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Accessing transversity with interference fragmentation functions
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We discuss in detail the option to access the transversity distribution functionh1(x) by utilizing the ana-
lyzing power of interference fragmentation functions in two-pion production inside the same current jet. The
transverse polarization of the fragmenting quark is related to the transverse component of the relative momen-
tum of the hadron pair via a new azimuthal angle. As a specific example, we spell out thoroughly the way to
extract h1(x) from a measured single spin asymmetry in two-pion inclusive lepton-nucleon scattering. To
estimate the sizes of observable effects we employ a spectator model for the fragmentation functions. The
resulting asymmetry of our example is discussed as arising in different scenarios for the transversity.
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I. INTRODUCTION

At leading power in the hard scaleQ, the quark content of
a nucleon state is completely characterized by three distr
tion functions~DF!. They describe the quark momentum a
spin with respect to a preferred longitudinal direction
duced by a hard scattering process. Two of them, the
mentum distributionf 1 and the longitudinal spin distribution
g1, have been reliably extracted from experiments and ac
rately parametrized. Their knowledge has deeply contribu
to the studies of the quark-gluon substructure of the nucle
The third one, the transversity distributionh1, measures the
probability difference to find the quark polarization paral
versus antiparallel to the transverse polarization of a nucl
target. Therefore, it is nondiagonal on the helicity basis@1#;
since helicity and chirality coincide up to quark mass corr
tions, it is usually referred to as a ‘‘chiral-odd’’ function
Hard scattering processes in QCD preserve helicity; he
the h1 is difficult to measure and is systematically su
pressed likeO(1/Q), for example, in inclusive deep inelast
scattering ~DIS! @1#. A chiral-odd partner is needed tha
counterbalances the helicity flip with some soft physics p
cess in order to filter the transversity out of the cross sect

Historically, the so-called double spin asymmetry~DSA!
in Drell-Yan processes with two transversely polarized p
tons (p↑) was suggested first@2#. However, the transversity
distribution h1 for antiquarks in the proton is presumab
small @3#. Moreover, an upper limit for the DSA derived in
next-to-leading order analysis by using the Soffer bounds
transversity was found to be discouraging low@4#.

Alternative ways have been discussed about DIS~for a
review, see Refs.@3,1#!, which all imply semi-inclusive reac
tions in order to provide the chiral-odd partner toh1. In fact,
in this case new functions enter the game, the fragmenta
functions ~FF!, which give information on the hadroni
structure complementary to the one delivered by the DF
0556-2821/2002/65~7!/074031~14!/$20.00 65 0740
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leading twist, the FF describe the hadron content of qua
and, more generally, they contain information on the h
ronization process leading to the detected hadrons; as s
they give information also on the quark content of hadro
that are not~or even do not exist as! stable targets. The FF
are also universal, but are presently less known than the
because a very high resolution and/or acceptance and a
particle identification are required in the detection of the fin
state.

All suggested proposals for extractingh1 are usually
based on spin asymmetry measurements, where at leas
more meaningful independent vectors are required with
spect to the corresponding unpolarized process. We alre
mentioned the DSA, where two of these vectors are rep
sented by the polarizations of two initial~Drell-Yan!, or one
initial and one final~DIS!, hadrons. There are also sing
spin asymmetries~SSA! in semi-inclusive reactions, wher
the polarization of the hadron target is accompanied b
relevant transverse vector describing the noncollinear
namics of a detected final unpolarized hadron system.

The most famous example is the Collins effect@5# in re-
actions like semi-inclusiveep↑→e8pX, or p↑p→pX, where
the single leading pion is detected not collinearly with t
associated jet. The analyzing power of the transverse po
ization of the fragmenting quark is represented by the tra
verse component of the momentum of the detected had
with respect to the current jet axis. At leading twist,h1 can
be extracted through a moment of the so-called Collins fu
tion H1

' , the prototype of a new class of FF, the interferen
FF, which are not only chiral-odd, but alsonaive time-
reversal odd~for brevity, T-odd!: in the absence of two o
more interfering reaction channels with a significant relat
phase, the FF can be interpreted as the decay probability
quark and, consequently, they are forbidden by time-reve
invariance@6–8#.

Similarly, T-odd interference FF show up also when t
©2002 The American Physical Society31-1
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final hadronic system is represented by two unpolarized le
ing hadrons inside the same current jet@9–11#. In a previous
work, we have discussed the general framework and the
eral properties of such interference FF arising at lead
twist in this case@12#. The richer structure of the cross se
tion offers new possibilities. In Sec. II of this paper, we det
the model-independent strategy for extractingh1 from the
cross section at leading twist. For the test case of a se
inclusive lepton-nucleon DIS, it is shown that a SSA can a
be built by identifying the pair of relevant vectors with th
transverse polarization of the target and with the transve
component of the relative momentum of the hadron p
irrespectively of the noncollinearity of each individual ha
ron. Assuming that the residual interactions between e
leading hadron and the undetected jet are of higher o
than the one between the two hadrons themselves, the
result is thath1 can be factorized from the leading-twi
cross section together with a novel interference FF,H1

\. This
new analyzing power,H1

\, filters out theh1 in a very advan-
tageous way. The asymmetry is related to just one azimu
angle, while its independence from the noncollinearity
each hadron implies that collinear factorization holds;
variance with the case of the Collins effect, this leads to
exact cancellation of all collinear divergences, and, in pr
ciple, it could make the evolution equations simpler@13#.

From the experimental point of view, for the sem
inclusive deep-inelastic electro-production of single pio
only one observation of a nonvanishing SSA has been
ported@14#, while no corresponding ones for two pion pr
duction are yet known to us. This implies that it is presen
impossible to deduce a reasonable parametrization of in
ference FF beyond the ‘‘simple’’ chiral-even decay probab
ity D1 @15#. Nevertheless, it would be highly desirable
have a quantitative estimate of these FF, in order to explo
the proposed SSA are nonvanishing and actually measur
For this reason, model calculations were performed, part
larly in the context of the so-called spectator approximat
@16,17#, and specifically also about the Collins effect@18#. In
this approach, stringent constraints are put on the repre
tation of the spectator jet, which allow for a drastic simp
fication of the calculations. The key ingredients are ver
form factors, which represent the interface between the
ementary hard scattering with the external probe and the
processes included in the fragmentation by ensuring a pr
behavior of the FF~and DF! in the asymptotic limits. The
necessary parameters are fixed by comparing sum rules
moments of such functions with available parametrizatio
and/or experimental data. A successful description of
available quark distribution functions and of the unpolariz
quark fragmentation functionD1 has been achieved@17#, so
that the model can be considered as a reasonable and u
testing ground for further explorations.

In a previous work, we have extended the spectator
proximation to the calculation of interference FF for the ca
of a leading proton-pion pair inside the same jet and w
invariant mass close to the Roper resonance@19#. Here, in
Sec. III we repeat the calculation for the experimentally m
relevant case of ap1p2 pair produced with invariant mas
07403
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close to ther resonance in a semi-inclusive lepton-nucle
DIS. Because of the total unavailability of experimental da
some of the parameters are fixed in a rather arbitrary w
but the related uncertainty is tentatively discussed. The
fore, the results, discussed in Sec. IV, should not be in
preted as a precise prediction, but rather as an exampl
how the reasonably assumed simple processes can in
lead to nonvanishing interference FF and SSA; they a
represent a useful tool to explore the measurability of s
SSA and, consequently, the actual possibility for extract
h1 from them. This information should be pertinent, for i
stance, to HERMES~when the transversely polarized targ
will be operative! or even better at COMPASS~because of
higher counting rates!; it will also be very interesting for the
future options in hadronic physics such as ELFE, DE
TESLA-N and EIC. In addition, if factorization holds, ou
results could be useful also for the spin physics program
the BNL Relativistic Heavy Ion Collider~RHIC!, where the
extraction of transversity is planned via a SSA inp2p reac-
tions.

Finally, in Sec. V conclusions and outlooks are given.

II. SINGLE SPIN ASYMMETRY FOR TWO
HADRON-INCLUSIVE LEPTON-NUCLEON DIS

In this section we discuss the general properties of tw
hadron interference FF when the kinematics is specialize
semi-inclusive DIS, and for this process we work out t
formula for a SSA that isolates the transversity at lead
twist. However, we emphasize that under the assumptio
factorization the soft parts of the process, i.e. the DF and
interference FF, are universal objects and, therefore, the
sults can be generalized to other hard processes, suc
proton-proton scattering.

A. Interference fragmentation functions in semi-inclusive DIS

At leading order, the hadron tensor for two unpolariz
hadron-inclusive lepton-nucleon DIS reads@12#

FIG. 1. Quark diagram contributing in leading order to tw
hadron inclusive DIS when both hadrons are in the same qu
current jet. There is a similar diagram for anti-quarks.
1-2
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2MW mn5E d p2 dk1 d2pW T d2kWT d2~pW T1qW T2kWT!

3Tr@F~p;P,S!gmD~k;P1 ,P2!gn#u
p15xP1

k25P
h
2/z

1S q↔2q

m↔n
D , ~1!

whereM is the target mass. The kinematics, also depicted
Fig. 1, represents a nucleon with momentumP(P25M2)
and a virtual hard photon with momentumq that hits a quark
carrying a fractionp15xP1 of the parent hadron momen
tum. We describe a 4-vectora as@a2,a1,aW T#, in terms of its
ed

t
an

-

de
-
l-

07403
in

light-cone componentsa65(a06a3)/A2 and a transverse
bidimensional vectoraW T , such that for two 4-vectorsa,b we
have a•b5a1b21a2b12aW T•bW T . Because of momentum
conservation in the hard vertex, the scattered quark has
mentum k5p1q, and it fragments into two unpolarize
hadrons, which carry a fraction (P11P2)2[Ph

25zk2 of
the ‘‘parent quark’’ momentum, and the rest of the jet.

The quark-quark correlatorF describes the nonperturba
tive processes that make the partonp emerge from the spin-
1/2 target, and it is symbolized by the lower shaded blob
Fig. 1. Using Lorentz invariance, Hermiticity and parity in
variance, the partly integratedF can be parametrized at lead
ing twist in terms of DF as
F~x,pW T![E dp2F~p;P,S!up15xP1

5
1

2 H f 1n”11 f 1T
' emnrsgm

n1
n pT

rST
s

M
2S lg1L1

~pW T•SW T!

M
g1TD n”1g52h1Tismng5ST

mn1
n

2S lh1L
' 1

~pW T•SW T!

M
h1T

' D ismng5pT
mn1

n

M
1h1

'
smnpT

mn1
n

M J , ~2!
air,

the

e
cor-
wheren65 1
2 @171,161,0W T# are light-like vectors withn1

2

5n2
2 50, n1•n251 and a65a•n7 ; the DF depend on

x,pW T and the polarization state of the target is fully specifi
by the light-cone helicityl5MS1/P1 and the transverse
componentSW T of the target spin. Similarly, the correlatorD,
symbolized by the upper shaded blob in Fig. 1, represents
fragmentation of the quark into the two detected hadrons
the rest of the current jet and can be parametrized as@12#

D[
1

4zE dk1 D~k;P1 ,P2!uk25P
h
2/z

5
1

4 H D1n”22G1
'

emnrsgmn2
n kT

rRT
s

M1M2
g5

1H1
\

smnRT
mn2

n

M11M2
1H1

'
smnkT

mn2
n

M11M2
J , ~3!

whereR[(P12P2)/2 is the relative momentum of the had
ron pair.

For convenience, we will choose a frame where, besi
PW T50, we have alsoPW hT50. By defining the light-cone mo
mentum fractionj5P1

2/Ph
2 , we can parametrize the fina

state momenta as
he
d

s

k5F Ph
2

z
,z

k21kWT
2

2Ph
2

,kWTG ,

P15F j Ph
2 ,

M1
21RW T

2

2 j Ph
2

,RW TG , ~4!

P25F ~12j!Ph
2 ,

M2
21RW T

2

2~12j!Ph
2

,2RW TG .

From the definition of the invariant mass of the hadron p
i.e. Mh

2[Ph
252Ph

1Ph
2 , and the on-shell condition for the

two hadrons themselves,P1
25M1

2 ,P2
25M2

2, we deduce the
relation

RW T
25j~12j!Mh

22~12j!M1
22jM2

2 ~5!

which in turn puts a constraint on the invariant mass from
positivity requirementRW T

2>0:

Mh
2>

M1
2

j
1

M2
2

12j
. ~6!

After having given all the details of the kinematics, w
can specify the actual dependence of the quark-quark
relatorD and of the FF. From the frame choicePW hT50, the
on-shell condition for both hadrons, Eq.~5!, the constraint on
1-3
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k2 and the integration overk1 implied by the definition ofD
in Eq. ~3!, we deduce that the actual number of independ
components of the three 4-vectorsk,P1 ,P2 is five ~cf. @12#!.
They can conveniently be chosen as the fraction of qu
momentum carried by the hadron pair,z, the subfraction in
which this momentum is further shared inside the pair,j, and
the ‘‘geometry’’ of the pair in the momentum space, name
the ‘‘opening’’ of the pair momenta,RW T

2 , the relative position

of the jet axis and the hadron pair axis,kWT
2 , and the relative

position of hadron pair plane and the plane formed by the
axis and the hadron pair axis,kWT•RW T ~see Fig. 2!.

Both DF and FF can be deduced from suitable projecti
of the corresponding quark-quark correlators. In particu
by defining

D [G]~z,j,kWT
2 ,RW T

2 ,kWT•RW T!

[
1

4zE dk1Tr@GD~k,P1 ,P2!#uk25P
h
2/z , ~7!

we can deduce, at leading twist,

D [g2]5D1~zh ,j,kWT
2 ,RW T

2 ,kWT•RW T! ~8a!

D [g2g5]5
eT

i j RTikT j

M1M2
G1

'~zh ,j,kWT
2 ,RW T

2 ,kWT•RW T! ~8b!

D [ is i 2g5]5
eT

i j RT j

M11M2
H1

\~zh ,j,kWT
2 ,RW T

2 ,kWT•RW T!

1
eT

i j kT j

M11M2
H1

'~zh ,j,kWT
2 ,RW T

2 ,kWT•RW T!. ~8c!

The leading-twist projections give a nice probabilistic inte
pretation of FF related to the matrixG used. Hence,D1 is the
probability for a unpolarized quark to fragment into the u
polarized hadron pair,G1

' is the probability difference for a
longitudinally polarized quark with opposite chiralities

FIG. 2. The kinematics for the final state where a quark fr
ments into two leading hadrons inside the same current jet.
07403
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fragment into the pair, bothH1
' andH1

\ give the same prob-
ability difference but for a transversely polarized fragme
ing quark. A different interpretation forH1

' and H1
\ comes

only from the possible origin for a non-vanishing probabili
difference, which is induced by the direction ofkT andRT ,
respectively.G1

' ,H1
' ,H1

\ are all naive T-odd andH1
' ,H1

\

are further chiral odd.H1
' represents a sort of generalizatio

of the Collins effect, whileH1
\ originates from a genuine

new effect, because it relates the transverse polarizatio
the fragmenting quark to the orbital angular motion of t
transverse component of the pair relative momentumRW T via
the new anglef, defined by

sinf5
SW T8•PW 23PW 1

uSW T8 uuPW 23PW 1u
5

SW T8•PW h3RW

uSW T8 uuPW h3RW u

[
SW T8•PW h3RW T

uSW T8 uuPW h3RW Tu

5cosS fS
T8
2

p

2
2fRTD5sin~fST

1fRT
!, ~9!

where we have used the conditionPW hT50 andfST
(fS

T8
),

fRT
are the azimuthal angles of the initial~final! quark trans-

verse polarization and ofRW T with respect to the scatterin
plane, respectively~see also Fig. 2!.

B. Isolating transversity from the SSA

Usually, the analysis of experimental observables is be
accomplished in the frame where the target momentumP
and the momentum transferq are collinear and with no trans
verse components. Using a different notation, we havePW'

5qW'50 and PW h'Þ0. An appropriate transverse Loren
boost transforms this frame to the previous one wherePW T

5PW hT50 and qW T52PW h' /z @12#. However, the difference
between the components of vectors in each frame is s
pressed likeO(1/Q). Since we are here considering expre
sions for the observables at leading twist only, this differen
can be safely neglected.

By using Eq.~5!, the complete cross section at leadin
twist for the two-hadron inclusive DIS of an unpolarize
beam on a transversely polarized target, where two unpo
ized hadrons are detected in the same quark current je
given by

-

ds

dV dx dz dj d2PW h'dMh
2 dfR'

5
j~12j!

2

ds

dV dx dz dj d2PW h'd2RW'

5
dsOO

dV dx dz dj d2PW h'dMh
2dfR'

1uSW'u
dsOT

dV dx dz dj d2PW h'dMh
2dfR'
1-4
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5
aemsx

~2p!32Q4 H A~y!F@ f 1D1#1uRW'uB~y!sin~fh1fR'
!FF ĝ•pW T

h1
'H1

\

M ~M11M2!
G2uRW'uB~y!cos~fh1fR'

!

3FF ĥ•pW T

h1
'H1

\

M ~M11M2!
G2B~y!cos~2fh!FF ~2ĥ•pW Tĥ•kWT2pW T•kWT!

h1
'H1

'

M ~M11M2!
G

2B~y!sin~2fh!FF ~ ĥ•pW Tĝ•kWT1ĥ•kWTĝ•pW T!
h1

'H1
'

M ~M11M2!
G J

1
aemsx

~2p!32Q4
uSW'u H A~y!sin~fh2fS'

!FF ĥ•pW T

f 1T
' D1

M G1A~y!cos~fh2fS'
!FF ĝ•pW T

f 1T
' D1

M G
1B~y!sin~fh1fS'

!FF ĥ•kWT

h1H1
'

M11M2
G1B~y!cos~fh1fS'

!FF ĝ•kWT

h1H1
'

M11M2
G

1uRW'uB~y!sin~fR'
1fS'

!FF h1H1
\

M11M2
G2uRW'uA~y!cos~fh2fS'

!sin~fh2fR'
!

3FF ĥ•kWTĥ•pW T

g1TG1
'

MM1M2
G1uRW'uA~y!sin~fh2fS'

!sin~fh2fR'
!FF ĥ•kWTĝ•pW T

g1TG1
'

MM1M2
G

2uRW'uA~y!cos~fh2fS'
!cos~fh2fR'

!FF ĝ•kWTĥ•pW T

g1TG1
'

MM1M2
G1uRW'uA~y!sin(fh2fS'

)cos(fh2fR'
)

3FF ĝ•kWTĝ•pW T

g1TG1
'

MM1M2
G1B~y!cos~3fh2fS'

! FF ĥ•kWTĥ•pW Tĝ•pW T

h1T
' H1

'

M2~M11M2!
G1B~y!sin~2fh!cos~fh2fS'

!

3FF ĥ•kWT~ ĥ•pW T!2
h1T

' H1
'

M2~M11M2!
G2B~y!cos~2fh!sin~fh2fS'

!FF ĥ•kWT~ ĝ•pW T!2
h1T

' H1
'

M2~M11M2!
G2B~y!sin~3fh2fS'

!

3FF ĝ•kWTĥ•pW Tĝ•pW T

h1T
' H1

'

M2~M11M2!
G1B~y!cos~2fh!cos~fh2fS'

!FF ĝ•kWT~ ĥ•pW T!2
h1T

' H1
'

M2~M11M2!
G

1B~y!sin~2fh!sin~fh2fS'
!FF ĝ•kWT~ ĝ•pW T!2

h1T
' H1

'

M2~M11M2!
G1uRW'uB~y!sin~2fh1fR'

2fS'
!

3FF @~ ĥ•pW T!22~ ĝ•pW T!212ĥ•pW Tĝ•pW T#
h1T

' H1
\

2M2~M11M2!
G J , ~10!
an

er

the
where aem is the fine structure constant,s5Q2/xy5
2q2/xy is the total energy in the center-of-mass system

A~y!5S 12y1
1

2
y2D , B~y!5~12y!,

C~y!5y~22y!, ~11!

where the lepton with 4-momentuml is detected in the solid
angle dV andy5(P•q)/(P• l )'q2/ l 2. The convolution of
distribution and fragmentation functions is defined as
07403
d F@w~pW T ,kWT! f D#[(
a

ea
2E d2pW T d2kWT

3d2S kWT2pW T1
PW h'

z
Dw~pW T ,kWT!

3 f a~x,pW T
2!Da~zh ,j,kWT

2 ,RW T
2 ,kWT•RW T!,

~12!

wherew(pW T ,kWT) is a weight function and the sum runs ov
all quark ~and anti-quark! flavors, with ea the electric
charges of the quarks. The unit vectors appearing in
1-5
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weight function w are defined asĥ5PW h' /uPW h'u and ĝi

5eT
i j ĥ j ~with eT

i j [e21 i j ), respectively, and they represe
the two independent directions in the' plane perpendicula
to ẑiqW /uqW u. All azimuthal anglesfS'

,fR'
andfh ~relative to

PW h') lie in the' plane and are measured with respect to
scattering plane~see Fig. 3!. Equation~10! corresponds to
the sum of Eqs.~B1! and~B4! in Ref. @12#, where, however,
the expressions are simpler because they rely on the ass
tion of a symmetrical cylindrical distribution of hadron pai
around the jet axis in order to have fragmentation functio
depending on even powers ofkWT only @this assumption
would make all terms including theĝ versor disappear from
Eq. ~10!; see also Ref.@20# for a comparison#.

During experiments the scattering plane changes~differ-
ent scalesQ imply different positions of the scattered beam!.
Therefore, it is better to define the laboratory frame as
plane formed by the beam and the direction of the tar
polarization. All azimuthal angles are conveniently ree
pressed with respect to the laboratory frame as

fR'
5fR'

L 2fL

fS'
52fL ~13!

fh5fh
L2fL,

where the superscript ‘‘L ’’ indicates the new reference frame
The oriented angle between the scattering plane and the l
ratory frame isfL ~see Fig. 3!. At leading order, the azi-
muthal angle of Eq.~9! becomesf5fR'

L 22fL in the new

frame.
The new expression for the cross section is obtained

simply replacing Eq.~13! inside the angular dependence
Eq. ~10!. After replacement and apart from phase space
efficients, each term of the cross section will look like
07403
e

p-

s

e
t

-

o-

y

o-

ds tw}t~fR'

L ,fL,fh
L!F@w DF FF#

5t~fR'

L ,fL,fh
L!I ~z,j,RW T

2!, ~14!

wheret is a trigonometric function,w is the specific weight
function for each combination of distribution and fragmen
tion functions~DF and FF, respectively!, andI is the result of
the convolution integral. It is easy to verify that folding th
cross section by

1

2pE0

2p

dfL dfR'

L sin~fR'

L 22fL!

3
ds

dV dx dz dj d2PW h'dMh
2 dfR'

~15!

makes only thoseds tw terms survive whereH1
\ shows up in

the convolution, i.e. for the following combinations:

t5cos~fh
L1fR'

L 22fL!, w5ĥ•pW T , ~16a!

t5sin~fh
L1fR'

L 22fL!, w5ĝ•pW T , ~16b!

t5sin~fR'

L 22fL!, w51, ~16c!

t5sin~2fh
L1fR'

L 22fL!,

w5~ ĥ•pW T!22~ ĝ•pW T!212ĥ•pW Tĝ•pW T . ~16d!

Similarly, it is straightforward to prove that integrating the
surviving terms upon d2PW h' , and performing the integrals in
the convolutionF@w DF FF#, makes only the combination
~16c! survive, presenting the transversity in a factoriz
form. In fact, by integrating also upon dj, we finally have
ng them
^dsOT&

dy dx dz dMh
2
[

1

2pE0

2p

dfL dfR'

L E d2PW h'E dj sin~fR'

L 22fL!
ds

dV dx dz dj dMh
2 dfR'

L d2PW h'

5
paem

2 sx

~2p!3Q4

B~y!uSW'u
2~M11M2! (

a
ea

2E d2pW T h1
a~x,pW T

2!E djuRW'u E
0

2p

dfR'

L E d2kWT H1
\a~z,j,Mh

2 ,kWT
2 ,kWT•RW T!

[
paem

2 s

~2p!3Q4
B~y!uSW'u(

a
ea

2xh1
a~x!H1(R)

\a ~z,Mh
2!, ~17!

where, for the sake of simplicity, the same notations are kept for DF and FF before and after integration, distinguishi

by the explicit arguments only; the subscript(R) reminds of the additional dimensionless weighting factoruRW'u/2(M11M2).
Analogously,
1-6
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^dsOO&

dy dx dz dMh
2
[

1

2pE0

2p

dfL dfR'

L E d2PW h'E dj
ds

dV dx dz dj dMh
2 dfR'

L d2PW h'

5
paem

2 sx

~2p!3Q4
A~y!(

a
ea

2E d2pW T f 1
a~x,pW T

2!E djE
0

2p

dfR'

L E d2kWT D1
a~z,j,Mh

2 ,kWT
2 ,kWT•RW T!

[
paem

2 s

~2p!3Q4
A~y!(

a
ea

2x f1
a~x!D1

a~z,Mh
2!, ~18!
th
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from which we can build the single spin asymmetry

Asin f~y,x,z,Mh
2!

[
^dsOT&

dy dx dz dMh
2 F ^dsOO&

dy dx dz dMh
2G21

5
B~y!

A~y!
uSW'u

(
a

ea
2xh1

a~x!H1(R)
\a ~z,Mh

2!

(
a

ea
2x f1

a~x!D1
a~z,Mh

2!

. ~19!

III. SPECTATOR MODEL FOR p¿pÀ FRAGMENTATION

In the field theoretical description of hard processes,
FF represent the soft processes that connect the hard qua
the detected hadrons via fragmentation, i.e. they are hadr
matrix elements of nonlocal operators built from quark~and
gluon! fields @21#. For a quark fragmenting into two hadron
inside the same current jet, the appropriate quark-quark
relator ~in the light-cone gauge! reads@10,9#

D i j ~k,P1 ,P2!5X
X

E d4z

~2p!4
eik•z^0uc i~z!uP1 ,P2 ,X&

3^X,P2 ,P1uc̄ j~0!u0& , ~20!

FIG. 3. The definition of azimuthal angles, in the frame whe
q'50, with respect to the scattering plane and the laboratory pl
whose relative oriented angle isfL52fS'

.

07403
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where the sum runs over all the possible intermediate st
containing the hadron pair.

The basic idea of the spectator model is to make a spe
ansatz for this spectral decomposition by replacing the s
with an effective spectator state with a definite mass a
quantum numbers@16,17,19#. By specializing the model to
the case ofp1p2 fragmentation withP15Pp1 and P2
5Pp2, the spectator has the quantum numbers of an on-s
valence quark with a constituent massmq5340 MeV. Con-
sequently, the quark-quark correlator~20! simplifies to

D i j ~k,Pp1,Pp2!'
u„~k2Ph!1

…

~2p!3
d„~k2Ph!22mq

2
…

3^0uc i~0!uPp1,Pp2,q&

3^q,Pp2,Pp1uc̄ j~0!u0&

[D̃ i j ~k,Pp1,Pp2!

3d~th2sh1Mh
22mq

2!, ~21!

e,
FIG. 4. The diagrams considered for the quark fragmenta

into p1p2 at leading twist and leading order inas in the context of
the spectator model.
1-7
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whereth5k2 andsh52k•Ph . When inserting Eq.~21! into
Eq. ~7!, the projections drastically simplify to

D [G]~zh ,j,kWT
2 ,RW T

2 ,kWT•RW T!5
Tr@GD̃#

8~12z!Ph
2 U

th5th(z,kW
T
2)

,

~22!

with

th~z,kWT
2!5

z

12z
kWT

21
mq

2

12z
1

Mh
2

z
. ~23!

We will consider thep1p2 system with an invarian
massMh close to ther resonance, specificallymr2Gr/2
<Mh<mr1Gr/2, whereGr is the width of ther resonance.
Hence, the most appropriate and simplest diagrams that
replace the quark decay of Fig. 1 at leading twist, and le
07403
an
-

ing order inas , are represented in Fig. 4: thep1p2 can be
produced from ther decay or directly via a quark exchang
in the t channel~the background diagram!; the quantum in-
terference of the two processes generates thenaive T-odd FF
described in Sec. II A. In Appendix A, a suitable selection
‘‘Feynman rules’’ for the vertices and propagators of the d
grams in Fig. 4 is defined that allows for the analytic calc
lation of the matrix elements definingD̃ in Eq. ~21! and,
consequently, of the projectionsD [G] in Eq. ~22! defining the
FF.

The naive T-odd G1
' ,H1

' ,H1
\ receive contributions from

the interference diagrams only. In particular, they result p
portional to the imaginary part of ther propagator
(;mrGr), while the real part (;Mh

22mr
2) contributes to

D1. Therefore, contrary to the findings of Ref.@11#, a com-
plex amplitude with a resonant behavior is needed here
produce nonvanishing interference FF. For au quark frag-
menting intop1p2, we have at leading twist
D1
u→p1p2

~z,j,Mh
2 ,kT

2 ,kWT•RW T!5
Nqr

2 f rpp
2 z2~12z!2

4~2p!3@~Mh
22mr

2!21mr
2Gr

2#a2ua1bu3
H c

4
@c2za~2j21!#1z2~12z!S Mh

2

4
2mp

2 D
3@a2~12z!Mh

2#J 1
Nqp

4 z7~12z!7

8~2p!3a2d2ud1b̃u3ua1b̃u3
H 2az@zj~12z!1~12j!d#2z~12z!

3mp
2
a2c2z~12z!Mh

2

2
1d

a2c1z~12z!Mh
2

2 J
1

A2~Mh
22mr

2!z9/2~12z!9/2Nqp
2 Nqr f rpp

8~2p!3@~Mh
22mr

2!21mr
2Gr

2#a2dua1bu3/2ua1b̃u3/2ud1b̃u3/2H az~12z!S 2mp
2 2

Mh
2

2 D
1

a~122zj!1c1z~12z!Mh
2

4
@d1z~12z!~Mh

225mp
2 !#

1
a@2z~12j!21#1c2z~12z!Mh

2

4
@3d2a1z~12z!mp

2 #J ~24!

H1
\u→p1p2

~z,j,Mh
2 ,kT

2 ,kWT•RW T!52
mrGrmpmqz13/2~12z!11/2Nqp

2 Nqr f rpp

2A2~2p!3@~Mh
22mr

2!21mr
2Gr

2#adua1bu3/2ua1b̃u3/2ud1z~12z!~mq
22Lp

2 !u3/2

~25!

H1
'u→p1p2

~z,j,Mh
2 ,kT

2 ,kWT•RW T!50 ~26!

G1
'u→p1p2

~z,j,Mh
2 ,kT

2 ,kWT•RW T!52
mp

2mq
H1

\u→p1p2

~z,j,Mh
2 ,kT

2 ,kWT•RW T!, ~27!
where

a5z2~kT
21mq

2!1~12z!Mh
2 ,

b5z~12z!~mq
22Lr

2!,
b̃5z~12z!~mq
22Lp

2 !

c5~2j21!@z2~kT
21mq

2!2~12z!2Mh
2#

24z~12z!kWT•RW T ~28!
1-8
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d5z2~12j!~kT
21mq

2!1j~12z!2Mh
2

1z~12z!~mp
2 12kWT•RW T!.

The simplifications induced by the spectator model red
the number of independent FF, Eq.~27!, and makeH1

' van-
ish, i.e. the analogue of the Collins effect in this context tu
out to be a higher-order effect. The structure induced by
model is simply not rich enough to produce a non-vanish
H1

' . Moreover, the FF do not depend on the flavor of t
fragmenting valence quark, provided that the charges of
final detected pions are selected according to the diagram
Fig. 4. Hence, the FF are the same foru→p1p2 and for
d→p2p1, where the final state differs only by the inte
change of the two pions, i.e. by leaving everything unalte
but RW T→2RW T andj→(12j):

D1
u→p1p2

~z,j,Mh
2 ,kT

2 ,kWT•RW T!

5D1
d→p2p1

~z,j,Mh
2 ,kT

2 ,kWT•RW T!

5D1
d→p1p2

„z,~12j!,Mh
2 ,kT

2 ,kWT•~2RW T!…

H1
\ u→p1p2

~z,j,Mh
2 ,kT

2 ,kWT•RW T!

5H1
\ d→p2p1

~z,j,Mh
2 ,kT

2 ,kWT•RW T! ~29!

5H1
\d→p1p2

„z,~12j!,Mh
2 ,kT

2 ,kWT•~2RW T!….

When integrating the FF over d2kWT and dj, the dependence
on the direction ofRW T is lost:

D1
u→p1p2

~z,Mh
2!

[E
0

1

djE d2kWT D1
u→p1p2

~z,j,Mh
2 ,kT

2 ,kWT•RW T!
re
th

07403
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d

5E
0

1

djE d2kWT

3D1
d→p1p2

„z,~12j!,Mh
2 ,kT

2 ,kWT•~2RW T!…

5E
0

1

djE d2kWT D1
d→p1p2

„z,j,Mh
2 ,kT

2 ,kWT•~2RW T!…

[D1
d→p1p2

~z,Mh
2!, ~30!

and similarly forH1
\. Therefore, we can conclude that th

integrated FF do not depend in general on the flavor of
fragmenting quark.

Consequently, the SSA of Eq.~19! simplifies to

Asin f~y,x,z,Mh
2!

5
B~y!

A~y!
uSW'u

3

F8

9
xh1

u~x!1
1

9
xh1

d~x!GH1(R)
\u ~z,Mh

2!

F8

9
x f1

u~x!1
1

9
x f1

d~x!GD1
u~z,Mh

2!

. ~31!

In the following, we will discuss the SSA without the ine
sentialuSW'uB(y)/A(y) factor and after integrating away th
z dependence and, in turn, thex or Mh dependence accordin
to
Ax
sin f~x![

F8

9
xh1

u~x!1
1

9
xh1

d~x!G E dz dMh
2 H1(R)

\u ~z,Mh
2!

F8

9
x f1

u~x!1
1

9
x f1

d~x!G E dz dMh
2 D1

u~z,Mh
2!

~32!

AMh

sin f~Mh![

E dxF8

9
xh1

u~x!1
1

9
xh1

d~x!G E dz H1(R)
\u ~z,Mh

2!

E dxF8

9
x f1

u~x!1
1

9
x f1

d~x!G E dz D1
u~z,Mh

2!

. ~33!
nt
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IV. NUMERICAL RESULTS

In the remainder of the paper, we present numerical
sults in the context of the spectator model for both
process-independent FF and the SSA of Eqs.~32! and ~33!
-
e

for semi-inclusive lepton-nucleon DIS. Considering differe
possible scenarios forh1, we argue about an actual measu
ability of these SSA and the implications for the extraction
the transversity.

The input parameters of the calculation can basically
1-9
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FIG. 5. The dimensionless in
tegrated FF D1(z) ~left! and
H1 (R)

\ (z) ~right!, see text. Solid
line for Nqr50.9 GeV3, and the
integral ~B2! amounting to 0.14;
dashed line forNqr51.6 GeV3,
and the integral equals 0.48~see
the Appendixes!.
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grouped in three classes: values of masses and cou
constants taken from phenomenology, asmp50.139 GeV,
mr50.785 GeV, withf rpp andGr as described in Appen
dixes B and A, respectively; values consistent with oth
works on the spectator model and the constitu
quark model, asLp50.4 GeV, Lr50.5 GeV and mq

50.34 GeV@17,19#; parameters, such as theqpq andqrq
coupling strengthsNqp and Nqr , respectively, without
constraints that are firmly established, or at least usu
adopted, in the literature.

As described in Appendix B, the last ones are constrai
using the integral~B2! and the proportionality~B4! derived
from the Goldberger-Treiman relation. All results will b
plotted according to two extreme scenarios, where
integral~B2! amounts to 0.14 (Nqr50.9 GeV3, correspond-
ing to solid lines in the figures! and 0.48 (Nqr51.6 GeV3,
corresponding to dashed lines in the figures!. Because of
the high degree of arbitrariness due to the lack of any d
the results should be interpreted as the indication not o
of the sensitivity of the considered observables to the in
parameters, but also of the degree of uncertainty that ca
reached within the spectator model. In the same spirit, w
dealing with the SSA of Eqs.~32!, ~33!, f 1 and h1 are
calculated consistently within the spectator model@17# or,
alternatively,f 1 andg1 are taken from consistent paramet
zations andh1 is calculated again according to two extrem
scenarios: the nonrelativistic predictionh15g1 or the
saturation of the Soffer inequality,h15( f 11g1)/2. The
parametrizations forf 1 ,g1 , are extracted at the same lowe
possible scale (Q250.8 GeV2), consistently with the
valence quark approximation assumed for the calculation
the FF.

In Fig. 5 the dimensionless integratedD1
u(z) and

H1 (R)
\u (z) are shown, according to the definitions

Eqs.~17! and ~18!, i.e.
07403
ng

r
t

ly

d

e

a,
ly
t

be
n

t

of

D1
u~z!5E

ar
2

br
2

dMh
2 D1~z,Mh

2!

5E
ar

2

br
2

dMh
2E djE

0

2p

dfR'

L E d2kWT

3D1
u~z,j,Mh

2 ,kWT
2 ,kWT•RW T! ~34!

H1(R)
\u ~z!5E

ar
2

br
2

dMh
2 H1(R)

\u ~z,Mh
2!

5E
ar

2

br
2

dMh
2E dj

uRW'u
4mp

E
0

2p

dfR'

L E d2kWT

3H1
\u~z,j,Mh

2 ,kWT
2 ,kWT•RW T!, ~35!

where ar5mr2Gr/2 and br5mr1Gr/2. Again, we recall
that the solid line corresponds to a weakerqrq coupling
than the dashed line. The choice of the form factors
the vertices also guarantees the regular behavior at the
pointsz50,1. The strongest asymmetry in the fragmentat
~recall thatH1

\ is defined as the probability difference fo
the fragmentation to proceed from a quark with oppos
transverse polarizations! is reasonably reached a
z;0.4. Once again, we stress that this result, particularly
persistent negative sign, does not depend on a specific
process and can influence the corresponding azimu
asymmetry.

In fact, the SSA~32! and ~33! for two-pion inclusive
lepton-nucleon DIS as shown in Figs. 6 and 7, respectiv
turn out to be negative due to the sign ofH1 (R)

\u . The solid
and dashed lines again refer to the weaker or strongerqrq
couplings in the FF, respectively. For each parametrizat
three different choices of DF are shown. The label SP re
to the DF calculated in the spectator model@17#. The label
NR indicates thatf 1 andg1 are taken consistently from th
1-10



e
i.e
r-
g,
e
h

is
F
b
o

vo
e

w
re
ib
s

te
S

d
g
e

y

the
-

tera-
the
ed
ur-

, at
a-
es,
ov
n
the

ac-
F

the
ad-
ey
ns
rse

x-
of
ve
en
eful

t

is

s in

ACCESSING TRANSVERSITY WITH INTERFERENCE . . . PHYSICAL REVIEW D 65 074031
leading-order parametrizations of Refs.@22# and @23#, re-
spectively, withh15g1. The label SO indicates the sam
parametrizations but with the Soffer inequality saturated,
h15( f 11g1)/2. In the lower plot of each figure the ‘‘unce
tainty band’’ is shown as a guiding line. It is built by takin
for eachz or Mh , the maximum and the minimum among th
six curves displayed in the corresponding upper plot. T
first obvious comment is that even the simple mechan
described in Fig. 4 produces a measurable asymmetry.
the HERMES experiment the size of the asymmetry may
at the lower edge of possible measurements, given the
served rather small average multiplicity which does not fa
the detection of two pions in the final state. On the oth
hand, the planned transversely polarized target clearly
improve the situation of azimuthal spin-asymmetry measu
ments compared to the present one. COMPASS or poss
future experiments at the ELFE, TESLA-N, or EIC facilitie
will have less problems because of higher counting ra
The second important result is that the sensitivity of the S
to the parameters of the model calculation for the FF, an
the different parametrizations for the DF, is weak enou
that the unambigous message of a negative asymm
emerges through all the range of bothx andar50.69 GeV
<Mh<br50.84 GeV. In particular, we do not find an
change in sign forAMh

sin f , contrary to what is predicted in

Ref. @11#.

FIG. 6. The SSA of Eq.~32!. In the upper plot, solid lines and
dashed lines as in Fig. 5. Label SP stands for DF calculated in
spectator model@17#. Labels NR and SO indicatef 1 from Ref.@22#
andg1 from Ref.@23#, but withh15g1 andh15( f 11g1)/2, respec-
tively. In the lower plot, the corresponding uncertainty band
shown~see text!.
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V. OUTLOOKS

In this paper we have discussed a way for addressing
transversity distributionh1 that we consider more advanta
geous, compared to other strategies discussed in the li
ture. At present, the SSA seem anyway preferable to
DSA. But the fragmentation of a transversely polariz
quark into two unpolarized leading hadrons in the same c
rent jet seems less complicated than the Collins effect
least from the theoretical point of view. Collinear factoriz
tion implies an exact cancellation of the soft divergenci
avoiding any dilution of the asymmetry because of Sudak
form factors, and in principle it makes the QCD evolutio
simpler, though we have not addressed this subject in
present paper. The new effect, which allows for the extr
tion of h1 at leading twist through the new interference F
H1

\, relates the transverse polarization of the quark to
transverse component of the relative momentum of the h
ron pair via a new azimuthal angle. This is the only k
quantity to be determined experimentally, while the Colli
effect requires the determination of the complete transve
momentum vector of the detected hadron.

We have shown also quantitative results forH1
\ in the

case ofp1p2 detection, and the related SSA for the e
ample of lepton-nucleon scattering. In fact, due the lack
any data and information about this class of FF, we belie
that even the simple modelling of the interference betwe
different channels, leading to the same final state, is a us

he
FIG. 7. The SSA of Eq.~33!. In the upper plot, solid lines and

dashed lines as in Fig. 5. Labels and meaning of lower plot a
Fig. 6.
1-11
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MARCO RADICI, RAINER JAKOB, AND ANDREA BIANCONI PHYSICAL REVIEW D 65 074031
resource to judge the reliability of this strategy for extracti
the transversity distribution. Moreover, the scenario turns
to be simpler than the Collins effect, where a microsco
knowledge of the structure of the residual jet is required.
have adopted a spectator model approximation forp1p2

with an invariant mass inside ther resonance width, limiting
the process to leading-twist mechanisms. The interfere
between the decay of ther and the direct production o
p1p2 is enough to produce sizable and measurable as
metries. Despite the theoretical uncertainty due to the a
trariness in fixing the input parameters of the calculation
FF and in choosing the parametrizations for the DF, the
ambiguous result emerges that, in the explored rangesx
and invariant massMh , the SSA are always negative an
almost flat.

Anyway, it should be stressed again that the calculat
has been performed at leading twist and in a valence-qu
scenario. Therefore, higher-twist corrections and QCD e
lution need to be explored before any realistic compari
with experiments could be attempted.
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APPENDIX A: PROPAGATORS

Here, we list the ‘‘Feynman rules’’ for the vertices an
diagrams of Fig. 4 leading to Eqs.~24!–~27!. The propaga-
tors involved in the diagrams of Fig. 4 are as follows. W
have

quark with momentumk: @ i /(k”2mq)# i j . The propagator
occurs withk25th[k2 or k25(k2Pp1)2. In both cases,
the off-shell conditionk2Þmq

2 is guaranteed by Eq.~23!. We
also have

r with momentum Ph : @ i /(Ph
22mr

21 imrGr)#@2gmn

1(Ph
m Ph

n/Ph
2)#, where

Gr5~ f rpp
2 /4p!~mr/12!@12~4mp

2 /mr
2!#3/2 @24#.

APPENDIX B: VERTICES

In analogy with previous works on spectator mod
@17,19#, we choose the vertex form factors to depend on o
invariant only, generally denotedk2, that represents the vir
tuality of the external entering quark line. Therefore, we c
have k25th[k2 or k25(k2Pp1)2. The power laws are
such that the asymptotic behavior is in agreement with
07403
t
c
e

ce

-
i-
f
-

n
rk
-
n

-
-
n

e

n

e

expectations based on dimensional counting rules. Fina
the normalization coefficients have dimensions such t
*d2kWT*d2RW TD1(z,j,kWT

2 ,RW T
2 ,kWT•RW T) is a pure number to be

interpreted as the probability for the hadron pair to carryz
fraction of the valence quark momentum and to share it ij
and 12j parts. We have

rpp vertex: Yrpp,m5 f rppRm, where f rpp
2 /4p52.84

60.50 @25#. We also have

qrq vertex:

Y i j
qrq,m5@ f qrq~k2!/A2#@gm# i j

5~Nqr /A2!~1/uk22Lr
2ua! @gm# i j

whereLr excludes large virtualities of the quark. The pow
a is determined consistently with the quark counting ru
that determines the asymptotic behavior of the FF at largz
@25#, i.e.

~12z!2a215~12z!2312r 12ulu, ~B1!

wherer is the number of constituent quarks in the conside
hadron, andl is the difference between the quark and t
hadron helicities. Thus, here we havea53/2. The normal-
ization Nqr is such that the sum rule

E
0

1

dz zD1~z!5E
0

1

dz zE
ar

2

br
2

dMh
2 D1~z,Mh

2!<1 ~B2!

is satisfied, withD1(z,Mh
2) defined in Eq.~18!. In fact, in the

infinite momentum frame the integral in Eq.~B2! represents
the total fractionz of the quark energy taken by all hadro
pairs of the type under consideration. Since in this fra
low-energy mass effects can be neglected, we estimate
charged pion pairs with an invariant mass inside ther reso-
nance width represent;50% of the total pions detected i
the calorimeter, which in turn can be considered;80% of
all particles detected. Neglecting mass effects, we may
sume that the fraction of quark energy taken by charg
1-12
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pions, relative to the energy taken by other hadrons, follo
their relative numbers. Therefore, we chose two valu
Nqr50.9 GeV3 and 1.6 GeV3, which correspond to rathe
extreme scenarios where the integral Eq.~B2! amounts to
0.14 and 0.48, respectively.

We also have

qpq vertex:

Y i j
qpq5@ f qpq~k2!/A2#@g5# i j 5~Nqp /A2!~1/uk22Lp

2 ua!

3@g5# i j ,

whereLp excludes large virtualities of the quark, as we
From quark counting rules, stilla53/2. The normalization
Nqp can be deduced fromNqr by generalizing the
Goldberger-Treiman relation to ther-quark coupling@26#:

gpqq
2

4p
5S gq

A

gN
AD 2S mq

mN
D 2 gpNN

2

4p

5S 3

5D 2S 340

939D
2

14.250.67 ~B3!
n

ys

ys

D

07403
s
s,

~grqq
V 1grqq

T !2

4p
5S gq

A

gN
AD 2S mq

mN
D 2~grNN

V 1grNN
T !2

4p

5S 3

5D 2S 340

939D
2

27.75551.31,

wheregN
A ,mN are the nucleon axial coupling constants a

mass, respectively, as well asgq
A ,mq the quark ones. The

pNN coupling isgpNN
2 /4p514.2; the vectorrNN coupling

is (grNN
V )2/4p50.55 and its ratio to the tensor coupling

grNN
T /grNN

V 56.105 @27#. From the above relations, we de
duce

gpqq

~grqq
V 1grqq

T !
[

Nqp

Nqr
50.715. ~B4!

As a final comment, we have explicitly checked that w
the above rules the background diagram leads to a cross
tion that qualitatively shows the sames dependence of ex
perimental data forpp production in the relativeL50 chan-
nel whens is inside ther resonance width, in any case belo
the first dip corresponding to the resonancef 0(980) @28#. If
we reasonably assume that the resonant diagram exh
almost all of thepp production in the relativeL51 channel
and we also assume that in the given energy interval thL
50,1 channels approximate the whole strength forpp pro-
duction, we can safely state that the diagrams of Fig. 4 g
a satisfactory reproduction of thepp cross section, with
invariant mass in the given interval, without invoking an
scalars resonance~cf. @9,11#!.
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