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Abstract

We propose to measure thesingle target spin asymmetries (SSA) of dihadron
production in deep inelastic scattering (DIS) region using1l and 8.8 GeV electron
beam on a transversely polarized®He target. The Solenoidal Large Intensity Device
(SoLID) in Hall A will be used to simultaneously detect the scattering electrons and
the two charged pions & ¥ ) in the reaction of 3He " (e; %4 ¥4 )X , allowing us to
map the SSA in a 4-D space ok, Q?, z, 1, and My;.; . The asymmetries for the
neutron can then be extracted after correcting the proton catribution and nuclear
e®ects. Assuming leading twist dominance, the transversityistribution, h;, can be
extracted from the sin(Ar + As) modulation of the SSA combining with the world data
on dihadron fragmentation functions. These data will provide crucial inputs to the
°avor separation of the transversity, especially thed quark distribution, and therefore
on the determination of the tensor charge of the nucleon. Thevide range and precision
data also allow us to check the validity of the factorization in dihadron process. Also,
a possible Sivers e®ect in dihadron production in DIS will berivestigated through the
sin(Ar | As) and sin(Ar j As) modulations. This experiment will run simultaneously
with the already approved experiment E12-10-006, which focuss on measuring the
SSA through semi-inclusive pion electro-production (singlepion). A total beam time
of 90 days will be shared.
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1 Introduction

The distribution of quarks and gluons inside hadrons can be dedgred by means of parton
distribution functions (PDFs). In a parton-model picture, PDFs describe combinations of
number densities of quarks and gluons in a fast-moving hadroithe knowledge of PDFs is
crucial for our understanding of Quantum Chromodynamics (QD) and for the interpreta-
tion of high-energy experiments involving hadrons.

In the Bjorken limit the partonic structure of the nucleon is cescribed, at leading-twist,
by three PDFs: the well known unpolarized distribution functons f ;/(x); and helicity dis-
tribution functions gj(x); and the transversity distribution function h{(x), which measures
the distribution of transversely polarized quarks of °avorg and fractional momentumx in
a transversely polarized nucleon [1, 2, 3]. Intuitively, hadity and transversity give two or-
thogonal pictures of the partonic structure of polarized ndeons. They have very di®erent
properties, and transversity is poorly known. We propose here &iudy a target spin asym-
metry in dihadron production that can be used to extract the tansversity distribution, using
an 8.8 and 11 GeV electron beam from the upgraded CEBAF facilitnd the SoLID detector
equipped with a transversely polarized target.

Transversity arises from the interference of amplitudes withi@erent parton and parent
nucleon helicities. In jargon, it is called a chiral-odd furton. There is no transversity for
gluons in a nucleon, anch{ evolves with Q? as a pure non-singlet [4]. From transversity
one can build the nucleon tensor charge, that can also be comepdtin lattice QCD [5] (for
a review on transversity, see Ref. [6] and references thereiffhe value of tensor charge is
predicted by some models to place constraints on some extensiofighe Standard Model,
e.g. [7].

Transversity is particularly ditcult to measure because it must apear in cross sections
combined with another chiral-odd function. The simplest exapie is the cross section of
the transversely polarized Drell-Yan process, whet® appears multiplied by its antiquark
partner h? [1, 3]. At present, there exists no measurement of this process.

Another example is the cross section for semi-inclusive Deep kstic Scattering (DIS),

MNP Y+ HPR)+ X

whereh? appears in a convolution with the chiral-odd Collins fragmetation function H. % [8],
which describes the correlation between the transverse polaation of a fragmenting quark
with °avor g and the transverse momentum distribution of the detected unpatized hadron.
It is a non-collinear fragmentation function, which allowdor azimuthal hadron asymmetries
that depend on the transverse hadron momentur®,,. One is hence forced to account for
the transverse momentumk, of quarks as well. This leads to the convolutiom? - H?
that gives rise to a speci ¢ azimuthal modulation of the cross saoh. The amplitude of the
modulation has been measured by the HERMES and COMPASS collalations [9, 10]. In
order to extract the transversity distribution from this signal, the Collins function should be
determined through the measurement of azimuthal asymmetries the distribution of two
almost back-to-back hadrons ire" € annihilation [11]. The Belle collaboration has measured
this asymmetry [12, 13], making the Tst-ever extraction oh] possible from a simultaneous
analysis ofep ! e%Xande'e | YliXdata [14]. The transversity accessed through this
process is encapsulated in the Transverse Momentum DistributigitMD) h;(x; k- ; Q?).
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In spite of this breakthrough, some questions still hinder the épaction of transversity
from semi-inclusive measurements. A crucial issue is the treatmeri Q?-evolution, since the
measurements were performed at very di®erent energies. Thevabation h{ - Hf %involves
the transverse momentum of quarks. Hence, its evolution should blescribed in the frame-
work of the transverse-momentum-dependent factorization $1 16]. Quantitative estimates
suggest that neglecting evolution e®ects could lead to overestition of transversity [17, 18].
Recent theoretical progress will allow for more accurate estates in near future [19, 20].

It is important to extract transversity in an independent way, requiring only standard
collinear factorization where the above complications ar@bsent (see, e.g, Refs. [21, 22] and
references therein). An alternative analysis of the transvetgidistribution has been studied
through the semi-inclusive deep-inelastic production of twoipns with small invariant mass,

M+ NP)! (19 + Hi(Py) + Ha(P2) + X

In this case, the transversity distribution function is combine with a chiral-odd Dihadron
Fragmentation Function (DiFF), denoted asH; % [23], which describes the correlation be-
tween the transverse polarization of the fragmenting quark wi °avor g and the azimuthal
orientation of the plane containing the momenta of the detéed hadron pair. Contrary to the
Collins mechanism, this e®ect survives after integration ovguark transverse momenta and
can be analyzed in the framework of collinear factorizationThis process has been studied
from di®erent perspectives in a number of papers [24, 25, 26, 23].

There are at present only two published measurements of the red@et asymmetry, one
by the HERMES collaboration for the production of% ¥ pairs on transversely polarized
protons [28], and the other by the COMPASS collaboration forhte production of unidenti-
ed H*H pairs on transversely polarized protons and deuterons [29].0@bined with the
Belle data on the Artru{Collins azimuthal asymmetry [30], i.e azimuthal orientations of the
two-pion pairs in back-to-back jets ine* € annihilation [31, 32], those data have made pos-
sible the rst extraction of transversity in a collinear framewok [33, 34], where factorization
and evolution are both well understood. In other words, transvsity as accessed through
dihadron production is a collinear PDFh;(x; Q?), i.e. with no transverse-momentum depen-
dence. Since the errors on the deuteron measurements are sultsah the °avor separation
remains unsatisfactory.

There seems to be no discrepancy between these two approaches,DTéhd collinear.
Nevertheless, this half-conclusion only concerns the kinemadl ranges studied up to now.
As it will be explained in this proposal, there is still a largelyuncovered range in Bjorkenk,
Q? and few data points exist. New results on the evolution of the Qats FF could change
this trend [35].

As a matter of fact, transversity data are still scarce compared tthe data for f; and
0:. For the Collins asymmetry in single-hadron production, thex are about 100 points irx,
including the recent neutron data from Hall A on a transversely plarized *He target [36].
At present, the total set of dihadron data is limited to about 20points in x within the range
X 2 [0:0050:3]. The available COMPASS results come from data taken in the 28-2004
run on a SLiD deuteron target, and from the 2007 run on a NH proton target [29]. The
collaboration are now analyzing new data collected in the 20 run on a proton target.
Related unidenti ed pair production in proton-proton scatteing has been presented by the



BHENIX collaboration for the 2006-2008 run at mid-rapidity am center-of-mass energy
s =200 GeV [37]. The total amount of data is an order of magnitud less than those used
for the extraction of g, (see, e.g., Ref. [38]).

It is why we would like to propose a similar measurement of dihadn electroproduction
in SIDIS o® a transversely polarized target at JLab@12GeV. It Bdeen shown, in PAC 39
(proposal PR12-12-009), that CLAS12 o®ers the possibility of dgping a wider kinematical
range, especially inx, for dihadron production in SIDIS. Thanks to their HD ice tarcet,
which will signi cantly improve the determination of transversity.

Of course, an independent measurement at Hall A SoLID, which hasuch higher lumi-
nosity, would increase the number of data points, improving thprecision of the transversity
extraction in the valence region. Measurements with protonrpvide access to a specic
combination of u and d-quark contributions in one way, requiring additional assumons
to separate them. More importantly, an independent measuremeat SoLID with a 3He
target, for which the nuclear e®ects have been studied [39, 40puld provide precision mea-
surements of a di®erent combination ai and d-quark contributions in the valence region.
It will allow to do a °avor separation of the valence transversigs, leading also to a better
constrained tensor charge.

We also propose to investigate a possible Sivers e®ect in dihadrd®IS. The latter
involves unpolarized TMD DiFFs coupled to the Sivers functin, a T-odd TMD that has
been, so far, accessed only in single-pion SIDIS [41, 42, 43, &} |#h a TMD factorization
framework as well.

2 Theoretical framework

2.1 Preamble on nuclear e®ects

Transversely polarizedfHe target o®ers the possibility to study single spin asymmetries of a
‘free’ neutron. The Helium-3 is composed of 2 protons and oneuten, but the contribution
to the asymmetries from the proton is very small comparing to tht from the neutron because
of particular spin con guration of the target, i.e. the two prdons' spin are opposite so that
their contributions to the asymmetries largely are canceledut. Procedures to extract the
neutron spin-dependent structure functions frontHe data in inclusive DIS, taking properly
into account the Fermi motion and binding e®ects, have been osed and successfully
applied. It has been repeated for single-hadron SIDIS [39,]40~ermi motion and binding
e®ects within the Impulse Approximation, in the approach of thanentioned references,
are under control. Moreover, such e®ects for the single-hadr&hDIS case, in the model
approximations of the cited references, seem to be small at midrange, i.e. the region
of interest here. The nuclear e®ects have not been studied fohaliiron production. For
now, we assume they are of the same order of magnitude as for thegkrhadron case.
The extraction of Ref. [39] relies on proton data. In that sensehe data on 3He will be
complementary to proton data.

The Impulse Approximation can be safely applied for pions thatra detected at small
angles with respect to the virtual photon direction, and witha large longitudinal fraction z.
The cut in z usually comes from the selection of current fragmentationxg > 0{ for the two



pions. In dihadron's case, the distribution of bothz's w.r.t. xg is shown on Fig. 1.

In a SIDIS process the e®ect of Final State Interactions cannbe neglected a priori.
This e®ect has been investigated in Ref. [46] including a disted spin-dependent spectral
function introduced by applying a generalized eikonal appximation, already successfully
exploited for describing unpolarized SIDIS o® nuclei [47]. thorough knowledge about the
distorted spin-dependent spectral function would allow one teeliably separate the e®ects
owing to the nuclear structure from the ones involving partoic quantities. In Ref. [46],
the investigation of the spin-dependent spectral function néled for describing the spectator
SIDIS model has allowed to single out a kinematical region wieethe FSI can be minimized
and a region where the FSI has a maximal e®ect.

The nuclear corrections related to the present proposal are der control.
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Figure 1: The individual z for each hadron against the variable .

2.2 Dihadron SIDIS framework

Hence, we consider the process
T+ NP 1)+ Hy(Py) + Ha(P2) + X; (1)

where ™ denotes the beam leptonN the neutron target, H; and H, the produced hadrons,
and where four-momenta are given in parentheses. We work in tlome-photon exchange
approximation and neglect the lepton mass. We denote by the mass of the nucleon and
by S its polarization. The nal hadrons, with massM;, M, and momentaP,, P,, have
invariant mass My (which we consider much smaller than the hard scal®? = | ¢ , 0 of
the SIDIS process). We introduce the pair total momentunP, = P; + P, and relative
momentumR = (P P,)=2.



As usual we deneq= | I°and introduce the variables

_ @ _ Pd _ PPy, o _ 2MX,
= 2P e YT ha ‘T Pa "o ¥

In the center-of-mass (cm) frame of the two hadrons, the emissiatcurs back-to-back
and the key variable is the polar angleu between the directions of the emission and the
direction of Py, in the photon-nucleon center-of-mass frame.

Finally, the azimuthal angles are de ned as in Fig. 2 [28].

h hp
CM frame

Figure 2: De nition of the azimuthal anglesAg of the dihadron system andAs of the target-
polarization S1, i.e. the component transverse to both the virtual-photon ¢§) and target-
nucleon momenta P ), respectively. Both angles are evaluated in the virtual-pston{nucleon
center-of-momentum frame. HereRt = R j (R ¢F‘\h)F‘\h, i.e., Rt is the component ofP;
orthogonal to Py,; up to subleading-twist corrections, it can be identi ed with it projection
to the plane perpendicular toq that contains St. Thus, the angleAg is the azimuthal angle

of Ry about the virtual-photon direction. Explicitly, Ar ~ rasdqLs arccostierlaEre) and

As~ (B UET arccosEIEST)  Also included is a description of the polar anglg, which
is evaluated in the center-of-momentum frame of the pion pai

1From the theoretical point of view, di®erent de nitions for the azimuthal angles may be adopted, as long
as they di®er by terms of order° 2.



To leading-order, the cross section for two-particle inclus&vDIS can be written as [48]

4% )
dx dy dA dz dA& dM 2 d cosp _(
(@2 y2 p’ oZﬂ

p___
1+ —  Fyut+"FuuL+ 2"(@Q+" FCOSAR
Xy QZ 2(17 ") o uu:T UuiL ( ) cosAg

Pra
+ " cos(ZAR) FosPm 4 o 2"(L] ") sinAg FSinhe
#
p—
+S. 2°(1+ ") sinAg FSI™® + " sin(2Ag) FSI %
" #

- s
+ S, e p:|-i "2F+ 2"(1 ") cosAg FCOSAR

3 ,
+ jStj sin(AR i AS) FLSJ'?(TAFH As) + -.Fsm(AR, As)

#
p— A O .
+ 0 2"@+ ") sinAsFSTS + T 271+ ) sin(2Ag | Ag) FSTEART S
. . p—..2 " 1 cos(Ar As) P uq . ny i cosAg
+JStj,e 1li "2cosBri As)F7 + 2"(Lj ")cosAsF 7
#)
p -
2"(1| ") COS(?AR| As)FCOS(ZARIAS) ; (3)

where ® is the ne structure constant, , . is the beam longitudinal polarization, and the
structure functions on the r.h.s. depend orx, Q?, z, cosy; and M2. The angleA is the
azimuthal angle of around the lepton beam axis with respect to an arbitrary “xed diection,
which in case of a transversely polarized target we choose to beetdirection of S. The
corresponding relation betweer and Ag is given in Ref. [49]; in deep inelastic kinematics
one hasdA ¥4 dAs. The st and second subscripts of the above structure functions dficate
the respective polarization of beam and target, whereas thaitd subscript in F 1, Fyy,

and Frt A0 FSR(iA) speciTes the polarization of the virtual photon. Note that here
longitudinal or transverse target polarizations refer to thghoton direction. The conversion
to the experimentally relevant longitudinal or transverse plarization w.r.t. the lepton beam
direction is straightforward and given in [49].

The ratio " of longitudinal and transverse photon °ux in (3) is given by [48]

= ) 1 o zyz ; (4)



so that the depolarization factors can be written as

y> 1 i o2 2% 0o ¢, .
Sy Twer LIYFIYEPY Yaliyrayt TAY ()
y2 [ — 1 l . . 102 2¢ 1 . 4 .
2@ 1+ee 1iyi z°% 21§ y) B(y) . (6)
2 p____ 1 Q9 — S—
i 2= e @iy Liyi PRI Ty Vo) )
' P = q1- VAV ey VYT S
2 M = pﬁy i Yi 7Y 4y iy y)
y? P 1 R ¢ L PRt ¢ . .
2 M 1j = pﬁy 1i 35y 2y 1i 3y Cly) - (9

The relevant spin asymmetries can be built as ratios of structerfunctions. Di®erent
choices and de nitions are possible. Here we try to be consistenttivthe past literature [28]
and the Trento conventions [50].

For an unpolarized beam and a transversely polarized targetei for theUT combination,
one can de ne the following asymmetry:

R
in(A., + A 8 dA in(A A Yai d¥)
sin(AgtAg) o L= L W dAg gcospsin(Ag + Ag) (0% |
Aut (xyiz:Mni Q) iST] dA, dcosp(d% + d¥)
4 n sm(A +As)
_ R¥% dcosu F1 : (10)

deosp(Fyyr + "Fyu)

In the limit 2 of M? ¢ Q?, he structure functions can be written in terms of PDFs and
DiFFs [52], to leading-order:

X i ¢
Foutr = €xfy(x) Dy z;cosp; My ; (11)
qX
] ¢
FEosAR = | & X JRJSInHlf 1(X )I§<’ z;cosi; My ; (12)
X ! N
) i } . - “ . ¢
Fonteter= ™ @RIy 0 a2 cos iz (13)
q
X M Mo ,¢  jRjZsin ¢!
FonAs = eéxﬁh h(x) —IEF z;cosp; M2+ JJM—zquO(D z; cosji; M
q
. M i . . 2 i .
i M—hxfT(x)D1 z;cosp; M2 ; (14)

) X M M ,¢ &
F oo = egah i - — xgr(x) D1 z;cosp; M2 j —hl(X) E Z; cosit; M? ; (15)
q

2For some discussion of the case®, <M ? %2 Q?, see Ref. [51].
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All other (unshown here) structure functions for transversely plarized target are zero. To
be more concise, we have used the de nition

q
Rj= 5 MZi 2MP+MD)+(MFj M) (16)

3

All the structure functions that vanish can be nonzero at orde© “(’?'—:; '\(’?'—22 . The higher-
twist DiFFs are de ned in Ref. [52]. In the present proposal, we éus on the leading-twist
e®ects. Hence, the most interesting term for our purposes is the sttwre function con-
taining the PDF hy, multiplied by the interference fragmentation functionH_, occurring in
the structure functions Fj'$(AR+AS) of Eq. (13). The extraction of the transversity PDF in
Ref. [34] was made possible by the fact that; has been recently extracted [53] from Belle

measurements [30] (see the next Section).

We note that the de nition of the asymmetry Eq. (10) assumes a fulhtegration over Ag
and cog. While it is not the case due to acceptance e®ects, spurious madigdn generated
by acceptance corrections are expected to be small. A realkistioverage implies corrections
in the de nition of the asymmetry given by Eq. (10). Spurious miing of modulations could
appear that are related to higher-twist e®ects, in particularrbm the structure function
Eq. (14) characterized by a sifs modulation, or the structure function Eq. (15) character-
ized by a cosfr) modulation. This issue can be studied, as it has been studied &ingle-pion
production at SoLID, by studying the e®ect of including more naulations in the t of the
asymmetry. For the single-pion case, it has been done using t/mathtion with three-term
(only leading-twist term) vs ve-term (all terms, including higher-twist terms) [see Section
16.3 of the proposal for E12-10-006. No signi cant di®erence ipegted when going from
single to dihadron production. Also, higher-twist can be singledut with a multi-dimensional
binning with a good extension inQ? as can be seen in Figs. 24{29.

2.3 The dihadron fragmentation functions (DiFFs)

Two-hadron fragmentation functions can be decomposed intapial waves in the following
way [27]:

1
Dy ! Disupp+ Dagp COSUF Dy (3OS i 1) 17)
HY ! HI,+ HY,,cosy; (18)

where the relative partial waves of each pion pair are madeident. The notation ss+ pp
refers to hadron pairs created with a relative ¢ = 0, i.e. unpolarized ; while thesp refers
the interference between pion pairs iis and p waves with a relative ¢L = 1. For simplicity,
we will use the notation Diss:pp = D31 Since no ambiguity arises in the following. The
functions ¥ and E can be expanded in the same way d3;, and the function B9 in the
same way asH;. The functions on the r.h.s. depend orz and M;. It may be useful to
note that a symmetrization f (M) + f (%j W) gets rid of all the cogu terms [28]. In general,
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those terms will vanish even if they acceptance is not complete but still symmetric about
M= Va2,

A thorough study of the cross section with a partial-wave analysihas been recently
presented in Ref. [54], with a di®erent notation compared to ¢hone adopted here.

We now make a °avor analysis of the structure functions. The anadys will be di®erent
depending on the kind of target and nal-state hadrons. We will ansider here only neutron
targets with ¥4 %4 nal-state pairs. Isospin symmetry and charge conjugation suggeste
relations [33]

Du! Vivi — Dl?:l! Vi vioo.
1 1

d vivi _ d vy,
o DY ¥ (19)
DS %Y — p¥ %Y .
1 - Ui

o vivi _ g vy,
D§ ¥ =D A (20)
qul VEvio _oy9d VE Vi _ Loy Su vEvE oy odh v v
I Vi) . (787 N {7747/ N (787 N .
H?S ) - i Hfs 4 Y4 - H?C ) = er A7) —O . (22)

In this proposal, for¥i % , we consider that
D:LLJ! ik — Dg' Vi vi . (23)

meaning that we can safely neglect that e®ect from thés resonance in a rst approximation.
In practice, there are only three independenb; functions and oneH; function.

K "% pairs could be included in the future. In absence @& e information on DiFF for
such pairs, more approximations would be necessary.

Before the Belle measurement of the angular distribution of v pion pairs in €" e
annihilation [30], the only estimates of DiFFs were based on rdel calculations [55, 23, 56].
The unpolarizedD; was tuned to Monte Carlo event generators [56] and the polagd Hf’;sp
compared to HERMES asymmetry data [57]. Recently the unpolaned and chiral-odd DiFFs
have been calculated in the NJL-jet model, respectively, in Rg58, 59] and Ref. [60].

The rst analysis [30] of the so-called Artru{Collins asymmetry [&] by the Belle collab-
oration made possible a direct extraction oM, for the production of ¥4 ¥ .

In the absence of a measurement of the unpolarized cross sectmmdihadron production
in e" e annihilation (planned at Belle in the near future), D; was parametrized to repro-
duce the two-hadron yields of the PYTHIA event generator, whit is known to give a good
description of data. Four main decay channels were considergat ¥4 % . (i) Y2resonance
decaying into the two pions, (ii)! resonance decaying into the two pions, plus the frag-
mentation into a! resonance decaying inté4 ¥4 ¥ with ¥4 unobserved, (i) K2 resonance
decaying into ¢4 ¥4 ) (whose e®ect on Eq. (23) is neglected here), (iv) the continuu( i.e.
the fragmentation into an \incoherent" ¥4 ¥ pair). Combining the parametrization of the
unpolarized functionsD, with the 't of the azimuthal asymmetry presented in Ref. [30], it
was possible to extract the DiFFH g, [53].

In Fig. 3, we show the ratio

jRj Hig(z: My Q3)
My, Di’(z;l\/lmQS) '
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R(z;My,) = (24)
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Figure 3: The ratio R(z;M.; 1, ) of Eq. (24) as a function ofz and M., (left) and (right),
respectively. The error bars come from the calculation of er propagation from the t.

summed over all channels, at the hadronic scal@3 = 1 GeV?. The errors are estimated
through the propagation from the t.

Evolution e®ects a®ect botlD; and H; separately, but the Q>-dependence is found to
cancel to a large extent when taking the ratidd; =D; in the asymmetry [57].

For the purposes of extracting the transversity distribution, he most relevant quantities
are the integrals

Z
Ne(Q%) = dzdMyuDI(z; My Q)

¢ iR} (25)
n;(Qz) = dz dM%%M—l/l/ H?;sqp(Z; My Q%) ;

where the lower and upper limits are set by the limits of the bis
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2.4 The transversity distribution function

A comprehensive review of the properties of the transversity stribution function can be
found in Ref. [6]. Transversityh;, as leading-twist collinear PDF, enjoys the same status
asf, and g; [1, 62]. The distribution of transversely polarized quarks in a transversely
polarized nucleonp (integrated over transverse momentum) can be written as

fq=p(X)= f(X)+ S ¢Sqhi(x) ; (26)

in which S is the nucleon spin andS, the quark spin. Therefore, transversity can be in-
terpreted as the di®erence between the probability of nding parton (with °avor g and
momentum fraction x) with transverse spin parallel and anti-parallel to that of thetrans-
versely polarized nucleon.

In a non-relativistic framework h; = g;, but relativistically h; and g, are di®erent.
Therefore any di®erence between helicity and transversity PBHs related to the relativistic
nature of parton dynamics inside hadrons.

An important di®erence betweerh; and g, is that in spin-% hadrons there is no gluonic
function analogous to transversity. The most important conseance is thath{ for a quark
with °avor g does not mix with gluons in its evolution and it behaves as a mesinglet quan-
tity; this has been veri ed up to NLO, where chiral-odd evolutbn kernels have been studied
so far [63, 64, 65].

There are three complementary extractions of the transversitdistributions: the TMD
parametrization (also known as Torino t) [66, 67], the colliear extraction (also known as
Pavia t) [33, 34] and the GPD approach (GGL) [68]. The formers based on the TMD
framework in which the chiral-odd partner ofh;(x; k- ) is the Collins fragmentation function ;
the second is based on a collinear framework, involving the chirodd dihadron fragmentation
function, i.e. H7, and is of interest here. The GPD approach relates the DVCS dato the
transversity as the forward limit of the chiral-odd GPDH+.

One of the main di®erences lie in that the collinear extractiodoes not require the use of
a tting functional form: it is a point-by-point extraction. However, for practical reasons, a
statistical study of the transversity PDF has been performed as We So far, both approaches
has found compatible results in the range in where data exist. It is important to notice that
the parameterizations are biased by the choice of the "tting factional form. The behavior
of the best- t parametrization is largely unconstrained outsié the range of data, leading
to confusing results at low and large¢ values. This is nicely illustrated by the collinear
transversity collaboration, on Fig. 4, where 2 di®erent funathal forms, with a equally good
A%=d:0:f:, have been used.

Ref. [6] lists various classes of models for the transversity didmtion including bag-
like models, e.g. [2]; chiral quark soliton models, e.g. [69ight-cone models, e.g. [70]; and
diquark spectator models, e.g. [71]. A comparison of the modeésults shows that, at low
momentum scalesh; is not so di®erent frong;,, at least for the dominantu sector. It would
therefore be interesting to explore this more deeply by gathag more experimental data.

In Fig. 5, we show several model calculations of transversity cpared to the old version
of the TMD parametrization of Ref. [66].
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Figure 4: Fit of valence collinear transversities aQ? = 2:4Ge\2. For u and d distributions,
respectively, left and right columns. The two upper plots coespond to the ts using a
°exible parametrization, while the two lower plots correspod to a t using an extra-°exible
parametrization, see Ref. [34]. The red bands represent the stiard t within 1 %errors,
while the green bands stand for a3 Monte Carlo based analysisr{ £ 68% t of n data
replica at 1%). The light blue bands correspond the the Torino t [67] and thefull blue
curves to the So®er bound.

Two important remarks are in order: rst, no data exist forx > 0:4; secondly, thesign
of the up quark distribution cannot be determined from expemental measurements.

A quantity of high interest is the tensor charge. The tensor chge of the nucleon is
de ned as the sum of the Mellin moments
Z

£ B a
+#q(Q%) = dx hi(x;Q% i hi(x;Q%) (27)

Contrary to the axial charge | which is related to g¢f(x;Q?) | it has a non-vanishing
anomalous dimension and therefore evolves with the hard sc§é[62]. It has been calculated
on the lattice [5] and in various models [78, 76, 81, 82, 83hdiit turns out not to be small.
While the axial charge is a charge-even operator, from Eq.{Rit is evident that the tensor
charge is odd under charge conjugation and, therefore, it €® not receive contributions from
gd pairs in the sea and is dominated by valence contributions. Thifeature, and the typical
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Figure 5: Model calculations of the transversity distributionfunction compared to available
parametrization: (0{shaded band) extraction from ref. [66](1) saturated So®er bound [72,
73]; (2) hy = g1 [74]; (3-4) chiral quark-soliton models [75, 76]; (5) lightone constituent
qguark model [77]; (6-7) quark-diquark models [78, 79], (8ugntum statistical approach [80].

non-singlet evolution, suggest that transversity is one of the Betools to explore the valence
part of the partonic content of the nucleon. In Fig. 6, we show soe estimates of the tensor
charge for up and down quarks separately, together with the owined results of old TMD
transversity extraction [66] (red triangles). While in Fig. 8,we show+ru against+;d for the
three extractions as well as for lattice results.

Recent progress on the extraction of transversity has been aeed in the last years.
Both the TMD and collinear transversities groups have updatedheir ts. On Fig. 7, we
illustrate the importance of the data range on the determinabn of the tensor charge. On
the left hand side, we show the tensor charge for thequark integrated only over the range
of the available data. All functional forms, though very di®enet, lead to a single compatible
value. On the other hand, when integrating over the whole supt in x, we extrapolate the
results of the t outside the range where transversity is known. Té results are illustrated
on the right hand side of Fig. 7: there is no unique tensor chargstimate. We also show
the resulting tensor charge for the TMD transversity parametriation. The error band on
the tensor charges calculated from that parametrization areertainly underestimated, since
they do not take into account the errors due to the extrapolabn outside thex-range where
data are presently available. Similar conclusions hold for &d transversity.

The only rst principle based property on the transversity distribution is the So®er in-
equality. Because a probability must be positive, we get the ingstant So®er inequality [72],

2ih1 (% Q%j - f1(x;Q%) + gi(x; Q%) ; (28)

which is true at all values ofQ? [89, 65]. An analogous relation holds for antiquark distri-
butions. All of the models, including the lattice predictions, md a positive tensor charge
for the u-quark and a negative one for thal-quark. There are no data so far to verify this
inequality.
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Figure 6: The tensor chargetq” Rol dx[¢ tq(x)i ¢ r&(x)] for u (left) and d (right) quarks,

computed using the transversity distributions from TMD collabaation [67] (tting Aj: top

solid red circles, tting Ag: solid red triangles). The gray areas correspond to the statisat
uncertainty bands in that extraction. These results are compad with the 2009 TMD
extraction [66] (number (2)) and with the results of the modetalculations in (3) the quark-
diquark model [78],(4) the chiral quark-soliton model [76](5) lattice QCD [84], (6) sum
rules [81], (7) a constituent quark model [82], (8) spin-°avousU(6) symmetry [83] and (9)
Dyson-Schwinger with dressed constituents [85]. A recent calation in Dyson-Schwinger
including axial-vector diquarks with contact interactiongivestu» 0:3 andxd» j 0:2 [86].
The number (10) corresponds to the standard rigid version of thé via DiFF [34], see Fig. 7
for comparison of the 2 "ts' results.

In this proposal, we have considered three estimates fbg(x): the Light-Cone Con-
stituent Quark Model prediction(LCCQM) [82], the diquark spetator model prediction [79],
the TMD extraction of Ref. [66] as well as the very new collirag extaction of Ref. [34]. They
are all shown in Fig. 9.

2.4.1 Single Spin Asymmetries: predictions for h,

Using the expressions of the structure functions Eqgs. (11){(15),rapping corrections of
order O(M ?=@?), and inserting the partial-wave expansion of the fragmentain functions
in Egs. (17){(18), we can rewrite the asymmetry in Eq. (10), fola neutron target, as

AfJir_:_(;éRJfAS) (X;¥;2Z; My, Q)
_ . B iR €2 g 8(x) H74(2: Mya) + €01 (x) H79(2: My)

LAY Myi€2 f 9*4(x) DY(Z; Myg) + € F 3 4(x) DY(Z; Myy) + €2 575(x) D$(Z; Myss)
(29)

For the speci ¢ case of the’s ¥ nal state, we can introduce into the °avor sum the
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Figure 7: Left hand side: tensor charge integrated over datamge for the u-quark. Right
hand side: tensor charge integrated on the theoretical suppor 2 [0;1]. Respectively
for, from 1 to 8, standard rigid, Monte Carlo rigid, standard °exble, Monte Carlo °exi-
ble, standard extra-°exible, Monte Carlo extra-°exible of thecollinear t [34] and the t
for Ag and A, asymmetries at Belle combined with single-hadron SIDIS of theMD 't
collaboration [67].

-1 2 . . . . .
8.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
du

Figure 8: The tensor chargetuvs. +d computed using the transversity distributions from
TMD collaboration [67] (standard) (yellow diamond). The blwe circle comes from the chiral-
odd GPD Ht sum rule, with the GPD ts of Ref. [68]. The purple square correspals to

the standard °exible version of the t via DiFF [34], see Fig. 7 for amparison of the 2 ts'

results. The cyan curve corresponds to the lattice result from Rg87] ; the brown curve to
Ref. [88].
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Figure 9: Estimates ofh;(x) used in the present proposal for predictions, all evolved to
2.5 Ge\2. The blue short-dashed curve represents the LCCQM of Ref. [82Ind the red
long-dashed curve, the spectator model of Ref. [79]. The gresrd is the extraction of the
TMD transversities Ref. [66]. The green band represent the °eXd parametrization of the
collinear valence transversities of Ref. [34]. The black cwavs the So®er bound evaluated
with the LO MSTWO08 unpolarized PDFs [90] and the LO DSSO05 potaed PDFs [91].

constraints of Egs. (19){(22), and we get
Afjr}(;/iwi\s) (X Y;Z; My, Q) ) |
I B(y) JRJ ch?sl;)(Z, M1/41/) 4h(1j' d(Xi) i hllll EI(X)

= h . : (30)
AW) MyaiDy(z;Mys) FI7(0) +4F8790) + D3z M) F575(0)

where we adopt the compact notatiori fg 4(x) = f(x)8 ff(x), likewise forh;. We neglected
the contribution from charm quarks.

The data on neutron target could be combined, in the future, ith proton target data,
like the one proposed for single-hadron at SoLID (E12-11-108y combined with Dihadron
Production in SIDIS with Transversely Polarized Proton Targeat CLAS12 (PR12-12-009).
Once data available for both neutron and proton, we could usede (30) and the equivalent
for the proton, i.e.

AT (%5 2; My Q) ] i
B jR] HI(@ M) 4ng*(x) i h{ %)

- : |
AW MyaiDy(z; M) 4F 1700 + 1879(x) + D325 Mys) F575(0)

o (31)

to extract the u, and the d, °avors separately.
All the unpolarized DiFFs have been studied in Ref. [53], howey, for sake ofsimplicity
of the expressions here , we can use the approximatiorD; = NgDj. Turning to the
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notation of Eq. (25), with 0- Ng- 1, we nd
16n, " Aurn
()= e~ M0 +41F 000+ NofF7(x)

15n,, 4 .

+ Aurp A ETUO)+ P+ NeFS(x)

3 3
1
W00 = o Aurn 00 +4187900 + N £75(00)
u

A h iT
+ SO A0+ 100+ NP0 (32)

In that sense, the present proposal is complementary to the CLASEPR12-12-009 proposal
on proton target.

We can now make the predictions for the asymmetries. The thedieal predictions do
include the kinematical factors such as the depolarizatioraé¢tor. The binning chosen for
the predictions on a neutron target is given in Table 1. The s@rage inx is similar to what
proposed at CLAS12 (PR12-12-009) and is a strong point of thisqposal, as it will lead to
more precision on the behavior of the transversity PDF in the laye x region.

In the collinear framework, which is of interest here, the degndence on the momentum
fraction x can be factorized from the £; M.; ., ) dependence for each °avor, but and M,
in general do not factorize. Their behavior has been studied Refs. [56, 53] from the Belle
data, which range of validity in invariant mass is 2., < M , < 1:29 GeV. Consequently, the
dependence onZ; M.,;) is essentially determined by the DiFFs, while the dependenceno
x comes only from the PDF. The error due to the uncertainty on te DiFFs is estimated
to be of about 8% for the ration(hzii; M y,:4i)=D1(heii; My,4;). To this error should be
added to the theoretical error coming from the models or thermrs from the extraction of
the transversities. o

In Fig. 10, we show the predictions foA3T* ") from Eq. (30) at Q? = 2:5 Ge\?. When
plotting the asymmetry as a function ofz, it is understood that the average values for the
corresponding bin have been used for the other 2 variables anchdarly for the other two
combinations? The red points correspond to results obtained when using thedependence
of the Torino parametrization for the transversity [66] ; the geen points using collinear
valence transversities of Ref. [34]. The blue points are procked when using the PDFs from
the Light-Cone Constituent Quark Model (LCCQM) of Ref. [77],evolved at LO to 25 Ge\~.
Since this model assumeSU(6) symmetry for the proton state, in this case the asymmetry
in Eq. (30) becomes

CB(y) jRj (i 4i 4)=4h{(x) H 4 (Z: My
"A(Y) My, (2+4) =2f§(x) DY (z; My)

ATTAT ) (% y; 2 My Q) = (33)

The black points refer to the results from the spectator diqudr model of Ref. [79], again
evolved at LO to 25 Ge\2. In this model, there is no speci ¢ °avor symmetry [71] and the

3The integrated average di®ers from the bin average value only for bumpy disthutions, e.g. the ms,,
behavior. It is a source of error as well.
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Z for 8.8 GeV Z for 11 GeV
M 1/,4Gev) for 8.8 Gev M 1,14Gev) for 11 Gev 0.369 0.360
0.451 0.449

0.323 0.326
0.531 0.531

0.412 0.413
0.616 0.615

0.495 0.496
0.717 0.714
0.582 0.583 0.811 0818

0.696 0.696 y '
0.799 0.803 X for 8.8 Gev X for 11 GeV
0.974 1.014 0. 0.061
0.077 0.071
Qz (GeV 2) for 8.8 GeV Q2 (GeV 2) for 11 GeV

1.089 1.097 0.086 0.085
0.100 0.100

1.312 1.318
0.119 0.119

1.594 1.607
0.143 0.144

2.015 2.087
3111 3415 0.177 0.177
i . 0.235 0.240
0.353 0.365

Table 1: Binning in z; My,,and x used in Fig. 10 for the predictions for the SSA asymmetry
on neutron target GHe) as well as the average value f@?. Left columns: 8.8 GeV polarized
electron beam binning ; right columns: 11 GeV polarized eleoh beam binning.

asymmetry becomes

D U, i d . u ¢
B(y) JRJ Hl;sp(Z’Ml/Al/): 4h1(X)| hl(X)r

: ¢ 34
A(y) My, Df(z, M1/41/) 4f f(X) + fi’l(X) ( )

AT (6 Y2 My Q) =

The sin(Az + Ag) sinp asymmetry has already been studied at HERMES fdrf ¥4 pairs
and COMPASS for unidenti ed pairs, # in di®erent kinematics and on di®erent targets.
This made it possible to extract the relevant combinations ofhe u, and d, transversity
distributions, namely xhY*; xh{"=4 for a transversely polarized proton target, anath%" + xh%"
for a transversely polarized deuteron target. In Fig. 11, we shothe results from Eq. (31)
for the proton target [93, 34]. In Fig. 12, we refer to a deuten target (proton plus neutron),
described in Ref. [34]. In both cases, the e®ects of QCD evolutiwave been properly taken
into account at LO in ny=n; and in the unpolarized PDFs, including the dependend®?(x)
of the hard scale on each di®erent experimentabin. It can be appreciated that the error on
the deuteron combination is still substantial. More precise datfor the neutron distribution
would greatly improve the separation in °avors as well as the rge of validity of the ts.

2.5 The Sivers function

Single-hadron SIDIS processes with the detection in the nal d&aof a produced hadrorh
in coincidence with the scattered electror®, is one of the proposed processes to access the

“Results for identi ed pairs have been recently presented at the DIS2013 conference.
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Figure 10: Predictions for the asymmetry in %, My; 1, , X). The (z;M.; 1, )-dependence is
deduced from the extracted DiFF. The red points are deduceddim the x -dependence of the
TMD transversity [66] together with the MSTWO08 unpolarized PCOFs and the green points
the collinear valence transversities [34]. The bluepointsdm the Light Cone Constituent

Quark Model of Ref. [82] and the black points from the spectatanodel of Ref. [92]. Upper
panel: for an 8.8 GeV polarized electron beam, lower panetirfan 11 GeV polarized electron
beam.
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Figure 11: Transversity for the combinationhy* ; 1=4h%" extracted via DiFFs [93, 34], using
the COMPASS data for proton (2007) (red squares) and HERMES dataff proton (purple
triangles).
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Figure 12: Transversity for the combinationh}" + h‘liv extracted via DiFFs [34], using the
COMPASS data for deuteron (2002-2004) (red Squares).

parton distributions of transversely polarized hadrons. For seval years it has been known
that SIDIS o® a transversely polarized target shows azimuthasgmmetries, the so called
\single spin asymmetries" (SSAs) [94]. As a matter of fact, it is pradted that the number
of produced hadrons in a given direction or in the opposite onwith respect to the reaction
plane, depends on the orientation of the transverse spin of a paked target with respect to
the direction of the unpolarized beam. It can be shown that th&SA in SIDIS o® transverse
polarized targets is essentially due to two di®erent physical iteanisms, whose contributions
can be technically distinguished [95, 96, 97, 48]. One of themthe Collins mechanism, due
to parton nal state interactions in the production of a hadronby a transversely polarized
quark [94], and will not be discussed here. The other is the Sigamechanism [98], producing
a term in the SSA which is given by the product of the unpolared fragmentation function
with the Sivers function, describing the number density of unplarized quarks in a trans-
versely polarized target. The Sivers function is a Transversedvhentum Dependent (TMD)
PDF,; it is a time-reversal odd object and for this reason, for seval years, it was believed to
vanish due to time reversal invariance. However, this argumemtas invalidated by a calcula-
tion in a spectator model [99], following the observation of #nexistence of leading-twist Final
State Interactions (FSI) [100]. The current wisdom is that a on-vanishing Sivers function
is generated by the gauge link in the de nition of TMD parton dstributions [101, 102, 103],
whose contribution does not vanish in the light-cone gauge, dmappens for the standard
PD functions. For the same reason it is dixcult to relate the Sives Function to the target
helicity-°ip, impact parameter dependent, generalized p#&on distribution (GPD) E. Al-
though simple relations between the two quantities are founith models [104], a clear model
independent formal relation is still need to be proven, as showin Ref. [105].

The Sivers function has been calculated in various modelsdaaxtracted from single-pion
SIDIS by di®erent collaborations [41, 42, 43, 44, 45] |in a TMDfactorization framework.
The most recent extraction of the Sivers PDF of Ref. [43, 18] @afrom SIDIS measurements
at HERMES and COMPASS experiments. The plots in Fig. 13 show theiresults for the
extracted rst moment of valence Sivers PDFs fou and d quark, exhibiting signi cant
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Figure 13: First moment of the Sivers function |considering \D GLAP"-like evolution|
from Ref. [18].

uncertainties. Moreover, several model assumptions in these gdtions can introduce also
signi cant systematic errors.

The Sivers mechanism is particularily important for proofss o the \universality" of
Distribution Functions, as it is known that its sign is process deendent.

2.5.1 Single Spin Asymmetries: predictions for the Sivers e ®ect

We still consider the process Eg. (1) and the same kinematics.

Recently, a new approach [106, 107] has been proposed for ssicg Sivers PDF in
dihadron SIDIS. The terms in the fully di®erential cross sectiofor two hadron production
in SIDIS relevant to the Sivers e®ect [23, 27] are

X @
93 sconstant term - a .
d¥g0 20y A(Y)! [f1D4] (35)
o X @2
BA As = a e
d%ey 277Gy 1STAY)
(° " 5 # " 5 #)
N
sinAv i As)l PO 2 Dy wcos(Ayi Al 0 PEzD,
(36)
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where we introduced the shorthand notation
Z

L[f]° derdRy Hpri Phe=zi Rr)[f]: (37)

Since the Sivers function is thought to depend op? | with py the intrinisic transverse

momentum of the quarks, this e®ect vanishes when integrated pike transverse momen-
tum [27]. However, the new approach of Refs. [106, 107] suggestattsuch an e®ect is
actually non-vanishing and even sizable. The cross sections a@fsE(35,36) are evaluated for
TMD DiFFs using a Gaussian approximation and for the Sivers furtion of Ref. [108].

Here we adopt the°®j N center of mass frame, where the axis is along the direction of
the virtual photon momentum q and the x-z plane is de ned by the lepton momentd and
1% In this frame, the transverse components of the momenta are ded with respect to the
z axis with subscriptt and the transverse momenta with respect to the fragmenting quids
direction with subscript », as demonstrated in Fig. 14 In this frame+ = kt, asqr ~ 0 by

Nucleon

-

Figure 14:°"j N center of mass frame.

de nition. Then, similar to the single hadron production case [A8], the transverse momenta
of the produced hadrons to the leading twist approximation gabe transformed as

Pi» YaPur i zike;
P YaPor i zoKg: (38)

The PDF of the unpolarized quarks in the transversely polarizenucleon can be expressed
as

(50 kr) = F800kn) + 2R 2000k, (39)

wheref /(x; k1) and fqu(x; kt) are the unpolarized and the Sivers PDFs, respectively. Then,
analogously to the single hadron case, the cross section can bediazed to PDF and DiFF
terms

; P LR
dxdQZd' sdfl/gzl:zzpn Py C(x Q%) qeé dkr £.10¢ k) Dglhz(zl;ZZ;Pl?;PZ?);(A'O)

where C(x; Q%) = %(1 +(1 i y)? and ® is the Tne-structure coupling constant. We also
note, that the unpolarized DiFF Dgth Is here a TMD DiFFs, i.e. it depends on the energy
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fractions and transverse components of the produced hadrongwespect to the fragmenting
quark D§"2(z1; 25, P17 ; P2 ), as well asQ?.

It is usually convenient to use the relative and total transversenomenta of the hadron
pair as independent variables

Pr
R =

Pair + Por; (41)
(Piri Por); (42)

where' 1 and' r are their corresponding azimuthal angles (note the di®ererta@ice ofR to
that in the previous chapters). Then the cross section terms ohé dihadron SIDIS relevant
to Sviers e®ect can be expressed as

d%lhz_c.zf:g i3PT'l.l 3R--.-¢Q.

7 e - C(XQ%) Yo+ Sy ¥rsinC ri "s)t Yryrsin( ri "s) (43)
where we suppressed the dependence of the cross-section on the resiteovariables for
brevity.

Using Gaussian parametrizations for the transverse momentum defaence of PDFs and
DIFFS, it has been shown explicitly in [106, 107] that bott¥s and ¥ terms are in general
non-zero.

Further, in [106, 107] quantitative predictions for correspnding SSA for both sin{ i ' s)
and sin( rj ' s) Sivers modulations have been made for the COMPASS experiniersing
an event generator. Here a widely used unpolarized event geatters, LEPT(Q109], has been
modi ed (mLEPT)@o include both Cahn and Sivers azimuthal modulations of tb transverse
momentum of the active quark before hard scattering and hadne&ation [110, 111]. The
resulting SSA proved to be non-wishing for both sin( i 's) and sin( g j ' s) Sivers
modulations, and were of the same order as those for single had®iners e®ect.

Here we employednLEPT&ent generator to make predictions for Sivers SSAs for di-
hadron SIDIS on a transversely polarized neutron target in SdD kinematics. We employed
the x, Q%, W2, z and missing massM 0+ 1; described in Section 3.3. We also put cuts on
polar angles of the produced pions in the lab system 8 to 15 degse and on the scattered
electron 8 to 15 and 16 to 24 degrees. Here we present the resultly dor 11 GeV electron
beam. While we show the results for a neutron target, they can hepeated for a proton
target, as should be tested elsewhere.

On Fig. 15 the histograms describe the distribution of the °avouof the struck quark
for the events selected after the cuts. The histograms are norhized with the number
of MLEPTO generated events. We see that the relative contribign of the d quark for
producing ¥4 ¥4 pairs increases in neutron with respect to proton. Thus measuments of
the Sivers SSAs of this proposal would help to pin down the SivePDF of the d quark.

The plots in Fig. 16 depict thex-dependences of the Sivers SSAs fgr%/4 pairs produced
on neutron and proton targets respectively. Here we impose onckahadron az > 0:1 cut,
along with the cuts on the total 03 < z < 0:9 coming from the kinematics. "T" and "R"
denote SSA corresponding to the Sivers type modulation of thietal and relative transverse
momenta of the hadron pair. We see that these SSAs for neutron leawpposite sign, due to
the signi cant contribution of the d quark.

The plots in Fig 17 depict thez-dependences of the Sivers SSAs. The plots with legend
\Cut" denote additional cuts on the momentum of %4, i.e. z; > 0:3, P;7 > 0:3GeV. This
cut reduces the statistics, but enhances the SSAs.

Nl ]
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These predictions demonstrate the viability of such complemtry extraction of Sivers-
type SSAs from the same data set to be used in the extraction of thé&sAs involving the
transversity PDF. This measurement will provide signi cant new mformation for extraction
of Sivers PDF in global combined ts.
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3 The proposed experiment

3.1 Overview

We proposed to measure the electroproduction hadron pairs ugirthe Solenoidal Large
Intensity Device (SoLID). SoLID have two con gurations of setp corresponding to two group
of experiments which are using it. One con guration is named &tD-PVDIS which is for the
parity violation in deep inelastic scattering (PVDIS) experinent E12-10-007 [112]. The other
con guration is named SoLID-SIDIS, which is for semi-inclus&v deep inelastic scattering
(SIDIS) experiments: E12-10-006 [113], E12-11-007 [114fdm2-11-108 [115]. There is
one more experiment E12-12-006 [116], which will also use Be8IDIS con guration with
very small modi cation. All these experiments have been approgewith A or AP rating.
This new experiment will use identical setup as E12-10-006 amngn parallel to it. E12-10-
006 aims to measure the scattered electron with one pion elagiroduction coincident events
from the transversely polarizecHe target, while this experiment is focus on measuring the
triple coincident events of the scattered electron with oneagative pion and one positive
pion from the same target.

The layout of the SoLID is shown in Fig. 18. The detector system nsists of two
parts: the forward angle detector system and the large angle @etor system. The forward
angle detector system has a polar angle coverage fromt® 15*, it can identify charge
particles with momenta above 0.8 GeV/c. Particle's trackingn the forward angle region is
provided by 5 layers of Gaseous Electron Multipliers (GEMs). &ticles can be identi ed
from a combination of the forward angle electromagnetic aalimeter (FAEC), a gas Cerenkov
counter (CC), and a layer of Multi-gap Resistive Plate Chambe(MRPC). The large angle
detector system covers the polar angle from 1 24*. The large angle electromagnetic
calorimeter (LAEC) is a radiation resistant "shashlyk"-type cabrimeter and can be used in
the magnetic eld. In order to suppress the photon background, scintillator layer will be
built in front of the LAEC. Combining the signal from GEMs and LAEC will suppress the
photon background even better.

The reaction of interest is n(e; €v4 ¥ )X, where €°is the scattered electron which will
be detected through either the forward angle detector systenr ¢he large angle detector
system, and the two pions are detected only by the forward angtketector system. We plan
to use a 15' A beam with 11 GeV and 8.8 GeV energies.

The main goal of this experiment is to measure the, Q?, M. 1, and z,;,, dependencies
of the target single-spin asymmetries. The target single spin asynetny, Ayt, will be cal-
culated in bins of sinfs + Ag) and sinp as Eq.(44):

1 (N" § NU) .
fP (N* + Ni)’

Aut(Ar; 1) = (44)

where P; is the target polarization (with respect to the electron beandirection), f is the

dilution factor, i.e. the fraction of events from the polarzed material of interest (neutron),
andN*(i) are the charge-normalized extracted number eh’ ! e¥4 %4 X events for opposite
orientations of the transverse spin of the target.
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Figure 18: The experimental layout of SoLID in SIDIS con gurtion with CLEO magnet.
The sub-detectors are labeled and the nal state particles ardustrated by arrows. The
scattered electron are detected by both the forward angle dsttors and the large angle
detectors. The hadrons can be detected by the forward angleteetors. There are ve
layers of Gaseous Electron Multipliers (GEMS) inside the CLEOails located upstream of
the gas Cherenkov Counter (CC). The forward angle electrorgaetic calorimeter (FAEC)
provides the trigger and an additional electron/pion sepat#on. The Multi-gap Resistance
Plate Chamber (MRPC) provides time of °ight information. The large angle electromag-
netic calorimeter (LAEC) provides the trigger, the coincidace timing and the electron/pion
separation. The 40 cm longHe target is located at z = -350 cm relative to the center of the
CLEO coil. The target collimator will shield high energy phobn and electrons from the end
cap of the target vessel.
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3.2 The polarized 3Hetarget

The polarized 3He target system is based on the technique of spin-exchange betweeti-
cal pumped hybrid Rubidium-Potassium atoms andHe atoms. This target has been used
successfully in a number of Hall A 6 GeV experiments. It recently heved an in-beam
averaged polarization of 55-60% in the experiment of EO6®@J117]. The target cell is 40 cm
long and is Tled with 10 amg (10 atm at 6 C) 3He gas. 15 A of beam current is allowed
on the target in order to have a relative small target depolazation and also keep a long life
time for the target cell. The luminosity is about 1G° nuclei/s/cm?. The target polarization
are measured by both NMR and Electron Paramagnetic ResonanceRE). The uncertainty
of these 2 polarimetries are about 3% [113]. In this experinterthe target will be located
350 cm upstream from the coil center.

3.3 Kinematics

We are running a Geant4 based simulation program for SoLID. Thetal momentum and
polar angle coverages of the scattered electron and pions af@wn in Fig 19. We applied
energy threshold cut of 3.0 GeV in LACE and 0.8 GeV in FAEC, whiclhemove a lot of low
energy electron-like triggers in LAEC. The electron polar agle coverage is from*&o 15" in
the forward detector system and 16to 24*. The polar angle coverage for hadrons is also
8*to 15°.

In this experiment, we are interested in the dihadron produ@n only in the DIS region.
To ensure the DIS kinematics, we will apply cuts foiQ? > 1 (GeV/c)?, W > 2:3 GeV
and MM o 1y, > 1:414 GeV (missing mass of the dihadron reaction) to avoid the resamce
region. In order to choose dihadron reaction from the curreritagmentation instead of from
the target fragmentation, we require @< z.;.; < 0:9, wherez,; ., is the energy fraction of
these two pions to the total energy transfer. This will ensure it these two pions are the
leading hadrons in the event. We also requif®l M o 1; > 1:414 GeVlc, whereMM ooy 4, IS
the missing mass of the reaction of 'fe; €¥4 ¥4 )X, to remove the exclusive events. Please
note that our kinematic cuts are di®erent from those used in E1-006 in terms ofz and
missing mass. They require:8 < z,, < 0:7 andMM ¢, > 1:6, while Q? and W are cut at the
same range as us. The nal kinematic coverages in this experimeavill be x = 0.05 - 0.65,
Q?=1.0-8.0 (GeV/c)?, My;y; =0.28 - 1.5 GeV/c andzy;,; = 0.3 - 0.9. Their ranges are
shown in Fig 20 for 11 Gev electron beam energy and Fig 21 for &2V electron beam.
We choose to map the data into 9 bins irx, 5 bins in Q?, 7 bins in M.;.; and 6 bins in
z,+v . These bin boundaries are also shown in the gures. In total we haadout 700 bins
that have observable statistics. The weighted central values ttiese bins are also listed in
Table. 1.

3.4 Rates

The expected single electron rate and electron plus one singl®n coincident rates have
been estimated for E12-10-006 and show in Table.3 in [113]. B design of SoLID has
been changed since then. The CLEO-II magnet was nally chosen to be the magnet
for SoLID. The polar angle coverage is now from*8 15" for the forward detector system,
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comparing 6.6 - 12*in the past. The polar angle coverage for the large angle detecsystem
is now 16 - 24* other than 14.5 - 22* . For details of the current design of SoLID, please refer
to [118]. Due to these changes we will expect lower event ratesthe single electron and
background. Therefore we only re-estimate the rates for thengjle pion coincident events
and the dihadron coincident events of this experiment.

A Geant4 based simulation program, GEMC-SoLID, is used in this gtly. The target
collimator e®ect has been taken into account in the GEANT4 simuian for the acceptance.
We are still assuming 13 A beam current, a 40 cm long gaseodsie at 10 amagats, which will
provide a beam and target luminosity of 18 (n)/cm?/s. The averaged target polarization
is assumed to be 60%. An e®ective neutron polarization of 86%°e ground state is also
considered. The overall detector exciency is assumed to be 85%cluding the detector
exciency and DAQ dead time.

This experiment will use the same trigger as E12-10-006, whichthe coincident of one
electron from either forward angle or large angle detectors/stem and one hadron from
the forward angle detector system. The electron and pion coident rates are estimated
with PEPSI event generator [119]. The updated single pion cuidence rates and double
pion coincident rate can be found in Table. 3.4. The appliedbv momentum cuts are 0.8
GeV/c for the forward angle detectors and 3.0 GeV/c for the larg angle detectors, which
are basically corresponding to the trigger threshold.

Process | Rates at 11 GeV| Rate at 8.8 GeV
n(e; €v%) 1.87 kHz 1.21 kHz
n(e; Vi) 1.05 kHz 0.61 kHz
n(e; ¥ ) 0.87 kHz 0.56 kHz

n(e; Vi 14 ) 0.26 kHz 0.08 kHz

Table 2: The estimated coincidence rates (under kinematicsits) from polarized neutron
with 11 and 8.8 GeV electron beam.
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Figure 22: Missing mass distribution for pion pairs dihadron ewes from PEPSI. Feimi
motion e®ects is not considered yet.

Table 3: Uncertainties for asymmetry measurements.

sources +AUT
background subtraction 5%
target polarization 3%
dilution factor 1%
nuclear e®ect 4%
radiative corrections 2%

total systematic uncertainty | 7.4%

4 Systematic errors

Systematic uncertainties due to SoLID acceptance e®ects héeen studied using the PEPSI
generator and the Geant4 simulation program, GEMC-SoLID. QE radiative e®ects were
not turned on in PEPSI since it is known to be small. A target polazation of 60% is
assumed.

The kinematic cuts considered for these projections are thellfawving: Q2 > 1:0 (GeV)?,
W > 2.3 GeV,MM o 1; > 1:414 GeV, and B < 2,1, < 0:9.

The missing mass distributions for di®erent hadron pair combin@ns are shown in
Fig. 22. A cut on the missing mass of the dihadron pairdyiM oo 1, > 1:414 GeVlc, is
applied in order to suppress contamination from exclusive prodtion.

The systematic uncertainties due to cuts described above areeitti ed as background
subtraction. We estimated it to be in a 5% level. Other sources glstematic errors include
a 3% the target polarizations uncertainty, and a 1% target dlition factor uncertainty, 4%
nuclear e®ects fronfHe and about 2% due to radiation correction. The main sources of
systematic errors in this SSA measurement are listed in Table 3. oTestimate the total
systematic error, we have added the systematic errors from then@us contributions in
guadrature. The total uncertainty is expected to be in a leMeof 7.4%.
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5 Projected results

The projected statistical errors for polarized neutron targeasymmetries are based on the
assumption of running 48 days with 11 GeV and 24 days with 8.8 GeV.

Fig. 23- 29 show the statistics error in all 3-Dimensional (3-D)ibs of accessible phase
space Kk, Q?, zy+; ), varying in My;», from 0.34 to 1.15, for transverse target spin asymme-
try Ayt from a neutron target, corresponding to 48 days of data-takqwith 11 GeV beam
and 24 days of 8.8 GeV beam.

We also present the 1-D statistical precision of thé&,t asymmetries for pion pairs as a
function of X, My;+; , and z, 1, in Fig. 30 for 11 GeV beam energy. These 1-Byt are
integrated over the other 3 variables bins. The error bands peesent the upper and lower
limits of di®erent model calculations shown in Fig. 10.

Fig. 31 shows theh¥(x) and h{(x) distribution, separately, as a function of x from COM-
PASS data, combining the proton 2007 and deuteron 2002-2004tal. The result from this
experiment combining with the proton dihadron measurementém CLAS12 (PR12-12-009)
and SoLID(E12-11-108) will provide much precise data and algxtend to higherx (about
0.6), where is dominated by valence quarks.
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Figure 23: The projected statistics errors for each 3-D bir( Q?, z;1; ) with My, ., =0.34.
The external square is corresponding to (vertical) and Q? (horizontal). The internal squares
are corresponding to the statistics error oAyt at that 3-D bin vs z, ., , whose ranges are
illustrated in the top right panel. All internal panels have the same ranges in both horizontal
and vertical axis.
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Figure 24: The projected statistics errors for each 3-D bir( Q?, z;1; ) with My, ., =0.43.
The external square is corresponding to (vertical) and Q? (horizontal). The internal squares
are corresponding to the statistics error oAyt at that 3-D bin vs z, ., , whose ranges are
illustrated in the top right panel. All internal panels have the same ranges in both horizontal
and vertical axis.
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Figure 25: The projected statistics errors for each 3-D bir( Q?, z;1; ) with My, ., =0.52.
The external square is corresponding to (vertical) and Q? (horizontal). The internal squares
are corresponding to the statistics error oAyt at that 3-D bin vs z, ., , whose ranges are
illustrated in the top right panel. All internal panels have the same ranges in both horizontal
and vertical axis.
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Figure 26: The projected statistics errors for each 3-D bir( Q?, z;1; ) with My, ., =0.63.
The external square is corresponding to (vertical) and Q? (horizontal). The internal squares
are corresponding to the statistics error oAyt at that 3-D bin vs z, ., , whose ranges are
illustrated in the top right panel. All internal panels have the same ranges in both horizontal
and vertical axis.
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Figure 27: The projected statistics errors for each 3-D bir( Q?, z;; ) with My, ., =0.75.
The external square is corresponding to (vertical) and Q? (horizontal). The internal squares
are corresponding to the statistics error oAyt at that 3-D bin vs z, ., , whose ranges are
illustrated in the top right panel. All internal panels have the same ranges in both horizontal
and vertical axis.
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Figure 28: The projected statistics errors for each 3-D bir( Q?, zy;1; ) with My, ., =0.88.
The external square is corresponding to (vertical) and Q? (horizontal). The internal squares
are corresponding to the statistics error oAyt at that 3-D bin vs z, ., , whose ranges are
illustrated in the top right panel. All internal panels have the same ranges in both horizontal
and vertical axis.
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Figure 29: The projected statistics errors for each 3-D bir( Q?, z;1; ) with My, ., =1.15.
The external square is corresponding to (vertical) and Q? (horizontal). The internal squares
are corresponding to the statistics error oAyt at that 3-D bin vs z, ., , whose ranges are
illustrated in the top right panel. All internal panels have the same ranges in both horizontal
and vertical axis.
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Figure 30: The projected statistical and systematical errors falata on a neutron target (48
days with 11 GeV at SoLID) for the target asymmetryAfjr}(A“AS) in (X, Zysvy , My, ). The

band represent the spread in predictions using the TMD extraain (2009) and the collinear
extraction for hy(x). The DiFFs and PDFs are evolved to the corresponding value @,
for each bin except for the TMD extraction forh;(x;k,). The DiFFs variables (z; M) are
integrated over the range corresponding to each bin. The greyea on thex 1D projection
correspond to the range of available data from HERMES and COMPAS Both the TMD

and the collinear ts are valid within that range only.
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Figure 31: The transversity distribution, h¥(x) (top) and h¢(x) (bottom) as a function of
X, extracted from COMPASS proton 2007 and deuteron 2002-2004td via DiFFs [93, 34].
The grey curves correspond to the Torino extraction with ernobands. This proposal will
provide much precise data and also extend up to 0.6.
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6 Beam time request

The beam time requested is listed in Table 4. A total of 90 days @feam time with 151 A,
11/8.8 GeV electron beams have been requested by E12-10-008.days is for beam on the
polarized®He target. In addition, 10 days are requested for dedicated styaf the naivex; z
factorization with hydrogen and deuterium gas using our refence cell. A total overhead
time of 8 days are requested, which includes activities such @spolarized target runs, target
spin °ip and target polarization measurements. Major target relted down times can also be
arranged together with the scheduled accelerator maintene& activities in order to reduce
overhead time. This experiment will be run in parallel with &ready approved experiment
E12-10-006, we share the 90 days of beam time with them.

Table 4. Beam time request.

Time (Hour) | Time (Day)

Production on Pol. 3He at 11 GeV 1152 48

Production on Pol. 3He at 8.8 GeV 576 24

Dedicated Hydrogen run at 11 GeV 84 3.5

Dedicated Deuterium run at 11 GeV 84 3.5

Dedicated Hydrogen run at 8.8 GeV 36 15

Dedicated Deuterium run at 8.8 GeV 36 15
Other reference cell runs,

optics and detector check 72 3.

Target Overhead: spin rotation,
polarization measurement 120 5.
Total Time Request 2160 90 days

7/  Summary

We are proposing a study of transversity parton distribution via neasurements of semi-
inclusive electroproduction of two charged pions from a traversely polarizefHe (e®ective
polarized neutron) target in DIS region with 11 and 8.8 GeV elLtron beam. The proposed
experiment will use the approved SoLID spectrometer to prové precise SSA data in 4-D
(x, Q%, My and zy; ., ) space for the reaction ofHe (e; ¥4 ¥4 )X . The asymmetries on
the neutron will be extracted after making correction for poton contribution and nuclear
e®ects. The transversity distribution,hy, will also be extracted. Combining these data with
the results from a transversely polarized proton target in a sid@r x region measured by
12 GeV CLAS (PR12-12-009) or SoLID (E12-11-108) will provida unique possibility to
extract, in a model independent way, theu and d transversity distribution [67, 34]. It will
also provide crucial input to calculate the tensor charge. Mepver, we propose to investigate
a possible Sivers e®ect in dihadron SIDIS. This experiment ok run in parallel with already

48



approved experiment E12-10-006. A total number of 90 days beam time will be shared
by these two experiments.
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