-
dependent corrections. The deuteron polarization
of "LiD is slightly larger than the lithium polariza-
tion due to the larger magnetic moment of the
deuteron. The values for the deuteron polarization
were not reported in Ref. [10].

The "LiD material used for this experiment is
a sinter with the physical properties of a hard
sandstone which allows the preparation of small
pieces at room temperature. By crushing the
sintered material and sieving the resulting
smaller pieces, chips of two sizes, 1.0—2.5 mm,
and, 2.5—3.5 mm, later referred to as small and
large chips, were obtained. The chips have to
be kept in a dry gas atmosphere, here dry nitrogen
gas, to prevent the disintegration into lithium
hydroxide.

An isotopic analysis of the target material re-
vealed that 4.6% (molar) of the lithium is (Li,
having a spin of I"%

!
and a magnetic moment of

3.256 !
)
. The material was also found to be not

fully deuterated with a molar percentage of 2.4
being hydrogen. As these isotopic impurities
are polarizable, they do contribute to the spin
dependent scattering cross section and have to be
taken into account by measuring their respective
polarizations.

3. Spin structure of nuclei

The use of "LiD as a polarized target in spin
structure experiments requires that proper allow-
ance be made for the nuclear properties of both
lithium and deuterium. This involves both an un-
derstanding of the magnitude of the contribu-
tions of the polarized nucleons in each nuclear
species to the spin asymmetries, as well as the
possible kinematic (x

*!
) dependence of the nucleon

polarization.
Two approaches are commonly considered. In

the case of isospin singlets, like !H, "Li, and #$N,
model-independent analyses using only isospin
conservation can be applied, based on the de-
composition of the total nuclear angular mo-
mentum, I, and magnetic moment, !, in terms of
spin and orbital components [14]. In the case of
mirror nuclei, like %H and %He, or #&N and #&O,
this analysis can be supplemented by information
from the beta decay of one of the pair members
[15,16]. The cluster model description of light
nuclei, such as lithium [17], allows the extension of
this method to the cluster components of (Li.

The second approach involves shell models of
the nuclear structure. This approach has been used
to describe the nucleon polarization of !H [18],
%He [19], "Li [18,20], #$N [21,22], and #&N [3]. At
the simplest level, the relevant information to be
extracted from the models consists of the probabil-
ities of the di!erent nuclear states and their corre-
sponding angular momentum decompositions.
This information allows a proportionality factor
between the nucleon and the nucleus polarizations
to be calculated.

S. Bu( ltmann et al. /Nuclear Instruments and Methods in Physics Research A 425 (1999) 23—36 25

?   >
S. Bueltmann et al., NIM A425, 23 (1999) 
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Table 2: Summary of the kinematics and physics rates using Hall A SoLID spectrometer for the measure-
ment.

< x > < Q2 > < W > P0 ! Rates Azz "Astat
zz b1 "bstat

1 time
(GeV)2 (GeV) (GeV) (deg.) (kHz) !10!2 !10!2 !10!2 !10!2 (hours)

0.05 1.0 4.5 0.82 19.1 0.40 -0.98 0.20 3.4 0.68 378
0.10 1.5 3.8 3.37 11.5 4.52 -0.85 0.17 1.7 0.34 44
0.15 2.0 3.5 4.22 11.9 5.58 -0.51 0.10 0.71 0.14 100
0.20 2.0 3.0 5.91 10.1 15.07 -0.14 0.087 0.15 0.092 51
0.25 2.0 2.6 6.93 9.3 31.60 0.19 0.094 -0.16 0.078 21
0.30 2.5 2.6 6.76 10.5 14.69 0.48 0.097 -0.31 0.061 42
0.35 2.5 2.4 7.37 10.1 23.19 0.75 0.15 -0.37 0.073 11
0.40 3.0 2.3 7.18 11.2 10.81 0.99 0.20 -0.35 0.071 14
0.45 3.0 2.2 7.61 10.9 14.79 1.2 0.24 -0.32 0.064 7
0.50 3.5 2.1 7.44 11.9 8.19 1.4 0.28 -0.26 0.051 9
0.55 4.5 2.2 6.84 14.1 2.62 1.6 0.31 -0.18 0.037 23
0.60 5.0 2.1 6.76 14.9 1.46 1.7 0.33 -0.13 0.025 36

3.2 Background

The pion background has not been estimated yet for this measurement, but should be comparable to other
proposed DIS measurements with SoLID. A careful study of the background will be performed in a full
proposal.

3.3 Experimental Method

Following Ref. [3] it is possible to measure the asymmetry Azz by taking the difference of parallel and
perpendicular cross sections with unpolarized beam:

d2!!

d!dE" "
d2!#
d!dE"

d2!!

d!dE" + 2 d2!#
d!dE"

= "
1

2
(1 "

3

2
H2)Azz, (11)

where H2 = (P + 2)/3 is the target spin projection along the beam and P is the target polarization. The
polarized cross sections d2#"/d!dE# and d2#$/d!dE# can be extracted from data collected by scattering
an unpolarized electron beam off a spin-1 target polarized longitudinally and perpendicularly to the electron
beam direction. The tensor structure function b1 can then be extracted as follows:

b1

F1
= "

3

2
Azz (12)

From Eq. 11, the beam time needed to achieve an absolute uncertainty of "Azz can be deduced and is
expressed as follows:

T =
32

9P 2
zz

1

RD f (Pzz "Azz)2
(13)

with RD is the deuteron rate, f the dilution factor and Pzz the tensor polarization.

14

31 days production + 7 days overhead
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Fig. 1. Fl(X ) and  bl(x ) for a P3/2 massless quark  coupled  to a spin-~ specta tor  to form a j =  1 state. 

where X8 = f ~ - d i a g ( 1 , 1 , - 2 )  and 0 is referred to a cartesian basis in which the 
beam defines the z-axis. Important special cases are first, the target polarized with 
spin component H along the beam 

dxdy  
-- e 4 M E  [1 + (1 - y)2][xFl(x) + (3 - H 2 ) x b l ( X ) ]  

2rrQ4 

and second, the target polarized with spin component H perpendicular to the beam 

dxdy  
e4ME [1 + (1 -y)2][XFl(X)- (3 - 1 g 2 ) X b l ( X ) ]  
2¢rQ4 

A simple way of determining the structure functions F 1 and b 1 is to measure the 
cross section for an unpolarized target, which determines F1, and to measure 
the cross section for a target polarized along the beam direction, which determines 
F I -  I ~b I. If the beam is polarized, the structure function gl also contributes to the 
cross section, gl can be determined as for spin l ,  by taking the difference in cross 
sections for target polarized parallel and antiparallel to the beam. To avoid g~ 
contaminating the measurement of b~ outlined above, it is preferable to average the 
cross sections for a target polarized parallel and antiparallel to the beam direction to 
determine F 1 - l b  1. 

In this paper we have concentrated on the case of a spin-one target. Similar 
effects exist for targets of higher spin, as discussed in sect. 4. The parton-model and 
helicity-amplitude descriptions of the leading twist structure functions are relatively 
simple for higher spin targets. However, the tensor decomposition of I/V~ is more 
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Table 2: Summary of the kinematics and physics rates using Hall A SoLID spectrometer for the measure-
ment.

< x > < Q2 > < W > P0 ! Rates Azz "Astat
zz b1 "bstat

1 time
(GeV)2 (GeV) (GeV) (deg.) (kHz) !10!2 !10!2 !10!2 !10!2 (hours)

0.05 1.0 4.5 0.82 19.1 0.40 -0.98 0.20 3.4 0.68 378
0.10 1.5 3.8 3.37 11.5 4.52 -0.85 0.17 1.7 0.34 44
0.15 2.0 3.5 4.22 11.9 5.58 -0.51 0.10 0.71 0.14 100
0.20 2.0 3.0 5.91 10.1 15.07 -0.14 0.087 0.15 0.092 51
0.25 2.0 2.6 6.93 9.3 31.60 0.19 0.094 -0.16 0.078 21
0.30 2.5 2.6 6.76 10.5 14.69 0.48 0.097 -0.31 0.061 42
0.35 2.5 2.4 7.37 10.1 23.19 0.75 0.15 -0.37 0.073 11
0.40 3.0 2.3 7.18 11.2 10.81 0.99 0.20 -0.35 0.071 14
0.45 3.0 2.2 7.61 10.9 14.79 1.2 0.24 -0.32 0.064 7
0.50 3.5 2.1 7.44 11.9 8.19 1.4 0.28 -0.26 0.051 9
0.55 4.5 2.2 6.84 14.1 2.62 1.6 0.31 -0.18 0.037 23
0.60 5.0 2.1 6.76 14.9 1.46 1.7 0.33 -0.13 0.025 36

3.2 Background

The pion background has not been estimated yet for this measurement, but should be comparable to other
proposed DIS measurements with SoLID. A careful study of the background will be performed in a full
proposal.

3.3 Experimental Method

Following Ref. [3] it is possible to measure the asymmetry Azz by taking the difference of parallel and
perpendicular cross sections with unpolarized beam:

d2!!

d!dE" "
d2!#
d!dE"

d2!!

d!dE" + 2 d2!#
d!dE"

= "
1

2
(1 "

3

2
H2)Azz, (11)

where H2 = (P + 2)/3 is the target spin projection along the beam and P is the target polarization. The
polarized cross sections d2#"/d!dE# and d2#$/d!dE# can be extracted from data collected by scattering
an unpolarized electron beam off a spin-1 target polarized longitudinally and perpendicularly to the electron
beam direction. The tensor structure function b1 can then be extracted as follows:

b1

F1
= "

3

2
Azz (12)

From Eq. 11, the beam time needed to achieve an absolute uncertainty of "Azz can be deduced and is
expressed as follows:

T =
32

9P 2
zz

1

RD f (Pzz "Azz)2
(13)

with RD is the deuteron rate, f the dilution factor and Pzz the tensor polarization.
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with RD is the deuteron rate, f the dilution factor and Pzz the tensor polarization.
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with H2=(P+2)/3

Hoodbhoy, Jaffe and Manohar, Nucl. Phys. B312, 571 (1989)
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Polarimetry 8%
Dilution/packing fraction 5%
Computer deadtime 0.5%
Charge measurement 0.5%
Energy measurement 0.05%
Radiative corrections 5%

Total Systematic Uncertainty 11%

Table 3: Relative systematic uncertainties.

3.4 Systematic Uncertainties

In this Letter-of-Intent, we consider using a model for the unpolarized structure function F1 needed to extract
b1 from Eq. 17. So an additional systematic uncertainty will have to be taken into account in the extraction
of b1 from the Azz measurement.

3.5 Alternate Methodology

In addition to the experimental approach considered in this Letter-of-Intent, we have two other options which
we will explore further in preparation for a full proposal:

1. measuring the tensor structure function b1 with a longitudinally polarized target using the cross section
method suggested in Ref. [3];

2. measuring the tensor asymmetry Azz using the HERMES method [12], with only a longitudinally
polarized target.

We are also exploring other forms of accessing Azz that don’t rely on Ad
2 being negligible, like HERMES

assumed.

3.6 Polarized Target

This experiment will require the installation of the UVa polarized target operated in longitudinal and also
transverse mode. Transverse polarization requires operation of an upstream chicane to ensure proper trans-
port through the target magnetic field. The target is typically operated with a specialized slow raster, and
beamline instrumentation capable of characterizing the low current 50-100 nA beam. All of these require-
ments have been met previously in Hall C, and will be soon implemented also in Hall A for the E08-027/E08-
007 run in 2011. The UVa polarized target (see Fig. 7), has been successfully used in experiments E143,
E155, and E155x at SLAC, and E93-026, E01-006 and E07-003 at JLab. In 2011, the same target will be uti-
lized in experiments E08-027 and E08-007. A similar target was used in Hall B for the EG1,EG4 and DVCS
experiments, although Hall B does not at present have the facilities necessary for transverse polarization.

The UVa target operates on the principle of Dynamic Nuclear Polarization, to enhance the low temper-
ature (1 K), high magnetic field (5 T) polarization of solid materials by microwave pumping. The polarized
target assembly contains several target cells of 3.0 cm length that can be selected individually by remote
control to be located in the uniform field region of a superconducting Helmholtz pair. The permeable tar-
get cells are immersed in a vessel filled with liquid Helium and maintained at 1 K by use of a high power
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Figure 6: Left: Projected precision of the tensor asymmetry Azz with 38 days of beam time. Also shown are
the data from Hermes[5] and the calculation from Kumano [6]. Right: Corresponding projected precision
of the tensor structure function b1. In addition, an updated calculation of Ref. [7] from Miller is shown [8].
The black band represents the systematic uncertainty.

3.1 Overhead

In order to calibrate the target NMR system, elastic scattering measurements will be performed at an incident
energy of 2.2 GeV. Two days, including the energy pass change, should be sufficient. Measurements of
the dilution from the unpolarized materials contained in the target, and of the packing fraction due to the
granular composition of the target material will be performed on a 6Li target and carbon target. A total
of 8 hours of data will be needed. Target annealing and target material changes will be performed once a
week. Table 1 summarizes the expected overhead. The magnetic field of the target will be rotated from
parallel to perpendicular configuration about once a week. Approximately 7 additional days will be needed
for calibration, background study and configuration changes.

Table 1: Summary of the overhead
time number total time
(hrs) (hrs)

elastic 48.0
dilution 8.0

configuration change 16 4 64.0
beam energy meas. 2.0 2 4.0
BCM calibration 1.0 2 2.0
target annealing 2.5 4 10.0

target material change 4.0 4 16.0
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vector pol : (n+ - n-)/(n+ + n-)

Spin-1/2 system in B-field leads to 2 sublevels due to Zeeman interaction

Drawing from C. Riedl’s thesis
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vector pol : (n+ - n-)/(n+ + n- + n0)

tensor pol : (n+ - n- - 2n0)/(n+ + n- + n0)

Spin-1 system in B-field leads to 3 sublevels due to Zeeman interaction

Drawing from C. Riedl’s thesis


