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Abstract

We propose to study the spin azimuthal asymmetries in semi-inclusive DIS
(SIDIS) using the CEBAF 6 GeV polarized electron beam, a transversely polar-
ized HD-Ice target, and the CEBAF Large Acceptance Spectrometer (CLAS).
The main focus of the experiment will be the measurement of the transverse tar-
get single-spin asymmetries (TTSA) in the reaction ep’ — enX . Three main
observable asymmetries provide access to the Sivers function describing the
unpolarized quarks and transversity and “pretzelosity” distributions describing
transversely polarized quarks in the transversely polarized nucleon. The ex-
pected asymmetries from the leading-order calculations are in the range of 2 to
10%, depending on the kinematics and on the Transverse Momentum Depen-
dent (TMD) parton distribution models used. The z, z and Pr dependences
of the TTSAs will be studied in a wide range of kinematics. In addition, trans-
verse spin dependent double spin asymmetries (TDSA) for ép" — erX will
be measured simultaneously, giving access to distribution of longitudinally po-
larized quarks in the transversely polarized nucleon. This experiment will also
provide important information of sub-leading order parton distributions and in
particular extend significantly the (z, Q?) range of precision measurements of
g2-

A total of 45 days of new beam time is requested for this experiment.
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1 Introduction

The spin structure of the nucleon has been of particular interest since the EMC [1]
measurements implied that the helicity of the constituent quarks account for only a
fraction of the nucleon spin. The so-called “spin puzzle” was subsequently confirmed
by a number of other experiments at CERN [2], SLAC [3, 4], HERA [5, 6], and
JLab [7]. Possible interpretations of this result include the contribution of the orbital
momentum of quarks and significant polarization of either the strange sea (negatively
polarized) or gluons (positively polarized). The contributions to the sum rule for the
total helicity of the nucleon include heuristically the following:

1_

1
5 §Z(Aqval +Aqsea) +Lgal +Lzea+L‘Zlue+AG, (1)
q

where Ag, L,, and AG are respectively the quark helicity, the orbital angular mo-
mentum of all partons, and the gluon helicity.

Present knowledge about the spin structure of the nucleon, described by parton
distribution functions comes mainly from polarized deep inelastic scattering (DIS).
The polarization of the individual flavors and anti-flavors were mainly studied using
fits to the inclusive data. Inclusive DIS is sensitive to only the squared charges of the
partons, and requires additional assumptions (e.g. an SU(3) symmetric sea), which
lead to model dependence. Semi-inclusive deep inelastic scattering (SIDIS) studies,
for which a hadron is detected in coincidence with the scattered lepton allows so-called
“flavor tagging”, provide more direct access to contributions from various quarks. In
addition, they give access to the transverse momentum distributions of quarks, not
accessible in inclusive scattering. Azimuthal distributions of final state particles in
semi-inclusive deep inelastic scattering provide access to the orbital motion of quarks
and play an important role in the study of transverse momentum distributions of
quarks in the nucleon.

Significant progress has been made recently in understanding the role of partonic
initial and final state interactions [8, 9, 10]. The interaction between the active par-
ton in the hadron and the spectators leads to gauge-invariant transverse momentum
dependent (TMD) parton distributions [8, 9, 10, 11, 12, 13]. Furthermore, QCD fac-
torization for semi-inclusive deep inelastic scattering at low transverse momentum
in the current-fragmentation region has been established in Refs. [14, 15]. This new
framework provides a rigorous basis to study the TMD parton distributions from
SIDIS data using different spin-dependent and independent observables. TMD dis-
tributions (see Table 1) describe transitions of a nucleon with one polarization in the
initial state to a quark with another polarization in the final state.

The diagonal elements of the table are the momentum, longitudinal and transverse
spin distributions of partons, and represent well-known parton distribution functions
related to the square of the leading-twist, light-cone wave functions. Off-diagonal
elements require non-zero orbital angular momentum and are related to the wave
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Table 1: Leading-twist transverse momentum-dependent distribution functions. U, L, and
T stand for transitions of unpolarized, longitudinally polarized, and transversely polarized
nucleons (rows) to corresponding quarks (columns).

function overlap of L=0 and L=1 Fock states of the nucleon [16]. The TMDs fi
and h{, which are related to the imaginary part of the interference of wave functions
for different orbital momentum states and are known as the Sivers and Boer-Mulders
functions [17, 18, 19, 20, 9, 10, 11], describe unpolarized quarks in the transversely
polarized nucleon and transversely polarized quarks in the unpolarized nucleon re-
spectively. They vanish at tree-level in a T-reversal invariant model (7-odd) and can
only be non-zero when initial or final state interactions cause an interference between
different helicity states. These functions parameterize the correlations between the
transverse momentum of quarks and the spin of a transversely polarized target or the
transverse spin of the quark, respectively. They require both orbital angular momen-
tum, as well as non-trivial phases from the initial /final state interaction, that survive
in the Bjorken limit. Experimental results on the Sivers functions for up and down
quarks so far are consistent with a heuristic model of up and down quarks orbiting
the nucleon in opposite directions.

The impact parameter space displacement of unpolarized quarks in the trans-
versely polarized proton is described by the Generalized Parton Distribution E (GPD-
E) [21], and has recently been calculated in lattice QCD [22, 23]. These results suggest
on the basis of Burkard’s model discussed above, that the Sivers functions are signif-
icant. Moreover, consistent with large N¢ predictions, the displacement of u and d
quarks was found to be in opposite directions, indicating different signs for the Sivers
functions for v and d quarks (Fig. 1).

Similar quantities arise in the hadronization process. One particular case is the
Collins T-odd fragmentation function Hi [24] describing fragmentation of trans-
versely polarized quarks into unpolarized hadrons. Parton model analysis [25, 26,
27, 28] of sub-leading single-spin asymmetries which were observed at HERMES
[29, 30, 31, 32] and CLAS [33] led to the introduction of new twist-3 T-odd dis-
tribution functions [28, 34, 35].

The off-diagonal TMD distributions for transversely polarized quarks arise from
interference between amplitudes with left- and right-handed polarization states, and
only exist because of chiral symmetry breaking in the nucleon wave function in QCD.
Their study therefore provides a new avenue for probing the chiral nature of the
partonic structure of hadrons. The universality of the TMD correlation functions has



been proven, resulting in a sign change for two T-odd TMD distributions between
Drell-Yan and DIS [9, 15], an exciting prediction that has to be confirmed by future
experiments.

We propose a high luminosity (5x10%% ¢m 2s!) measurement of transverse
target single spin asymmetries in SIDIS using the CLAS in Hall B with a 6 GeV longi-
tudinally polarized electron beam and the transversely polarized HD-Ice target. The
proposed measurements are essential for the study of transverse momentum depen-
dent distributions, and when combined with already approved CLAS measurements
with unpolarized and longitudinally polarized targets will constrain all chiral-odd
leading twist TMDs in the range of Q? from 1 to 4 GeV?, and zy from 0.15 to
0.55. The same measurement will also provide important information on different
sub-leading distribution functions [36, 37]. The main goal of this proposal will be the
study of the z and Pr dependences of the target SSAs (TTSAs).

The CLAS detector provides a unique opportunity to perform the measurements
over a wide range of kinematics with a single experiment.

2 Theory and motivation

In recent years, semi-inclusive deep inelastic scattering (SIDIS) has emerged as a
powerful tool to probe nucleon structure through measurements of single spin asym-
metries (SSAs) [29, 38, 39]. In contrast to inclusive deep inelastic lepton-nucleon
scattering where transverse momentum is integrated out, these processes are sensi-
tive to transverse momentum scales on the order of the intrinsic quark momentum.
Measurements of SSAs in SIDIS provide access to a list of novel physics observables
including transversity (h;) [40, 41], and the time-reversal odd Sivers distribution
function (f7) [17, 19, 8, 9, 10].

The SIDIS cross section at leading twist has eight contributions related to different
combinations of polarization states of the incoming lepton and the target nucleon [14]:

dwdyff—om — et (1 oy y2/9)0F ) — (1 - y)acos(26) F)
+ASLy(1 —y/2)xFrr + Sr.(1 — y)x sin(2¢) Fyr,
+[S7](1 — y +y2/2)zsin(¢ — ¢s) Fip
+[S7](1 — y)zsin(é + ds) For
+A|S7ly(1 — y/2)z cos(¢p — ¢s) Frr

+51S7|(1 = y)wsin(3¢ — ¢s) Fyy7 2)

The kinematic variables z, y are defined as: z = Q?/2(Pq), and y = (Pq)/(Pl).
The g = | — I' is the momentum of the virtual photon, Q? = —¢?, ¢ is the azimuthal



angle between the scattering plane formed by the initial and final momenta of the elec-
tron and the production plane formed by the transverse momentum of the observed
hadron, Pr, and the virtual photon (Fig. 2), ¢s is the azimuthal angle of the trans-
verse spin in the scattering plane, P and P are the initial nucleon momentum and
final hadron transverse momentum, respectively. The subscripts in Fyr .7, specify
the beam (first index) and target polarizations (U, L, T for unpolarized, longitudi-
nally and transversely polarized targets, and U, L for unpolarized and longitudinally
polarized beam), S;, and Sy are the longitudinal and transverse components of the
target polarization with respect to the direction of the virtual photon.

Structure functions factorize into TMD parton distribution and fragmentation

functions, and soft and hard parts [14]. For example the F((JQT) can be written as

. A .
F = / Bt b (o, k) HY (2,p1) SO H) (@) - (3)

The hard factor, Hyr, is calculable in pQCD, and the soft factor S (X 1) comes
from soft gluon radiation and is defined by a matrix element of Wilson lines in the
QCD vacuum [14]. The integral symbol represents integration over transverse mo-
mentum of initial, k£, , and scattered p, partons and the soft gluon momentum X N
[42]. Distribution (h;) and fragmentation (Hi-) functions involved, depend on frac-
tions of the proton momentum carried by the struck quark, x, and the virtual photon
momentum carried by the final state hadron z and also the corresponding transverse
momenta k,, and p, .

2.1 Transversely polarized target

For transversely polarized target, several azimuthal asymmetries already arise at lead-
ing order. Four contributions related to the corresponding distribution functions were
investigated in Refs. [24, 43, 44, 8, 10, 45]:

ogp? o ASry(1l—y/2) cos(¢ — ¢s) Z eqrgir(z)Di(2), (4)
o’ o Sr(l—y)sin(6+es) ) eixqu (x)H;"(2)
+ Sr(l—y+y*/2) sin(cb%—q ) Z exefif (z)Di(2)
+ Sp(1—y)sin(3¢ — ¢s) Y ezxq;zqfﬁ(x)qu(z), (5)
T

where y defines the fraction of electron momentum carried by the virtual photon.
DY(z) and H;"(z) are the spin-independent and spin-dependent fragmentation func-
tions.



The leading-twist transversity distribution h; [40, 41] and its first moment, the
tensor charge, are as fundamental for understanding of the spin structure of the
nucleon as are the helicity distribution g; and the axial vector charge. The transversity
distribution h; is charge conjugation odd. It is chirally odd, and there is no gluon
transversity in the nucleon. For non-relativistic quarks it is equal to the helicity
distribution g;. Thus, it probes the relativistic nature of quarks and it has a very
different Q* evolution than g;. The tensor charge is reliably calculable in lattice QCD
with 6% =3~ fol dz(hf —hl) = 0.562 £ 0.088 at Q2=2 GeV?, which is twice as large
as the value of axial charge [46]. A similar quantity (6% ~ 0.6) was obtained in the
effective chiral quark soliton model [47].

A detailed study of z, y, z, and Pr dependences as a function of the azimuthal
angle ¢ will allow the separation of contributions from different mechanisms.

The data from CLAS with a transversely polarized target focusing on TTSAs,
combined with data from unpolarized and longitudinally polarized targets, will pro-
vide a complete set of measurements required for the separation of all eight leading-
twist TMDs, providing important information on spin-orbit correlations.

It is important to note that both 7% and 7~ azimuthal moments may have sig-
nificant contributions from exclusive vector meson production. The fraction of 7" in
the single pion sample, coming from exclusive p° decays, is somewhat less but still
significant at large z and in particular for small z. The two pion data from this ex-
periment will allow us to extract exclusive two pion asymmetries and estimate their
contribution to the single pion SSA.

A full program to extract TMDs from measurements requires coverage of a large
kinematic range in x, z, and P, along with measurements of all three final state pions
together with the use of polarized beam and polarized targets (both longitudinal and
transverse polarizations).

2.2 Relations between GPDs and TMDs

The TMDs define the probability density of finding a (polarized) quark with a certain
polarization with longitudinal momentum fraction =z and transverse momentum £y
inside polarized and unpolarized nucleons. For example, the probability of finding an
unpolarized quark with longitudinal momentum fraction x and transverse momentum
kr inside a transversely polarized target is given by:

— =g p X ]f S g
(0, Fr: 8) = i i7) — L5 prae ), ©)

Similarly to the TMDs in momentum space, the impact parameter dependent gen-
eralized parton distributions (GPDs) [48, 49, 50, 51] have a probability interpretation,
too. The impact parameter dependent GPDs [52]® are defined as the two-dimensional

3also a subject of a new proposal [53]



Fourier transform of the GPD (for £ = 0), with respect to transverse momentum trans-
fer, A, describing the distributions of quarks with longitudinal momentum fraction
x over the transverse distance, by, from the center of the nucleon (impact parameter).
The integral of this spatial distribution over ET gives the total parton density at a
longitudinal momentum fraction z. This 1+2-dimensional “mixed” momentum and
coordinate representation corresponds to a set of “tomographic images” of the quark
distribution in the nucleon at fixed longitudinal momentum, z.

Quark density distributions in the transverse plane for different combinations of
transverse spin of proton and quark [23] are shown in Fig. 1.

The probability density of finding an unpolarized quark with longitudinal mo-
mentum fraction x at transverse position br inside a transversely polarized nucleon
is given by:

M

where S parametrizes all possible combinations of the helicities A and )\’ as described
in Refs. [54, 55]. The GPDs H? and &7 are the Fourier transformed GPDs H? and
FE1 respectively, and the prime denotes the first derivative with respect to 5%

The respective structures of the density distributions in Eqgs. (6) and (7) are iden-
tical after exchanging the impact parameter br and the transverse parton momentum
kr. This, together with the similar probability interpretations, inspires the assump-
tion that there might exist some relations between these two objects. The following
set of possible relations, has been proposed [54]:

- - Pxb 2o\
Fi(z,By: ) = H(w, B2) 4 LX) St <€q(x,b%)> , (7)

249 f{z/g’ U9 & g%g’
72 ~ 72
(15— L aA1g) o (il + s i) ®)
' - '
(5‘1/9) VRN —flLTq/g, (5%+2’H%) VAN —hfq,
- n N
(#4) < inif (9)

These relations may have very interesting phenomenological implications [56, 54,
21, 57, 55]. One particular example is the TMD describing transversely polarized
quarks in the transversely polarized nucleon, chirally odd tensor correlation hi.
Studies of the shape of the proton indicate [58, 59], that for the transversely polarized
quarks in the transversely polarized nucleon the shape of the nucleon reminds a
pretzel. The distribution of transversely polarized quarks is described by the TMD
hiz and its magnitude will thus, be related to “pretzelosity” of the proton [58].

It was shown that in some simple spectator models (a scalar diquark spectator
model of the nucleon and a quark target model in perturbative QCD) all relations
actually hold to lowest order in perturbation theory [55].
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While the Eq. (8) represents a well known property of the GPDs and TMDs to
reduce to the same forward parton distributions, other relations [56, 57, 55| provide
non-trivial links between corresponding moments of GPDs and TMDs. For the distri-
bution describing transversely polarized quarks in the transversely polarized nucleon
that relation is given by:

/ d2br b2 (ﬁ%(x,g%)) = / dkr k3 Lhi (z, k3) (10)

with similar forms for the other relations. Global analysis of hard exclusive (accessing
GPDs) and semi-inclusive processes (accessing TMDs) will provide tests of those
relations.

"

2.3 Present Experimental Results on Spin-Azimuthal Asym-
metries

During the last few years, first results on transverse SSAs have become available [38,
39]. HERMES measurements for the first time directly indicated significant azimuthal
moments generated both by Collins (Fig. 3) and Sivers (Fig. 4) effects.

The extraction of the transversity from A?}I}("’WS) requires parameterizations for

the unpolarized distribution functions along with approximations for the essentially
unknown polarized Collins fragmentation function H;-. The Collins function for pions
was calculated in a chiral invariant approach at a low scale [60]. It was shown that at
large z the function rises much faster than previously predicted [25, 61] in the analysis
using the HERMES data on target SSA. Significant asymmetry was measured recently
by Belle [62] indicating that the Collins function is indeed large. The first extraction
of the transversity distribution has been carried out recently [63] combining ee™
and semi-inclusive DIS from HERMES [38] and COMPASS [39, 64]. The statistics,
however, are not enough to make statistically significant predictions in the valence
region, where the effects are large. The effects related to orbital motion of quarks
and in particular correlations of spin and transverse momentum of quarks play more
important role in the valence region. It was shown that spin-orbit correlations may
lead to significant contribution to partonic momentum and helicity distributions [65]
in large-z limit.

Significantly higher statistics from CLAS data, especially in the large x region,
will enable the extraction of the z, z and Pr dependences for different azimuthal
moments in a wide kinematic range allowing the source of the observed SSA to be
revealed and will allow extraction of the underlying distribution functions.

The Sivers contribution, being leading twist, is expected to survive at higher ()?
and that can be tested in future at the large Q? accessible with CLAS12. At large
transverse momentum, ¢.e. P, > Aqcp, the transverse-momentum dependence of
the various factors in the factorization formula [14] may be calculated from pertur-
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bative QCD. Following arguments in Ji-Qiu-Vogelsang-Yuan [66], the sin(¢ — ¢g)
azimuthal asymmetry has the following behavior at Aqcp < Py < @,

. 1
<Sln¢ - ¢S>|PhJ_>>AQCD & m . (11)

The above result holds also when the transverse momentum is compatible with the
large-scale (). Measurement of the Pr dependence of the Sivers-asymmetry will, thus,
check of the predictions of a unified description of SSA by Ji and collaborators [14, 66]
and will study the transition from a non-perturbative to a perturbative description.
The Sivers asymmetry for semi-inclusive deep inelastic scattering in the kinematic
regions of CLAS is predicted to be significant (~ 10% at large Pr) and tends to
be larger in the large-x and large-z region. Measurement of the Pr-dependence of
the Sivers asymmetry provide access to the transverse momentum dependence of the
Sivers TMD and its moments. This would allow one, in particular, to determine the
first moment of the Sivers function:

)
£i0@) = [ EEr gt 0 e ) (12)

This moment has a direct connection to so called soft gluon pole matrix ele-
ments [67, 13, 55], and as a consequence one may also get a direct connection to the
large single spin asymmetries already observed in, for instance, p'p — 7X at Fermi-
lab [68] and at RHIC [69]. Making such a cross check is indispensable if one wants to
decide whether we have reached a proper understanding of various transverse single
spin phenomena in semi-inclusive reactions by means of perturbative QCD.

The combined analysis of the future CLAS data on Ayt and of the previous HER-
MES and COMPASS measurements in the small-z domain, will provide information
on the Sivers function, shedding light on the correlations between transverse spin and
transverse momenta of quarks.

The transversely polarized target measurements also provide access to the leading-
twist TMD g},(z) appearing in convolution with the unpolarized fragmentation func-
tion DJ(z) in a cos ¢ moment of the cross section. Significant asymmetries which were
predicted recently for CLAS kinematics [70] provide access also to g{(z), describing
longitudinally polarized quarks in the transversely polarized nucleon (see Fig. 5).

Measured single and double spin asymmetries for all pions in a large range of kine-
matic variables (z, Q% z, P., and ¢) combined with measurements with unpolarized
targets will provide detailed information on the flavor and polarization dependence
of the transverse momentum distributions of quarks in the valence region, and in
particular, on the z, z, and P, dependence of the leading TMD parton distribution
functions of v and d quarks. Such measurements across a wide range of =, ?, and Py
would allow for detailed tests of QCD dynamics in the valence region complementing
the information obtained from inclusive DIS. They would also serve as novel tools

12



for exploring nuclear structure in terms of the quark and gluon degrees of freedom of
QCD.

Combination of all 3 target polarizations opens access to study of single- and
double-spin asymmetries, involving essentially unexplored chiral-odd and time-odd
distributions functions. The list includes transversity [40, 41], Sivers [17, 8, 9, 10],
“pretzelosity” [43], and Collins [24] functions, providing detailed information on the
quark transverse momentum and spin correlations [24, 44, 43, 20, 71].

2.4 Current Fragmentation in SIDIS at 6GeV

Important issues at low beam energies are the separation of current and target frag-
mentation regions and the presence of factorization when the quark scattering process
and the fragmentation process factorize, and the fragmentation functions depend only
on the fractional energy, z. At low beam energies in DIS the current fragmentation
region (CFR) is contaminated with events coming from the target fragmentation re-
gion (TFR). A simple graphical representation of different regions as a function of
relevant kinematic variables 2z, xx and 7 is available from Mulders and collaborators.
At low z and zp and rapidities n < 1 (Fig. 6) a significant overlap of current and
target fragmentation regions is expected .

Factorization in the z-distributions of pions was studied using the the 6 GeV data
from CLAS[72] and Hall-C[73] experiments. No significant dependence within statis-
tical uncertainties was observed in z-distributions for different values of = available
to the experiment.

2.4.1 MC studies and factorization

The kinematic coverage in x and missing mass of the e’'w system (Fig. 7) shows there
are a significant number of events in the kinematic region where the remnant mass
(M) after the release of a fast pion is relatively low (Fig. 8). Apart from the nucleon,
the A also shows up in the distributions over the missing mass, raising a question on
how well events in DIS kinematics, defined by standard DIS cuts Q% > 1 GeV? and
W? > 4 GeV at JLab energies, could be described using the DIS formalism.

Studies performed at beam energies as low as 4 GeV[33] showed no significant
dependence on z, both for pion multiplicities and beam SSAs, as a function of z
within statistical uncertainties ( 10 — 15%). A variety of possible observables to test
the factorization is provided when measuring single and double polarized asymmetries
as a function of x or z in different bins of z and x respectively.

Different kinematical distributions from PEPSI-MC were compared with data
(Figures 9,10), showing good agreement for 7+ SIDIS data with LUND-MC at 6
GeV. Good description of data with LUND-MC is also important for future analysis
of SSAs.

Various tests of the validity of factorization of semi-inclusive electroproduction
cross section into a product of quark distribution functions and favored and unfa-
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vored fragmentation functions were performed using spin-dependent and independent
observables at JLab at 6 GeV.

Studies of the proton to deuteron ratio of the the sum and difference of 7 and
7~ production rates were performed at Hall-C. In LO QCD and ignoring sea quark
contributions, fragmentation functions cancel in both of these ratios, which should
therefore be independent of z and P, and have the z-dependence observed in inclusive
scattering determinations of v and d quark distribution functions. It was shown that
these ratios for x = 0.3 indeed are independent of z up to z = 0.7.

2.5 Inclusive Structure Function g,

Measurements of the inclusive double spin asymmetry Ap; will be obtained as a
bonus from the present proposal. They are of particular interest due to their large
sensitivity to the go(z,Q?) structure function. We plan to use a fit to world data
on the longitudinal double spin asymmetry A;; to extract g, for both the proton
and deuteron. The kinematic range covered will be large: 1.1 < W < 3.2 GeV, and
0.5 < Q? < 5 GeV2. One of the principal physics interests is that, after correction for
a kinematic twist-two contribution which only involves the well-known g; structure
function, the resulting g, is sensitive to twist-three contributions from quark-gluon
correlations in the nucleon [74]. The third moment of this twist-three contribution
(known as d,) is of particular interest, because it can and has been calculated in
rigorous treatments of QCD such as lattice models [75, 76]. Experimentally, it is
important to study the Q? dependence of both g, and d,, in order to separate the twist-
3 behavior (approximately proportional to 1/ \/@) from higher twist contributions
(proportional to 1/Q?, 1/@Q*, ...). Since models predict very different values of d for
the proton and neutron, it is important to make precision measurements of both the
proton and deuteron. The neutron results extracted from the proton and deuteron
can be compared with the extensive go measurements from Hall A [77, 78] using a
3He target. Nuclear corrections can be important in the extraction of neutron g, from
3He at high z and low to moderate %, which is precisely the range accessible in the
present proposal.

From a pragmatic point of view, precise measurements of g, are of vital impor-
tance to the extraction of A; and g; from the Ar; measurements of Egl [79] and Eg4
at CLAS. At present, the systematic error due to the lack of precision measurements
of g, is one of the dominant errors in this extraction, especially for the virtual photon
asymmetry A;. This is of particular importance for reliably obtaining the polarisi-
bility integral 70(Q?) = [ *Fi(z, Q*)A:(x, Q*)dz. Data over a wide kinematic range
are also needed for precise evaluations of radiative corrections.

Another quantity that will extracted from this presently proposed experiment is
the forward spin polarizability d,7. It can be formed using higher moments of g; and
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g2 and the following sum rule [80, 81]:

(@) = (o) [ B,

272 . v Qv?
2 To
= B [0 @) + e @) (13

There are two interesting fundamental QQCD predictions to study: a) in the high
Q? limit, does d.7(Q%) — 370(Q%)7; b) do Q%,1(Q%) and Q%y,(Q?) scale with Q7
Combined with other world data, the data from the present proposal will allow such
studies in the range 0.5 < Q? < 5 GeV? with good precision.

15



[wy*q
90 ¥0 20 0 20-%0-90-

umop
\ﬁ\/

N7

lwy g
90 ¥0 ¢0 0 ¢0-¥0-90-

) dn

90—
¥0-
[A

40
0
90

90—
yo-
[

2o
¥0
90

[wylq

[wylhq

[wy¥q
90¥020 0204090~

@ uMop
ST T~ TN

N\ /

[wy g
90 ¥0 20 0 20-¥0-90-

@ dn

90—
¥0-
AV

¢o
¥0
90

90—
¥0-
20—

2o
14"
90

(uyliq

[uyliq

[w g
90 ¥0 ¢0 0 ¢0-+¥0-90-

7 <

N

O umop
[w g
90 0

¥0 ¢0 0 ¢0~-¥0-90-

a0 dn

90—
4
(A0

co
Y0
90

90~
¥0-
co-

[y
0
90

[wyléq

[wylg

Figure 1: Density distributions for different combinations of proton and quark spin. Outer
arrows show the proton, and inner arrows show the quark transverse polarizations
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Figure 7: The SIDIS kinematic coverage in Q?, x, Mx and Pr.
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3 Experimental situation

3.1 The HERMES and COMPASS Experiments

Target spin asymmetries have been published by the HERMES Collaboration on
the proton [38] and COMPASS collaboration on deuterium targets [39]. Kinematics
at HERMES and in particular at COMPASS is limited to relatively low x where the
spin-orbit correlations are not expected to be large. The final published results from
both experiments are shown along with the projected errors for this proposal on the
figures in Section 4.

3.2 JLab proposals

At Jefferson Lab there is one closely-related proposal approved to measure SSA
with a transversely polarized target: the Hall-A proposal on *He [82]. The data
from this experiment is complementary to the proposed CLAS measurement with
transversely polarized hydrogen and deuterium targets. The large acceptance of
CLAS will allow measurements of SIDIS pions over a wide kinematic range including
large hadron transverse momenta, where the spin-orbit correlations and corresponding
TTSAs are expected to be significant. Wide acceptance and the capability to measure
multi-particle final states will allow measurements of SIDIS pions and simultaneous
measurements of different exclusive vector mesons, important for understanding the
background contributions to the Collins and Sivers asymmetries.

The planned Hall-C SANE experiment on hydrogen [83] to study inclusive DIS
has some overlap with the present proposal, but focuses on a higher average value of
Q?, and does not include SIDIS measurements.

4 A dedicated SIDIS experiment with a transversely
polarized target and CLAS

The main goal of the proposed experiment is to measure the x and Pr, dependences
of the target single spin asymmetries (TTSA or Ayr) in accessible kinematics (see
Figure 7).

The target single spin asymmetry (target SSA or Ayr) will be calculated as:

1 (Nt — N°)

/P
YT fP(N* + N-)

(14)

where P, is the target polarization, the dilution factor f is the fraction of events from
the polarized material of interest (H or D), and N*(=) are the charge-normalized
extracted number of ep? — erX events for opposite orientations of the transverse
spin of the target.
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We will also obtain the double spin asymmetry (TDSA or Azz) for the same Q?
bins. These quantities are directly sensitive to the model descriptions of corresponding
TMDs. This experiment will provide statistically significant measurements of the
kinematic dependences of the target TTSA and the TDSA in the pion SIDIS in the
valence region.

Ayr will be measured as defined in Eq. 14 and Apr will be measured as:

1 (N + N7 — (N* + N7

A =
M7 fPgP, (N*T + N Y + (Nt + N-T)

(15)

where Pp is the electron beam polarization, and N*™ is the extracted number of er X
events for positive or negative helicities of the beam electrons and target polarizations.

4.1 The CLAS configuration
4.1.1 CLAS HD Ice transversely polarized target

The magnetic holding fields accompanying transversely polarized targets can de-
flect the electron beam and create challenging background conditions. A magnetic
chicane is typically installed upstream of the target and arranged in such a way
that the target’s magnetic field bends the electron beam back on axis [3]. However,
bremsstrahlung created in the target material will be peaked along the direction of
the incoming electrons, which will then be at several degrees to the detector axis
depending on the holding field.

Generally, one can arrange to have either the electron beam or the target bremsstrahlung
centered at 0°, but not both. A transversely polarized target in a frozen-spin state,
such as the HD-Ice target, requires only small holding fields, and greatly mitigates
such background problems. Problems associated with beam deflection are virtually
eliminated by the small holding fields and this potentially allows the target to be
located even in the center of the detector, thus dramatically increasing the accep-
tance. In addition, the HD-Ice target has almost no dilution. The only unpolarizable
nucleons are associated with the target cell and these can be sampled and subtracted
in conventionally empty-cell measurements. At the same time, the low Z results in a
long radiation length and comparatively few bremsstrahlung photons.

The HD-Ice target developed at LEGS in Brookhaven and now being moved from
BNL to JLab, has been used quite successfully in photon beam experiments. The
factors affecting target polarization are complex and intertwined; a direct test of the
performance of polarized HD with electrons is essential. This will be carried out
during the course of the E06-101 run [84].

At BNL, HD target polarizations of 60% H and 35% D have been used in photon
experiments with spin-relaxation times in excess of a year, and polarizations are
expected to be higher ( 75% H and 40% D) with the smaller diameter cells that will
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be used at JLab. The deuterium polarization is particularly stable; spin-relaxation
times of 2 months have been measured with only 0.01 T (100 gauss) holding field and
0.2 K. The projected D-decay time for a 0.04 T saddle coil, 0.12 m in length (BdL =~
0.005 T-m), is 7 months. Comparable H relaxation times require higher fields but
should be possible with BdL = 0.050 T-m, which is still about 30 times less than a
dynamically polarized ammonia target. The beam heating expected from 5 nA of 6
GeV electrons traversing a 4 cm HD target is ~ 10 mW (as calculated with GEANT).
This is about the cooling power of the existing BNL In-Beam-Cryostat (IBC) at 0.5
K and will be significantly increased in the CLAS-IBC now under design for E06-101.
Beam heating is considerably less in HD, as compared to Butanol, due to the lower Z
and, unlike butanol, HD relaxation times are not such strong functions of temperature
so that long life-times are achievable up to about 0.7 K. Free radicals generated
by electron bremsstrahlung will have randomly oriented polarizations. While their
absolute number is small, they can generate polarization sinks within the target if the
spin-diffusion time is short. This time constant has been indirectly measured at BNL
by using RF to punch a local polarization hole within a highly polarized target. The
rate at which this hole heals after the RF power is lowered reflects the in-diffusion of
spin from other regions of the target. At 2 K, this measured spin-diffusion is 1 day for
H but unmeasurably long for D (greater than a year). How much the H performance
improves at lower temperatures is a matter for further study, but the extremely slow
spin-diffusion for D already suggests that frozen-spin HD could maintain its deuterium
polarization during electron experiments. The composition for a 4 cm HD-Ice target
is shown in the Table 4.1.1

Table 2: HD-Ice materials.

Material | gm/cm? | mass fraction (%)
HD 0.735 7%
Al 0.155 16%
CTFF 0.065 ™%

Frozen-spin HD-Ice, thus, provides a very attractive alternative for electron ex-
periments in particular with transversely polarized targets.

4.1.2 Beam rastering

To avoid radiation damage to the target the beam will be rastered over the target
surface in a spiral pattern. The beam position is measured indirectly by recording
the simultaneous currents of the raster magnet. These values can be used off-line to
correct for effects of the raster on the vertex z-position. Figure 11 shows the z-vertex
position before and after correction for polarized target data set.

The raster magnets may be also used to give a small angle (~ 0.2°) to the incident
electron beam, so that beam at target center will be collinear with the z-axis to confine
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Figure 11: Electron z-vertex position for EG1b data before and after the raster cor-
rections

bremsstrahlung photons in the beam pipe. The deflection of the primary beam by
the target field will be fixed by a compensation coil or upstream magnets located
in region IIT of CLAS. Figure 12 shows the CLAS setup with transversely polarized
target at z=-70 cm and minitorus at z=-50 cm.

4.1.3 Minitorus magnet as magnetic shield

One of the main sources of background produced by a high-energy electron beam
impinging upon a HD target is due to interactions of the electron beam with the
atomic electrons (Mgller scattering). This rate is several orders of magnitude larger
than the inelastic hadronic production rate. The CLAS minitorus magnet will be
used to focus Mgller electrons, so they will be absorbed in the downstream shielding
pipe (Fig. 12).
The relative position of the minitorus and the target with respect to the CLAS center
will be optimized using the GSIM. The background rates due to Mgller electrons are
relatively small due to low density of the target and low current, which will be mainly
limited by the target capability to keep the polarization.

Locating the target upstream will significantly increase the kinematic coverage for
the high momentum 7%s. The reconstruction efficiency as a function of the azimuthal
angle ¢ and transverse momentum Py is shown in Fig. 13 for all 3 pions.
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Figure 12: CLAS setup with HD-Ice target positioned at -70 cm. Minitorus positioned
at -50 cm. A single event shown in CLAS (left) and Moller electrons in the field of
minitorus (right)

4.1.4 Target polarization measurements

There are four possible transverse combinations: (1) H and D both up, (2) H up/D
down, (3) H down/D up, (4) H and D both down. Using the RF flipping of spins, one
can switch between (1) and (4) or between (2) and (3) by simply rotating the field.
The spins will follow, and this has 100% efficiency. Several samples with different
orientations will be used in the experiment.

The target polarization will be measured with an NMR system [84, 85, 86]. Po-
larimetry for nuclear targets has been studied extensively at BNL. The In-Beam-
Cryostat that will hold HD targets within the CLAS will have a short saddle coil
wound on top of a long solenoid. The saddle coil will maintain transverse spin ori-
entations. Keeping this coil short will both reduce the BdL deflection of electrons
as well as minimize spin diffusion from radiation damage (by changing the Larmor
frequency across the target). However, the fields associated with this coil will be too
non-uniform for NMR measurements. Instead, the solenoid will be used for NMR
polarization monitoring. The target spins will readily follow the field as the solenoid
is energized and the saddle coil is ramped down. NMR data will be collected at
the fields matching the Larmor frequencies, typically 0.15 T for H and 0.9 T for D,
after which the saddle coil will be ramped up and the solenoid ramped down. We
anticipate a total cycle time of about 15 minutes (limited by how fast fields can be
changed without quenching the magnets), enabling NMR data to be collected several
times a day. The systematic uncertainties in HD polarization are about 4% (rela-
tive). The largest single factor (contributing 2.8% relative) is the differential uncer-
tainty on the gain of a lock-in amplifier whose scale must be changed by many orders
of magnitude between equilibrium-polarization measurements and high-polarization
frozen-spin measurements. Separation of signal and background in the calibration
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Figure 13: The reconstruction efficiency of SIDIS pions (er X sample) for Q% > 1.5
as a function of the pion polar angle.

measurements contributes at the 1% level.
Additional estimate of the product of target and beam polarizations, PgP;, will
be done also off-line by comparing the well known ep elastic asymmetry

cos 0,1 — €2 + (4?;2)_% 2¢(1 — €) sin 6, cos QS'rg_ﬁ

Atheo = — 2 (16)
e(zam) H(EGE)? +1
with the measured asymmetry
N+ —N-  PyPoy
Apeas = = © = PP, Aipeo. 17
N++N_ o0 BL t{itheo ( )
For the ratio G—A";, we will use values from polarization transfer measurements [87],

which are expected theoretically to have the same (small) two-photon corrections as
Apr measurements. On average, the uncertainty in Ay due to Gg/Gy will be
about 2% (relative). The measurements will consist of measuring both an electron
and a proton, and imposing missing momentum and energy cuts to isolate the elastic
channel. Events from H and D will be distinguished through a multi-parameter fit
to the missing mass and energy distributions: Fermi broadening in the deuteron
generates peaks that are typically twice as wide as for hydrogen, for the conditions
of this proposal (based on the similar conditions in EG1). Due to this mixing, the
errors will be approximately 1.4 times bigger than for targets which contain only H
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or D plus heavy materials such as nitrogen or aluminum. The projected errors on
Apr for H from this experiment are shown in Fig. 15. For comparison, the larger
Ay asymmetries measured in EG1 at 5.7 GeV are also shown. Averaged over (2,
we expect to determine the product of beam and target polarization, PgP;, with a
relative statistical precision of 3%, and s systematic error of 2%. For the deueron,
we project errors of 7% atatistical and 4% systematic. The larger systematic error,
relative to the proton, is driven by quasi-elastic modeling uncertainties.

7 © A arr
0.8 |- A # %
0.6 [ ¢
o
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e
O | | | | | | | | | | | | | |
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Figure 14: Projected ep elastic asymmetry Apr and corresponding errors for H for
this proposal as a function of Q? (solid circles). For comparison, A;; asymmetries
from EG1 are also shown.

The beam polarization will be measured periodically with the standard Hall-B
Moller polarimeter.

4.1.5 Trigger and data acquisition

We are planning to use the standard el production trigger, data acquisition, and
online monitoring system of CLAS. The signal amplitude and time information will
be read out using standard ADC and TDC boards currently in use in CLAS. The
standard CLAS level 1 trigger will be used to select scattered electrons. No changes to
the trigger hardware are anticipated. Run conditions including the torus field (2250
A) will be similar to the elf run period.
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4.2 Event identification, reconstruction, and acceptances

Standard CLAS particle ID will be used for event identification for ep? — emrX in
CLAS, where final-state pion and scattered electron will be detected. Electrons are
separated from heavier particles using threshold gas Cherenkov counters (CC) and
electromagnetic calorimeters, and pions are identified using tracking in the toroidal
magnetic field and measurement of time of flight. Pion momenta are reconstructed
in the CLAS drift chamber system using the standard CLAS reconstruction software.
For the proposed experiment, photons from 7° decays (or from 7 decays) will be
reconstructed using the CLAS forward angle electromagnetic calorimeter (EC). The
shifted upstream target will provide large acceptance coverage for both reactions.

4.3 Acceptance and data analysis

Although SSAs typically are not too sensitive to acceptance corrections, in the case
of the transverse target, due to large number of contributions appearing as different
azimuthal moments in the cross section, acceptance corrections are more important.
The analysis of the transverse target requires fits in 2 dimensional space of relevant
azimuthal angles ¢ and ¢g. A detailed procedure on accounting for acceptance cor-
rections in separation of different azimuthal moments was developed by the HERMES
collaboration [38]. A similar procedure will be applied, to estimate expected accep-
tance corrections for Sivers and Collins asymmetries using the CLAS acceptance.

4.4 Count rates and statistical errors

The expected number of counts is given by
N = L x time x 0 x (AQ? - Azp) x Az x APp X Ad X (Ape)ofg/2m (18)

With the proposed configuration as described in Sec. 4.1, a luminosity of 5 x 1033
cm~2s7! is expected.

The resulting number of SIDIS pion events for the proposed experiment is calcu-
lated from the 5 days of the EG1 run at 5.7 GeV, scaled to 25 days for hydrogen and
reduced by a factor of four less luminosity. The total number of SIDIS pions from
EG1, in similar kinematic conditions within cuts @? >1 GeV?, W >2 GeV, Mx >1.4
GeV, 0.4< z <0.7 was 2144k, 1278k, 815k for 7+, 7~ and 7°, respectively.

The target polarization is assumed 75% for hydrogen (25% for deuterium) and
40% for deuterium (none for hydrogen), so 25 days with polarized hydrogen and 15
days with polarized deuterium will provide comparable statistical error bars. We
plan to have 5 days of calibration runs, including measurements with frozen H, D,
and empty targets. The beam polarization of 0.85 is assumed for the calculation of
A(TDSA). The dilution factor f is more than a factor of two larger for the present
proposal than for EG1b. All the above factors have been taken into account when
calculating the statistical uncertainties on the asymmetries.
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4.5 Systematic errors

The systematic errors can be divided into two categroies: those that scale with the
measured asymmetry, and those that are independent of the measured results. In the
first category, the dominant eror is expected to be that from target polarization and
the dilution from the unwanted HD and Al backgrounds. For the second catagory, we
have taken our best estimate of the magnitude of the systematic effect, and divided
by the average expected proton asymmetry. One of the main contributions to the
estimated relative uncertainties, summarized in Table 4.5, comes from the procedure
used to separate the aizimuthal moments of interest from other, potentially non-zero,
azimuthal asymmetries (for example a twist-3 sin(¢s) moment). Another large con-
tribution is from possible contamination of the SIDIS pion event sample by pions
from decays of diffractive vector mesons, mainly p°. Thanks to the large acceptance
of CLAS, the asymmetries from background processes such as p° production will be
measured simultaneously and can thus be corrected for, as the size of the contami-
nation can be measured as well. Based on our previous studies for the EG1, elf and
el6 experiments, the uncertainty from radiative corrections will be small.

We conservatively estimate the average total relative systematic error on the pro-
ton SSAs to be of order 10%, sufficiently small for a very significant measurement.

Table 3: Estimated contributions to the relative systematic uncertainty on the proton
TTSAs in SIDIS.

Error source Systematic error (%)
H/D background 4
PT 5
acceptance corrections 6
Al background contribution 3
p° contamination 5
Radiative corrections 3

Total ~ 10
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4.6 Projected results
4.6.1 TMD measurements

The corresponding projections for CLAS data set based on 40 days of production
runs with HD-Ice target are shown in Fig. 15 and Fig. 16 respectively, for different
approximations for Sivers function.
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Figure 15: Expected Sivers TTSA Ai}r}(‘b_%) as a function of z. The projected sta-
tistical error for hydrogen target (left) and deuterium target (right) is shown. Curves
were calculated using two parameterizations from Ref.[88] (solid and dashed) and
Ref.[89, 90| (dotted). The systematic error is expected to not exceed the statistical
one.

Parameterization used are fits to existing HERMES and COMPASS data at small
z. Precision measurements at CLAS will help to constrain different models, in partic-
ular for the deuteron part (Fig.15). The measurement of the transverse asymmetry
from the Sivers effect with 7° will provide a model-independent extraction of the Sivers
function in the large-x region, where the sea contribution is not significant. Further-
more, measurements with proton and neutron targets will provide model-independent
information on flavor partners of the Sivers function.

Projections for the Collins asymmetry are shown in Fig.17, indicating that CLAS
can make important contribution also in transversity measurements in the valence
region. Proposed measurements of SSAs in SIDIS will constrain the corresponding
TMD distributions and provide information on the ratio of favored to unfavored
polarized fragmentation functions, complementary to e*e~ data.

Superior beam polarization at JLab (Pp =~ 85%) provides access to double spin
asymmetry measurements with the transversely polarized target. The variation of the
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double spin asymmetries (TDSA) as a function of the relevant kinematic variables
according to different TMD models are shown in Fig.18

4.6.2 Inclusive measurements

The projected error bars on g, for both targets are shown as a function of x for
several bins in ? in Fig. 19. The “cross” symbols correspond to kinematics where
the Hall C RSS experiment [92] has already taken data (Q* = 1.3 GeV?, z > 0.3),
with errors similar to those from the present proposal. The crosses also indicate some
overlap with the upcoming SANE experiment [93] in Hall C, which uses a proton
target only, a 6 GeV electron beam and scattering angles 32 < 6 < 48 degrees. The
present proposal will provide a valuable confirmation of the RSS and SANE results,
and significantly extend the available (x, Q?) range of precision data, especially for the
deuteron. The g measurements on both the proton and deuteron from SLAC [94]
are at larger average values of Q% than the present proposal, for a given value of
x. Although the error bars from SLAC are typically a factor of two larger than
those from this proposal, the proton errors will be reduced significantly the SANE
experiment [93]. Combining the results of all experiments together with the present
proposal results will generate a definite set of measurements of gy for both the proton
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Figure 17: Expected Collins TTSA A?}I}(M%) as a function of xgz. The projected
statistical error for proton target is shown. Curves represent predictions for CLAS
kinematics from Ref.[63]. The systematic error is expected to not exceed the statistical
one.

and neutron, allowing precise determinations of QCD-calculable moments such as d,
7 (Q?), and 0.7 over a wide range in Q*: 0.5 < Q? < 5 GeV2.
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from Ref.[70]. The beam polarization was assumed 85%. The systematic error is
expected to not exceed the statistical one.
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5 Summary and beam time request

In this experiment we propose a study of the Transverse Momentum Dependent
(TMD) parton distributions via measurements of pion production in SIDIS in the
hard scattering kinematics (Q* > 1GeV?, W? > 4GeV?), using a 6 GeV electron
beam and the CLAS detector. The experiment will use CLAS with the transversely
polarized HD-Ice target located upstream. Increased, compared to regular runs with
mini-torus (e16 and elf), acceptance for high energy 7% (>50%, variable with kine-
matics), will allow us to extend to large-x measurements of neutral pion SSAs with
transversely polarized hydrogen and deuterium targets. For this proposal, we request
45 days of beam time with high polarization of electrons at 6 GeV and a trans-
versely polarized hydrogen and deuteron targets (40 days of production runs and 5
for calibration). We expect to improve statistical uncertainties of HERMES (~ 4)
measurements on hydrogen and COMPASS (~ 8) on deuterium at large = (z >0.2).
The CLAS data covering large transverse momentum of pions, will also be crucial in
interpretation of the Hall-A experiment on the *He target.

The large acceptance of the CLAS detector permits a simultaneous scan of vari-
ous variables (xp, z, Pr and ¢), so large acceptance detector such as CLAS is most
suitable. Analysis of already existing electro-production data from CLAS with unpo-
larized and longitudinally polarized targets have shown that the proposed measure-
ments are feasible. Combined analysis of all three data sets will constrain different
TMDs and relations between them, providing important input to global analysis of
3D PDF'’s, also helping to maintain the momentum in the theory community.

Beam Request

We ask the PAC to award 45 days of beam time for a dedicated high
statistics SIDIS experiment with the transversely polarized target.

Approximately ten calendar days will be needed for configuration changes. No new
equipment is involved and the experiment could be ready after tests with HD-Ice tar-
get will verify polarization retention with electron beam. The measurements involve
the standard CLAS configuration also proposed for DVCS studies [53]. Therefore
these experiments can run simultaneously.

The measurement will produce precise data on underlying quark transverse momen-
tum distributions, providing important information on spin-orbit correlations. The
focus here is on higher-order corrections which likely will be important for a complete
understanding of the expected results from the proposed measurement and future
measurements with CLAS12. Understanding of spin-orbit correlations together with
independent measurements related to spatial distributions and orbital angular mo-
mentum will help to construct a more complete picture of the nucleon in terms of
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elementary quarks and gluons going beyond the simple collinear partonic representa-
tion.
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