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Partial-wave analysis of two-hadron fragmentation functions
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We reconsider the option of extracting the transversity distribution by using interference fragmentation
functions into two leading hadrons inside the same current jet. To this end, we perform a new study of
two-hadron fragmentation functions. We derive new positivity bounds on them. We expand the hadron pair
system in relative partial waves, so that we can naturally incorporate in a unified formalism specific cases
already studied in the literature, such as the fragmentation functions arising from the interference between the
s- and p-wave production of two mesons, as well as the production of a spin-one hadron. In particular, our
analysis clearly distinguishes two different ways to access the transversity distribution in two-hadron semi-
inclusive leptoproduction.
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I. INTRODUCTION

Two-hadron fragmentation functions have been propo
for the first time in Refs.@1,2# and then systematically ana
lyzed at leading twist in Ref.@3#. The interest in these func
tions is mainly justified by the search for a mechanism
single out the chiral-odd transversity distribution1 in an alter-
native and technically simpler way than the Collins effe
@5#. In fact, in semi-inclusive deep inelastic scattering~SI-
DIS! where two unpolarized hadrons are produced in
current fragmentation region, i.e., for the reactionep
→e8h1h2X, it is indeed possible to build a leading-twi
single-spin asymmetry~SSA! containing the factorized prod
uct of the transversity and a chiral-odd two-hadron fragm
tation function@2,6#. In this process, the asymmetry occu
in the azimuthal angle between the two-hadron plane and
laboratory plane; the total momentum of the hadronic sys
does not need to have a transverse component, i.e., o
collinearity with respect to the virtual photon axis. Therefo
the intrinsic transverse momentum of the quark can be i
grated away and no transverse momentum dependent f
tions are required, thus introducing simplifications both
the experimental and theoretical side@7# as compared to the
Collins effect. Model calculations of such objects are fe
sible @8,6#, but a more realistic approach is needed to e
mate their size and measurability. Some of the two-had
fragmentation functions are also naive time-reversal odd~T-
odd! and originate from the interference between two p
duction amplitudes with two different phases@5,3,9#. There-
fore, in the literature these functions are usually referred
as interference fragmentation functions~IFF!.

In an apparently independent context, semi-inclusive p

*Electronic address:
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†Electronic address: radici@pv.infn.it
1See Ref.@4# for a review on the topic.
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duction of spin-1 hadrons~e.g., r, K* , f) has also been
studied and proposed as a method to measure the transv
distribution@10–13#. To measure the polarization of the ou
going vector meson~e.g.,r0) it is necessary to measure th
4-momenta of the decay products~e.g., p1p2). Thus, the
reactionep→e8r0X(r0→p1p2) is just a part of the more
general reactionep→e8p1p2X ~namely the part where the
total invariant mass of the pion pair is equal to ther mass!.
However, up to now the relation between spin-1 fragmen
tion functions and two-hadron fragmentation functions h
never been thoroughly examined, nor has it ever been sp
fied clearly how to access the transversity distribution in
case of spin-1 fragmentation. The present work is motiva
by the need to fill this gap.

Although in our work we focus mainly on SIDIS, two
hadron fragmentation functions can be measured also
e1e2 annihilation, if hadron pairs belonging to the same
are identified@14,15#. Some data are already available co
cerning two hadrons being produced via a spin-1 resona
@16–20#.

The work is organized as follows. In Sec. II we will re
view the systematic analysis of semi-inclusive production
two unpolarized hadrons at leading twist. We will recover t
results originally presented in Ref.@3#. We will devote par-
ticular attention to the connection with the helicity basis fo
malism~see, e.g., Refs.@21,12#! and for the first time we will
deduce positivity bounds on IFF.

In Sec. III the whole problem is reconsidered by expan
ing in partial waves the two-hadron system in its center-
mass frame. If we consider only low invariant masses,
expansion can be truncated to include the first two ter
only, as hadron pairs are produced mainly in thes-wave
channel or in thep-wave channel~via a spin-1 resonance!.
We can thus deduce a general unifying formalism that na
rally incorporates the specific case of Ref.@2# in the subsec-
tor describing the interference between relatives and p
waves, as well as the case of spin-1 hadron fragmenta
@13# in the subsector of the relativep wave. In particular, we
©2003 The American Physical Society02-1



m
e

al

n

A. BACCHETTA AND M. RADICI PHYSICAL REVIEW D 67, 094002 ~2003!
FIG. 1. The usual quark handbag diagra
contributing at leading twist to the semi-inclusiv
DIS into two leading hadrons:~a! hadron and par-
ton momenta are shown, in particular the tot
momentumPh5P11P2 and relative momentum
R5(P12P2)/2 of the two-hadron system;~b!
target helicity, parton chirality, and two-hadro
partial wave indices are shown.
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will identify a SSA where the transversity distribution a
pears in connection with as-p IFF, and a SSA where the
transversity is connected to a purep-wave IFF. These two
asymmetries are completely distinct; they could have diff
ent physical origins and different magnitudes.

In Sec. IV we complete our analysis by including th
intrinsic partonic transverse momentum andkWT-unintegrated
fragmentation functions. Also in this case, in Sec. V we w
present positivity bounds and will carry out the partial wa
expansion. The results for the complete cross section fo
combinations of beam and target polarizations are listed
Appendixes A and C. Finally, some conclusions are drawn
Sec. VI.

II. TWO-PARTICLE INCLUSIVE DEEP INELASTIC
SCATTERING

In the following we will describe the kinematics and th
details of the semi-inclusive production of two unpolariz
hadrons in the context of the SIDIS process. However,
point out that the involved fragmentation functions can
used also in the case of reactions with a hadronic probe o
e1e2 annihilation@14,15#.

A. Kinematics and hadronic tensor

The process is schematically depicted in Fig. 1. An el
tron with momentuml scatters off a target nucleon with ma

FIG. 2. Kinematics for the SIDIS of the leptonl on a trans-
versely polarized target leading to two hadrons inside the s
current jet.
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M, polarizationS, and momentumP via the exchange of a
virtual hard photon with momentumq5 l 2 l 8 (q252Q2).
Inside the target, the photon hits a quark with momentump,
changing its momentum tok5p1q. The quark then frag-
ments into a residual jet and two leading unpolarized hadr
with massesM1 ,M2 , and momentaP1 and P2. We intro-
duce the vectorsPh5P11P2 and R5(P12P2)/2. We de-

scribe a 4-vectora as@a2,a1,aW T#, i.e., in terms of its light-
cone componentsa65(a06a3)/A2 and the bidimensiona

vectoraW T . It is convenient to choose theẑ axis according to
the conditionPW T5PW hT50. In this case, the virtual photo
has a nonvanishing transverse momentumqW T . However, it is
also customary to align theẑ axis opposite to the direction o
the virtual photon, in which case the outgoing hadron ha
nonvanishing transverse momentumPW h'52zqW T . These two
directions overlap up to corrections of order 1/Q, which we
will systematically neglect in the following. They axis is
chosen to point in the direction of the vector product (2qW

3 lW8) @22# ~see Fig. 2!.
We define the variablesx5p1/P1, which represents the

light-cone fraction of target momentum carried by the init
quark, andz5Ph

2/k2, the light-cone fraction of fragmenting
quark momentum carried by the final hadron pair. Ana
gously, we define the light-cone fractionz52R2/Ph

2 , which
describes how the total momentum of the hadron pair is s
into the two single hadrons.2 The relevant momenta can b
parametrized as

Pm5F M2

2P1
,P1,0W G ,

pm5F p21pW T
2

2xP1
,xP1,pW TG ,

km5F Ph
2

z
,
z~k21kWT

2!

2Ph
2

,kWTG , ~1!

2Note that21<z<1, andz52j21, with j defined in Ref.@3#.
e
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Ph
m5F Ph

2 ,
Mh

2

2Ph
2

,0W G ,

Rm5F z

2
Ph

2 ,

~M1
22M2

2!2
z

2
Mh

2

2Ph
2

,RW TG .

Not all components of the 4-vectors are independent. In
ticular, here we observe that

R25
M1

21M2
2

2
2

Mh
2

4
,

RT
25

1

2 F ~12z!~11z!

2
Mh

22~12z!M1
22~11z!M2

2G ,
Ph•R5

M1
22M2

2

2
, ~2!

Ph•k5
Mh

2

2z
1z

k21ukWTu2

2
,

R•k5

~M1
22M2

2!2
z

2
Mh

2

2z
1zz

k21ukWTu2

4
2kWT•RW T .

The positivity requirementRT
2>0 imposes the further con

straint

Mh
2>

2

11z
M1

21
2

12z
M2

2 . ~3!

We shall first consider the case when the cross sectio
integrated over the transverse momentum of the virtual p
ton,qW T , postponing the analysis of the complete case in S
IV. Until then, no transverse-momentum-dependent distri
tion and fragmentation functions will appear. The sevenf
differential cross section for two-particle-inclusive deep
elastic scattering~DIS! is

d7s

dzdMh
2dfRdzdxdydfS

5(
a

a2yea
2

32zQ4
Lmn2MWa

mn , ~4!

whereLmn is the lepton tensor;y5(E2E8)/E is the fraction
of beam energy transferred to the hadronic system and
related to the lepton scattering angle in the center-of-m
~c.m.! frame;fR andfS are the azimuthal angles ofRW T and
SW T with respect to the lepton scattering plane~see Fig. 2!,
whereSW T5(Sx ,Sy) indicates the transverse components
the target spinS. At tree level, the hadronic tensor for
flavor a is given by
09400
r-
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2MWa
mn532z Tr@Fa~x,S!gmDa~z,z,Mh

2 ,fR!gn#

1S q↔2q

m↔n
D , ~5!

where

Fa~x,S!5E dpW Tdp2Fa~p;P,S!up15xP1, ~6!

Da~z,z,Mh
2 ,fR!5

z

32E dkWTdk1Da~k;Ph ,R!uk25P
h
2/z .

~7!

The quark-quark correlatorF describes the nonpertubativ
processes determining the distribution of partona inside the
spin-12 target~represented by the lower shaded area in Fig!
and, similarly, the correlatorD symbolizes the fragmentatio
of quark a producing two tagged leading hadrons in a r
sidual jet~upper shaded area in Fig. 1!.

We are going to focus only on the leading twist contrib
tions to the hadronic tensor of Eq.~5!. A method to extract
these contributions consists of projecting the so-called g
light-cone components out of the quark fieldc. As is evident
from the kinematics in the infinite momentum frame, the1
and the2 light-cone components are the dominant ones
the parton entering and exiting the hard vertex, respectiv
They can be projected out by means of the operatorsP6

5 1
2 g7g6. Any other component ofc is automatically of

higher twist. Therefore, the hadronic tensor~5! at leading
twist looks like

2MWa
mn532zTr@P1Fa~x,S!P̄1gmP2

3Da~z,z,Mh
2 ,fR!P̄2gn#

532z@P1Fa~x,S!g1# i j @
1
2 g2gmP2# j l

3@ 1
2 g1gnP1#mi@P2Da~z,z,Mh

2 ,fR!g2# lm ,

~8!

whereP̄6[g0P 6
† g0. In the last step the Dirac indices hav

been explicitly indicated. In the following, we will analyz
each contribution to Eq.~8! separately.

B. The quark-quark correlator F

The leading-twist projection of the quark-quark correla
F can be parametrized in terms of the well known distrib
tion functions@23,24#3

3Other common notations are f 1
a(x)5a(x), g1

a(x)
5Da(x), h1

a(x)5da(x),DTa(x) @4#.
2-3
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P1Fa~x,S!g15@ f 1
a~x!1lg1

a~x!g512h1
a~x!g5S” T#P1

5S f 1
a1lg1

a 0 0 ~Sx2 iSy!h1
a

0 0 0 0

0 0 0 0

~Sx1 iSy!h1
a 0 0 f 1

a2lg1
a

D ,

~9!

wherel5MS1/P1 is the light-cone helicity (P1F corre-
sponds to thepW T-integrated parametrization of Eq.~2! in Ref.
@6#!. It is possible to rewrite Eq.~9! in a more compact no
tation, namely in the chiral basis of the good quark fie
c6 R/L5P6PR/Lc, with PR/L5(16g5)/2 @24#,

@P1Fa~x,S!g1#x
18x1

5S f 1
a~x!1lg1

a~x! ~Sx2 iSy!h1
a~x!

~Sx1 iSy!h1
a~x! f 1

a~x!2lg1
a~x!

D . ~10!

Finally, it is useful to project out also the target helici
density matrixrLL8 by

@P1Fag1#x
18x1

5rLL8@P1Fag1#x
18x1

L8L
, ~11!

with

rLL85
1

2 S 11l Sx2 iSy

Sx1 iSy 12l
D , ~12!

@P1Fag1#x
18x1

L8L
5S f 1

a1g1
a 0 0 0

0 f 1
a2g1

a 2h1
a 0

0 2h1
a f 1

a2g1
a 0

0 0 0 f 1
a1g1

a

D .

~13!
09400
s

In Eq. ~13! the pair of indices (L,L8) identifies each com-
ponent of the 232 submatrices and indicates the spin st
of the target; they are attached to each correspond
nucleon leg in the diagram of Fig. 1~b!. The pair (x1 ,x18)
identifies each submatrix and indicates the parton chira
they are attached to the emerging quark legs in Fig. 1~b!.
Equation~13! satisfies general requirements, such as the
gular momentum conservation (x11L5x181L8), Hermi-
ticity, and parity invariance. The chiral transposed matrix
also positive semidefinite, from which the well known Soff
bound@25#, among others, is obtained:

f 1
a~x!>0, f 1

a~x!>ug1
a~x!u,

uh1
a~x!u< 1

2 @ f 1
a~x!1g1

a~x!#. ~14!

C. The quark-quark correlator D and positivity bounds

The most general parametrization of the quark-quark c
relatorD(k,Ph ,R) entering Eq.~7!, compatible with Hermi-
ticity and parity invariance, is@3#

D~k,Ph ,R!5MhC1I 1C2P” h1C3R” 1C4k”1
C5

Mh
smnPh

mkn

1
C6

Mh
smnRmkn1

C7

Mh
smnPh

mRn

1
C8

Mh
2
g5«mnrsgmPh nRrks , ~15!

where the amplitudesCi(k
2,k•Ph ,k•R,R2) are dimension-

less real scalar functions. By using Eqs.~15!,~7! the leading-
twist projection becomes
P2Da~z,z,Mh
2 ,fR!g25

1

8p S D1
a~z,z,Mh

2!1 iH 1
\a~z,z,Mh

2!
R” T

Mh
DP25

1

8p S 0 0 0 0

0 D1
a

ieifR
uRW Tu
Mh

H1
\a 0

0 2 ie2 ifR
uRW Tu
Mh

H1
\a D1

a 0

0 0 0 0

D ,

~16!
2-4
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where

D1~z,z,Mh
2!5

zp

4 E d2kWTdk2d~2k•Ph!

3dS kWT
21k21

Mh
2

z2
2

2k•Ph

z D
3FC21

z

2
C31

1

z
C4G , ~17!

H1
\~z,z,Mh

2!5
zp

4 E d2kWTdk2d~2k•Ph!

3dS kWT
21k21

Mh
2

z2
2

2k•Ph

z D
3F1

z
C62C7G . ~18!

The prefactors have been chosen to have a better conne
with the one-hadron results, i.e., after integrating overz,
he

he
SI

09400
ion

Mh
2 , andfR . In Eq. ~16!, P2D corresponds to the param

etrization of Eq.~3! in Ref. @6#.
The fragmentation functionH1

\ is chiral odd and repre-
sents a possible partner to isolate the transversity distribu
inside the cross section at leading twist@6#. Moreover, it is
also odd with respect to naive time-reversal transformati
~for brevity, T-odd! @3#. Noteworthy, it is the only example o
leading-twist T-odd function surviving the integration upo
the quark transverse momentumkWT . It would be interesting
to investigate it in order to understand what is the releva
of the transverse-momentum dependence in generating T
effects @26,27#. As a consequence, thekWT-integratedH1

\

could have simpler evolution equations than the ones of
Collins function. SinceH1

\ has the same operator structu
as the transversity, it has been suggested that it could h
the same evolution equations@28–30#. However, the situa-
tion is complicated by the presence of two hadrons@31#,4

except for the component ofH1
\ describing the production o

a spin-1 resonance~see Sec. III B!.
Again, in the chiral basis for the good light-cone comp

nents Eq.~16! is simplified to
@P2Da~z,z,Mh
2 ,fR!g2#x

28x2
5

1

8p S D1
a~z,z,Mh

2! ieifR
uRW Tu
Mh

H1
\a~z,z,Mh

2!

2 ie2 ifR
uRW Tu
Mh

H1
\a~z,z,Mh

2! D1
a~z,z,Mh

2!
D , ~19!
ictly
am-
where (x2 ,x28) are the quark chiralities to be attached to t
parton legs entering theD area in Fig. 1~b!.

The matrix in Eq. ~19! is positive semi-definite, from
which the following bounds can be derived:

D1
a~z,z,Mh

2!>0, D1
a~z,z,Mh

2!>
uRW Tu
Mh

uH1
\a~z,z,Mh

2!u.

~20!

D. Cross section and transverse spin asymmetry

Using the previous results, we can now rewrite t
leading-twist cross section for unpolarized two-hadron
DIS in the helicity basis. In fact, after inserting Eqs.~11! and
~19! inside Eq.~8!, the cross section in Eq.~4! becomes

d7s

dzdMh
2dfRdzdxdydfS

5(
a

rLL8~S!@P1Fa~x!g1#x
18x1

L8L S dseqa

dy D x1x18 ;x2x28

3@P2Da~z,z,Mh
2 ,fR!g2#x

28x2
~21!
-

where

S dseqa

dy D x1x18 ;x2x28

5
ea

2a2y

Q4
LmnS g2gm

2
P2D x1x2S g1gn

2
P1D x28x18

5
2ea

2a2

Q2y S A~y!1le

C~y!

2
0 0 2B~y!

0 0 0 0

0 0 0 0

2B~y! 0 0 A~y!2le

C~y!

2

D
~22!

represents the elementary electron-quark scattering. Str
speaking, this is not a scattering matrix, but a scattering

4We thank D. Boer for pointing out this detail.
2-5
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plitude times the conjugate of a different scattering am
tude @12#. However, for conciseness we follow the notati
of Ref. @2#. The polarization of the incident beam is indicat
with le and

A~y!512y1
y2

2
, B~y!512y, C~y!5y~22y!.

~23!

In Eq. ~22!, the indices (x1 ,x18) refer to the chiralities of the
entering quarks and identify each submatrix, while (x2 ,x28)
refer to the exiting quarks and point to the elements ins
each submatrix. By expanding the sum over repeated ind
in Eq. ~21!, we get the expression

d7s

dzdMh
2dfRdzdxdydfS

5(
a

ea
2 2a2

4pQ2y
H A~y! f 1

a~x!D1
a~z,z,Mh

2!

1lel
C~y!

2
g1

a~x!D1
a~z,z,Mh

2!

1B~y!
uSW TuuRW Tu

Mh
sin~fR1fS!h1

a~x!H1
\a~z,z,Mh

2!J .

~24!

For an unpolarized beam (le50, indicated withO) and a
transversely polarized target (l50, indicated withT), Eq.
~24! corresponds to Eq.~10! of Ref. @6# after integrating over
all transverse momenta. The following SSA can be built:

AOT
sin(fR1fS)

~y,x,z,Mh
2!

5

E dfSdfRdz sin~fR1fS!d7sOT

E dfSdfRdzd7sOO

5uSW Tu
B~y!

A~y!

(
a

ea
2h1

a~x!E dz
uRW Tu
2Mh

H1
\a~z,z,Mh

2!

(
a

ea
2f 1

a~x!E dzD1
a~z,z,Mh

2!

,

~25!

which allows us to isolate the transversityh1 at leading twist.
Apart from the usual variablesx, y, z, the only other vari-
able to be measured is the anglefR1fS . Instead of using
the scattering plane as a reference to measure azim
angles, it is sometimes convenient to use the directions o
beam and of the transverse component of the target spin.
new plane is rotated by the anglefS[2f l

S with respect to
the scattering plane; therefore, we havefR[fR

S2f l
S and

fR1fS[fR
S22f l

S @6#.
The asymmetry described in Eq.~25! is the most genera

one at leading twist for the case of two-hadron product
09400
-

e
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he
he

n

when an unpolarized lepton beam scatters off a transver
polarized target. No assumptions are made on the behavi
the fragmentation functions. However, as we shall see in
next section, it is useful and desirable to understand h
different partial waves contribute to the above fragmentat
functions.

III. PARTIAL-WAVE EXPANSION FOR THE
TWO-HADRON SYSTEM

If the invariant massMh of the two hadrons is not very
large, the pair can be assumed to be produced mainly in
relative s-wave channel, with a typical smooth distributio
or in the p-wave channel with a Breit-Wigner profile@32#.
Therefore, it is useful to expand Eq.~16!—or equivalently
Eq. ~19!—in relative partial waves keeping only the first tw
harmonics. To this purpose, in the following we reformula
the kinematics in the c.m. frame of the two-hadron syste
Then, the leading-twist projection for the quark-quark c
relatorD is conveniently expanded deducing a more detai
structure than Eq.~19!. A set of new bounds is derived an
the corresponding expression for the cross section is
cussed.

In the c.m. frame the emission of the two hadrons occ
back to back. The direction identified by this emission form
an angleu with the direction ofPh in the target rest frame
~see Fig. 3!. In this frame, the relevant variables become

Ph
m5FMh

A2
,

Mh

A2
, 0, 0G ,

Rm5FAM1
21uRW u22AM2

21uRW u222uRW ucosu

2A2
,

AM1
21uRW u22AM2

21uRW u212uRW ucosu

2A2
,

uRW usinu cosfR ,uRW usinu sinfRG ,

z5
2R2

Ph
2

5
1

Mh
~AM1

21uRW u22AM2
21uRW u222uRW ucosu!,

~26!

where

FIG. 3. The hadron pair in the c.m. frame;u is the c.m. polar
angle of the pair with respect to the direction ofPh in the target rest
frame.
2-6
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uRW u5
1

2Mh
AMh

222~M1
21M2

2!1~M1
22M2

2!2. ~27!

The crucial remark is that in this framez depends linearly on
cosu, i.e., z5a1b cosu, with a,b, functions only of the
invariant mass. This suggests that any function ofz can be
conveniently expanded in the basis of Legendre polynom
in cosu, as discussed in the following.

A. Partial-wave expansion of the quark-quark correlator D

and positivity bounds

We first express the leading-twist quark-quark correla
~16! in terms of the c.m. variables. The connection betwe
the two representations is defined as

D~z,cosu,Mh
2 ,fR![

2uRW u
Mh

D~z,z,Mh
2 ,fR!, ~28!

to take into account the Jacobian of the transformation,dz

52uRW u/Mhd cosu. Therefore

P2Da~z,cosu,Mh
2 ,fR!g2

5
2uRW u

8pMh
S D1

a
„z,z~cosu!,Mh

2
…

1 iH 1
\a

„z,z~cosu!,Mh
2
…

uRW u
Mh

sinun” fR
DP2 ,

~29!

wheren” fR
5@0,0,cosfR,sinfR#.

The fragmentation functions can be expanded in Legen
polynomials as

2uRW u
Mh

D1„z,z~cosu!,Mh
2
…5(

n
D1,n~z,Mh

2!Pn~cosu!,

2uRW u
Mh

H1
\
„z,z~cosu!,Mh

2
…5(

n
H1,n

\ ~z,Mh
2!Pn~cosu!,

~30!

with

D1,n~z,Mh
2!5E

21

1

d cosuPn~cosu!
2uRW u
Mh

D1„z,z~cosu!,Mh
2
…,
09400
ls

r
n

re

H1,n
\ ~z,Mh

2!5E
21

1

d cosuPn~cosu!
2uRW u
Mh

3H1
\
„z,z~cosu!,Mh

2
…. ~31!

We can truncate the expansion to the first three terms o
(n<2), which are the minimal set required to describe
the ‘‘polarization’’ states of the system in the c.m. frame f
relative partial waves withL50,1. In fact, for n50 (P0

51) the correponding term in the correlator does not dep
on u, it is ‘‘unpolarized.’’ For n51, a term linear in
cosu (P15cosu) describes the interference between an ‘‘u
polarized’’ hadron pair ins wave, for example on the left
hand side of Fig. 1~b!, and a ‘‘longitudinally polarized’’ pair
in p wave on the right-hand side. Whenever in the correla
we encounter a term linear in sinu, we will interpret it as the
interference between an ‘‘unpolarized’’ pair ins wave and a
‘‘transversely polarized’’ pair inp wave. Similarly, a term
proportional to sinu cosu indicates the interference betwee
‘‘longitudinally’’ and ‘‘transversely polarized’’ pairs always
in a relative p wave. The last case corresponds ton52,
which is interpreted as a ‘‘tensor polarization’’ still related
the intereference between pairs in a relativep wave. With
notations that are consistent with previous arguments,
correlator~29! is expanded as

P2D„z,z~cosu!,Mh
2 ,fR…g

2

;
1

8p
FD1,0~z,Mh

2!1D1,1~z,Mh
2!cosu

1D1,2~z,Mh
2!

1

2
~3 cos2u21!1 i @H1,0

\ ~z,Mh
2!

1H1,1
\ ~z,Mh

2!cosu#sinu
uRW u
Mh

n” fR
GP2

[
1

8p
FD1,OO~z,Mh

2!1D1,OL~z,Mh
2!cosu

1D1,LL~z,Mh
2!

1

4
~3 cos2u21!1 i @H1,OT

\ ~z,Mh
2!

1H1,LT
\ ~z,Mh

2!cosu#sinu
uRW u
Mh

n” fR
GP2 . ~32!

Consequently, the same correlator in the chiral basis
comes
2-7
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2 ,fR!g2#x

28x2
;

1

8p S D1,OO~z,Mh
2!1D1,OL~z,Mh

2!cosu ieifR
uRW u
Mh

sinu

1D1,LL~z,Mh
2! 1

4 ~3 cos2u21! 3@H1,OT
\ ~z,Mh

2!1H1,LT
\ ~z,Mh

2!cosu#

2 ie2 ifR
uRW u
Mh

sinu D1,OO~z,Mh
2!1D1,OL~z,Mh

2!cosu D .
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3@H1,OT
\ ~z,Mh

2!1H1,LT
\ ~z,Mh

2!cosu# 1D1,LL~z,Mh
2! 1

4 ~3 cos2u21!
~33!

It is useful to project out of Eq.~33! the information about the orbital angular momentum of the system, which is encod
the angular distribution of the hadron pair. In fact, forL<1 the decay matrix for the hadron pair is given by the followi
bilinear combination of spherical harmonics:

~34!

with L,L8<1 anduM (8)u<L (8). The upper left block corresponds toL5L850, i.e., to the system being in relatives wave. The
lower right block instead corresponds toL5L851, i.e., to the system being in relativep wave, including all the contributions
corresponding to differentM ,M 8 projections and their interferences. The off-diagonal blocks indicate, obviously, the int
ence between thes andp waves. Using the decay matrix, it is possible to represent the fragmentation in the basis of the
chirality and of the pair orbital angular momentum. In fact, Eq.~33! can be written as

@P2D~z,z,Mh
2 ,fR!g2#x

28x2
5@P2D~z,Mh

2!g2#M8Mx
28x2

L8L DMM8
LL8 ~u,fR!, ~35!

where

@P2D~z,Mh
2!g2#M8M x

28x2

L8L
5

1

8 S AM8M
L8L BM8M

L8L

~BM8M
L8L

!† AM8M
L8L D ~36!

and

~37!
094002-8
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The fragmentation matrix@P2D(z,Mh
2)g2#M8Mx

28x2

L8L
fulfills

all the fundamental properties, namely Hermiticity, parity
variance @33#, and angular momentum conservation (x28
1M5x21M 8). The imaginary entries in its off-diagona
submatrix are T-odd fragmentation functions. It is worth n
ticing that with the projection~35! we gained a further infor-
mation on the ‘‘unpolarized’’ state of the hadron pair. In fa
we see from the diagonal of Eq.~37! that the spherically
symmetric state in the c.m. frame receives contributio
from both the relatives and p waves, such that when pe
forming the matrix multiplication of Eq.~35! we get

D1,OO~z,Mh
2!5

1

4
D1,OO

s ~z,Mh
2!1

3

4
D1,OO

p ~z,Mh
2!. ~39!

However, in an actual cross section the two contributions
merged together and are kinematically indistinguishable,
less a specific hypothesis on the dependence upon the in
ant massMh is assumed for the two different partial wave
e.g., a resonant contribution for thep wave and a continuum
background for thes wave.

Finally, from the matrix~36! being positive semidefinite
the following bounds are derived:5

D1,OO
s >0, D1,OO

p >0,

2
3

2
D1,OO

p <D1,LL<3D1,OO
p ,

D1,OL<A3

4
D1,OO

s S D1,OO
p 1

2

3
D1,LLD<

3

2
D1,OO ,

uRW u
Mh

H1,OT
\ <A3

8
D1,OO

s S D1,OO
p 2

1

3
D1,LLD<

3

2
D1,OO ,

5Note that the bounds involving the purep-wave functions corre-
spond to those obtained in Ref.@34#.
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uRW u
Mh

H1,LT
\ <

3

2A2

3AS D1,OO
p 1

2

3
D1,LLD S D1,OO

p 2
1

3
D1,LLD

<
9

8
D1,OO . ~40!

B. Cross section and transverse spin asymmetries

Using Eq.~35! inside Eq.~21!, we can take advantage o
the full power of the analysis in the helicity formalism. I
fact, the cross section can be expanded in the density m
ces for the target helicity, for the chirality of the initial an
fragmenting quark, and for the relative orbital angular m
mentum of the leading hadron pair@2#. Inserting the corre-
sponding expressions~12!,~13!,~22!,~36!,~34!, we get

d7s

dzdMh
2dfRdzdxdydfS

5(
a

rLL8~S!@P1Fa~x!g1#x
18x1

L8L S dseqa

dy D x1x18 ;x2x28

3@P2D~z,Mh
2!g2#M8Mx

28x2

L8L DMM8
LL8 ~u,fR!

5(
a

ea
2 a2

2pQ2y
H FA~y! f 1

a~x!1lel
C~y!

2
g1

a~x!G
3FD1,OO

s 13D1,OO
p

4
1D1,OL cosu

1D1,LL

1

4
~3 cos2u21!G1B~y!

uSW TuuRW u
Mh

3sin~fR1fS!h1
a~x!

3sinu@H1,OT
\ 1H1,LT

\ cosu#J , ~41!

where all the fragmentation functions depend just
(z,Mh

2).
2-9
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Replacingl5le5uSW Tu50 in the previous equation, w
get the unpolarized cross sectiond7sOO . However, it is par-
ticularly interesting to consider the case for an unpolariz
beam and a transversely polarized target, i.e.,

d7sOT

dzdMh
2dfRdzdxdydfS

5(
a

ea
2 a2

2pQ2y
B~y!

uSW TuuRW u
Mh

sin~fR1fS!

3h1
a~x!sinu@H1,OT

\ 1H1,LT
\ cosu#, ~42!

because we can see that the transversityh1 can be matched
by two different chiral-odd, T-odd IFF: one (H1,OT

\ ) pertain-
ing to the interference betweens- and p-wave states of the
hadron pair, the other (H1,LT

\ ) pertaining to thep wave only.
The partial-wave analysis allows us for the first time to co
prehend different theoretical analyses in a unifying fram
work. In fact,H1,OT

\ corresponds to the hypothesis first fo
mulated in Ref.@2#, and later reconsidered in Ref.@6#, where
the necessary spin asymmetry is generated by the inte
ence between two channels describing two leading pion
the relatives and p waves, respectively. As a simple cros
check, taking Eq.~42! and integrating theu dependence
away yields

E
21

1

d cosu
d7sOT

d cosudMh
2dfRdfSdzdxdy

5E
21

1

d cosu
d7sOT

dzdMh
2dfRdfSdzdxdy

5(
a

ea
2 a2

4Q2y
B~y!

uSW TuuRW u
Mh

sin~fR1fS!

3h1
a~x!H1,OT

\ ~z,Mh
2!. ~43!

This asymmetry corresponds to the one studied in Ref.@2#,
although in that paper several assumptions were m
Firstly, the IFF was factorized in a part dependent only
the variablez, designated asdq̂I(z), and in a part containing
the Mh-dependentp-p phase shifts,A6 sind0 sind1 sin(d0
2d1). Secondly, the azimuthal angle of the target spin w
takenfS50, due to neglecting the scattering angle~see Fig.
2!. The azimuthal angle of the hadron pair defined in Ref.@2#
is f5p/22fR . It is worth noting that the peculiar behavio
in the invariant mass discussed in Ref.@2# relies on the as-
sumption that only thep-p rescattering can generate th
T-odd character of the IFF. It has been already shown, h
ever, that a different model with more general assumpti
leads to an unfactorized (z,Mh

2) dependence of the fragmen
tation function and to a completely different behavior of t
SSA @6#. Therefore, it is of great interest to experimenta
explore the production of two unpolarized hadrons, e.g.,
pions, in the relevant kinematic range, namely, with an
variant mass around ther resonance.
09400
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As for the function H1,LT
\ , it naturally links with the

analysis developed in the case of a spin-1 hadron fragm
tation@13#, because the two spinless hadrons, e.g., two pio
can be considered as the decay product of a spin-1 r
nance, e.g., ar particle. The T-odd IFF arise from the inte
ference between two different channels in the relativep
wave. To the purpose of isolating an asymmetry contain
the functionH1,LT

\ , we show that integrating Eq.~42! uponu
in a different range, namely in the interval@2p/2,p/2#,
yields

E
2p/2

p/2

dusinu
d7sOT

d cosudMh
2dfRdzdxdydfS

5E
2p/2

p/2

du sinu
d7sOT

dzdMh
2dfRdzdxdydfS

5(
a

ea
2 a2

4Q2y
B~y!

uSW TuuRW u
Mh

sin~fR1fS!h1
a~x!

3FH1,OT
\ ~z,Mh

2!1
4

3p
H1,LT

\ ~z,Mh
2!G , ~44!

where both kinds of IFF appear at leading twist and c
contribute to a SSA isolating the transversityh1. Although
spin-1 fragmentation functions have already been propo
in the past as possible chiral-odd partners for the transve
@10–13#, to our knowledge this is the first time that th
asymmetry where they occur is explicitly identified and
clear distinction from thes-p interference is made.

There are not yet quantitative model predictions
H1,LT

\ ; on the other hand, since thep-wave production of two
hadrons becomes significant only when it proceeds vi
spin-1 resonance, we can expect that the shape of this f
tion in the invariant mass corresponds to a Breit-Wign
curve peaked at the resonance mass. Moreover, it has
same features as a single-particle fragmentation function,
like H1,OT

\ : its evolution equations can be expected to
analogous to that of the transversity@28–30#; it does not
require a rescattering of the hadrons after they are produ
and its physical origin could have something in comm
with the one of the Collins function. However, it should b
noticed that in the case of the Collins function an essen
role is played by the partonic transverse momentum, wh
in the case ofH1,LT

\ is replaced by the relative transvers
momentum of the hadron pair. It would be interesting
elaborate on these topics since data for the electromagner
production and decay are already available in the diffract
regime@35–37#, and they could be available in the DIS re
gime as well in the near future.

IV. EXPLICIT DEPENDENCE ON THE TRANSVERSE
MOMENTA

For the sake of completeness, in this section we ext
the previous results to the case where the transverse
menta are not integrated away. In this case, the cross se
is ninefold and reads
2-10
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d9s

dzdMh
2dfRdzdPW h'dxdydfS

5(
a

a2yea
2

32zQ4
Lmn2MWa

mn .

~45!

The hadronic tensor takes the form

2MWa
mn532zI†Tr@Fa~x,pW T ,S!

3gmDa~z,kWT ,z,Mh
2 ,fR!gn#‡, ~46!

where we introduced the shorthand notation

I@ f #[E dpW TdkWTd~pW T2PW h' /z2kWT!@ f #, ~47!

and where the transverse-momentum-dependent correl
functions are

Fa~x,pW T ,S!5E dp2Fa~p;P,S!up15xP1, ~48!

Da~z,kWT ,z,Mh
2 ,fR!5

1

32zE dk1Da~k;Ph ,R!uk25P
h
2/z .

~49!
t
t

a

09400
ion

The leading-twist projection ofWmn proceeds in an analo
gous way to Eq.~8!; we usually have@22#

P1Fa~x,pW T ,S!g15H f 1
a~x,pW T

2!1
eTrsST

rpT
s

M
f 1T
'a~x,pW T

2!

1 ih1
'a~x,pW T

2!
p” T

M

1Flg1L
a ~x,pW T

2!1
pW T•SW T

M
g1T

a ~x,pW T
2!Gg5

1Flh1L
'a~x,pW T

2!1
pW T•SW T

M
h1T

'a~x,pW T
2!G

3g5

p” T

M
1h1T

a ~x,pW T
2!g5S” TJ , ~50!

whereeT
mn5e21mn. Equation~50! corresponds to Eq.~2! of

Ref. @6#. Again, similarly to Eq.~11! and the following equa-
tions, we project out the density matrix of the target helic
so that Eq.~50! in the basis of quark chirality and targe
helicity becomes
@P1Fag1#x
18x1

L8L

51
f 1

a1g1L
a upW Tu

M
e2 ifp~g1T

a 1 i f 1T
'a!

upW Tu
M

e2 ifp~h1L
'a1 ih1

'a!
upW Tu2

M2
e22ifph1T

'a

upW Tu
M

eifp~g1T
a 2 i f 1T

'a! f 1
a2g1L

a 2h1
a

2
upW Tu
M

e2 ifp ~h1L
'a2 ih1

'a!

upW Tu
M

eifp~h1L
'a2 ih1

'a! 2h1
a f 1

a2g1L
a

2
upW Tu
M

e2 ifp~g1T
a 2 i f 1T

'a!

upW Tu2

M2
e2ifph1T

'a
2

upW Tu
M

eifp~h1L
'a1 ih1

'a! 2
upW Tu
M

eifp~g1T
a 1 i f 1T

'a! f 1
a1g1L

a

2 , ~51!
ed

e,
can

r-
wherefp is the azimuthal angle ofpW T . The matrix is Her-
mitian, respects parity invariance and conservation of to
angular momentum. Introducing the dependence upon
quark transverse momentumpW T modifies the conditions for
angular momentum and parity conservation, which now re
respectively,

L181x181 l pT
5L11x1 ,

@P1Fg1#x
18x1

L8L
5~21! l pT@P1Fg1#

2x12x
18

2L82L U
l pT

→2 l pT

,

~52!
al
he

d,

wherel pT
denotes the units of angular momentum introduc

by pW T . The chiral transposed matrix is still positive definit
so that the bounds on the various distribution functions
be obtained@24#.

The leading-twist projection of the fragmenting quark co
relator is

P2Da~z,kWT ,z,Mh
2 ,fR!g2

5
1

8p S D1
a~z,z,Mh

2,kWT
2,kWT•RW T!

1 iH̄ 1
\a~z,z,Mh

2,kWT
2,kWT•RW T!

R” T

Mh
2-11
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1 iH 1
'a~z,z,Mh

2 ,kWT
2 ,kWT•RW T!

k”T

Mh

1G1
'a~z,z,Mh

2,kWT
2 ,kWT•RW T!

eT
mnRTmkTn

Mh
2

g5DP2 , ~53!

where the actual dependence of the fragmentation funct
is the most general one possible@3#. In Eq. ~53! P2Da cor-
ss

09400
ns

responds to Eq.~3! of Ref. @6#. New functions appear:G1
' is

chiral even but T-odd,H1
' is chiral odd and T-odd and rep

resents the analogue of the Collins effect for a two-had

emission@3#. Upon integration overdkWT , G1
' vanishes and

the surviving parts ofH̄1
\ and H1

' merge into the function
H1

\ of Eq. ~16! keeping the sameR” T /Mh structure. In the
chiral basis of the fragmenting quark, Eq.~53! becomes
@P2Da~z,kWT ,z,Mh
2 ,fR!g2#x

28x2
5

1

8p S D1
a1

eT
mnRTmkTn

Mh
2

G1
'a

i S eifR
uRW Tu
Mh

H̄1
\a1eifk

ukWTu
Mh

H1
'aD

2 i S e2 ifR
uRW Tu
Mh

H̄1
\a1e2 ifk

ukWTu
Mh

H1
'aD D1

a2
eT

mnRTmkTn

Mh
2

G1
'a D .

~54!
ns
ir.
-

e

The following bounds are derived:

ueT
mnRTmkTnu

Mh
2

uG1
'au<D1

a ,

uRW Tu2

Mh
2 ~H̄1

\a!21
ukWTu2

Mh
2 ~H1

'a!21
2kWT•RW T

Mh
2

H̄1
\aH1

'a

<~D1
a!22

ueT
mnRTmkTnu2

Mh
4

uG1
'au2. ~55!

Expanding the cross section of Eq.~45! along the same
lines leading to Eq.~21!, we have

d9s

dzdMh
2dfRdPW h'dzdxdydfS

5(
a

rLL8~S!IF @P1Fa~x,pW T!g1#x
18x1

L8L

3S dseqa

dy D x1x18;x2x28

@P2Da~z,kWT,z,Mh
2,fR!g2#x

28x2
G ,

~56!

where @P1Fag1# and @P2Dag2# are given by Eqs.~51!
and ~54!, respectively. The complete formula for the cro
section is given in Appendix A.
V. PARTIAL-WAVE EXPANSION WITH TRANSVERSE
MOMENTA

It is again useful to expand all the fragmentation functio
of Eq. ~53! in the relative partial waves of the hadron pa
The dependence onkWT•RW T makes the expansion more in
volved:

D15D1,OO1D1,OL cosu1D1,LL

1

4
~3 cos2u21!

1cos~fk2fR!sinu~D1,OT1D1,LT cosu!

1cos~2fk22fR!sin2uD1,TT ,

G1
'5G1,OT

' 1G1,LT
' cosu1cos~fk2fR!sinuG1,TT

' ,

H̄1
\5H̄1,OT

\ 1H̄1,LT
\ cosu

12 cos~2fk22fR!sinuH̄1,TT
\ ,

H1
'5H1,OO

' 1H1,OL
' cosu1H1,LL

'
1

4
~3 cos2u21!

12 cos~fk2fR!sinu~H1,OT
' 1H1,LT

' cosu!

12 cos~2fk22fR!sin2uH1,TT
'

2sin2u
uRW u

ukWTu
H1,TT

\ , ~57!

where all the functions depend on (z,kWT
2 ,Mh

2). Then, simi-
larly to Eq. ~35!, Eq. ~54! can be further expanded in th
basis of the pair orbital angular momentum as
2-12
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@P2D~z,kWT ,z,Mh
2 ,fR!g2#x

28x2

5@P2D~z,kWT
2 ,Mh

2!g2#M8Mx
28x2

L8L DMM8
LL8 ~u,fk ,fR!.

~58!

The full expression of@P2D(z,kWT
2 ,Mh

2)g2# is shown in Ap-
pendix B. The fully expanded differential cross section in t
helicity basis of target, initial and final quark, as well as
the basis of orbital angular momentum of the hadron pai
then

d9s

dzdMh
2dfRdPW h'dzdxdydfS

5(
a

rLL8~S!

3IF @P1Fa~x,pW T!g1#x
18x1

L8L S dseqa

dy D x1x18;x2x28

3@P2Da~z,kWT,z,Mh
2,fR!g2#M8Mx

28x2

L8L G
3DMM8

LL8 ~u,fR!. ~59!

Its explicit expression is presented in Appendix C. The p
p-wave sector corresponds to the cross section for the
duction of a polarized spin-1 hadron and has already b
fully studied in Refs.@13,38#. For the sake of completenes
we show it in Appendix C together with the formulas for th
pures ands-p interference sectors.

VI. CONCLUSIONS

In this paper we have reconsidered the option of extra
ing the transversity distributionh1 at leading twist by using
the analyzing power of the interference fragmentation fu
tions ~IFF! into two leading unpolarized hadrons inside t
same current jet. As already shown in Ref.@6# for the process
ep↑→e8h1h2X ~and similarly, but not fully exploited, for the
fragmentation into spin-1 hadrons@10–13#!, the transversity
distribution enters a single-spin asymmetry in the azimut
anglefR of the hadron pair plane. The effect survives af
the integration upon the transverse component ofPh5P1
1P2; therefore, no transverse-momentum-dependent fu
tion is required. In principle, this is a clear advantage w
respect to the Collins effect. However, more sophistica
calculations than the ones in Ref.@6# are needed to get
realistic estimate of the size of this asymmetry at the exp
mental scale. At present, it is not yet possible to judge wh
one between the IFF and the Collins function is better su
to extracth1.

Here, we have reanalyzed the whole problem in the he
09400
e

is

e
o-
n

t-

-

l
r

c-

d

i-
h
d

-

ity formalism by further expanding the IFF in the basis of t
relative orbital angular momentum in the c.m. frame of t
hadron pair. New positivity bounds have been derived. If
invariant mass of the pair is not large, the expansion can
limited to the first two modes, namely the relatives and p
waves.

Off-diagonal elements in the chirality and in the orbit
angular momentumL represent the IFF of Refs.@2# and@6#,
where the interference arises from the hadron pair being
state with eithers or p relative wave. Elements in theL
5L851 sector correspond to the analysis of spin-1 had
fragmentation@13#. Therefore, the present formalism repr
sents a unifying framework for the problem of fragmentati
into two unpolarized hadrons and can be used to corre
and exhaustively discuss the extraction of transversity fr
two-hadron leptoproduction.

In fact, after calculating the complete leading-twist cro
section, we have identified a single spin asymmetry conta
ing two distinct chiral-odd partners of the transversity. B
integrating the asymmetry over different ranges of the c
polar angle of the hadron pair, the transversityh1 can be
extracted through the chiral-odd, T-odd fragmentationH1,OT

\

~corresponding to thes-p interference of Ref.@2#! or through
the chiral-odd, T-odd fragmentationH1,LT

\ ~corresponding to
the p-p interference!. This second option has been often n
glected in the literature, despite the fact that the two fu
tions have, in principle, a different dependence on the inv
ant mass and a different physical origin.

In conclusion, we believe that the fragmentation into tw
leading unpolarized hadrons can be a promising tool to m
sure the transversity distribution, as well as to achieve furt
comprehension of the hadronization mechanism.
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APPENDIX A

In this appendix we write explicitly the cross section f
two-hadron leptoproduction at leading order in 1/Q and with
the inclusion of partonic transverse momenta. Moreover,
include also T-odd distribution functions, since recently the
have been some indications that they are not forbidden
time invariance@26,39,27#. To simplify the notation, we in-
troduce the projectionaW T`bW T5aieT

i j bj . Inserting in Eq.~45!
the formulas for the target helicity density matrix, Eq.~12!,
for the distribution correlation matrix, Eq.~51!, for the el-
ementary scattering matrix, Eq.~22!, and the two-hadron
fragmentation matrix, Eq.~54!, we obtain the following re-
sult:
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In the case ofd9sOT , i.e., for an unpolarized beam and a transversely polarized target, the full expression of the cross
corresponds to the one in Eq.~10! of Ref. @6#, apart for a different overall factor, due to slightly different definitions of t
hadron tensor and of the fragmentation functions, and the use ofMh instead ofM1 (M2) in the denominators, due to
different definition of the expansion~15!.

APPENDIX B

The full expression of@P2D(z,kWT
2 ,Mh

2)g2#M8Mx
28x2

L8L
in Eq. ~58! is
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L8L BM8M
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!† CM8M
L8L D , ~B1!

where

~B2!

~B3!

andf[fk2fR . The matrix~B1! respects Hermiticity, angular momentum conservation, and parity invariance. Due
explicit dependence upon the transverse momentumkWT , the conditions for angular momentum and parity conservation re

M1x285M 81x21 l kT
,

@P2Dg2#M8Mx
28x2

L8L
5~21! l kT@P2Dg2#

2M82M2x
282x2

L8L
, ~B4!
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wherel kT
denotes the units of angular momentum introduc

by kWT . From the last constraint it is possible to derive t

lower right block, i.e.,CM8M
L8L

5(21)l kT A2M82M
L8L .

Again, as in the case of Eq.~39!, we have

H1,OO~z,kWT
2 ,Mh

2!5
1

4
H1,OO

's ~z,kWT
2 ,Mh

2!1
3

4
H1,OO

'p ~z,kWT
2 ,Mh

2!

~B5!

and the functionsH1,OO
's ,H1,OO

'p are kinematically indistin-
guishable unless some hypothesis is made on theirMh

2 de-
pendence. TheL5L851 sector of Eqs.~B2!,~B3! has been
studied in the case of spin-1 fragmentation@13#. The inter-
ference (L50,L851) sector has never been analyzed in t
form, namely, including the explicit dependence onkWT . Fi-

nally, from @P2Dg2#M8M x
28x2

L8L
being positive semidefinite, i

is possible to derive bounds on each of the displayed fr
mentation functions.
09400
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APPENDIX C:

In this appendix we explicitly present the complete cro
section for the production of two unpolarized hadrons
relative s and p waves, at leading order in 1/Q, including
transverse momenta and T-odd distribution and fragme
tion functions.

The cross section is obtained by replacing
Eqs.~12!,~51!,~22!,~B1!,~34! in Eq. ~59!. It is convenient

to introduce the following combination of fragmentatio
functions:

H1,OT
\ 5H̄1,OT

\ 1
ukWTu

uRW u
H1,OT

' , ~C1!

H1,LT
\ 5H̄1,LT

\ 1
ukWTu

uRW u
H1,LT

' , ~C2!

H1,TT
\ 5H̄1,TT

\ 1
ukWTu

uRW u
H1,TT

' . ~C3!
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2. Polarized lepton beam and unpolarized target
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3. Unpolarized lepton beam and longitudinally polarized target
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4. Polarized lepton beam and longitudinally polarized target
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5. Unpolarized lepton beam and transversely polarized target

We have
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2

2Mh
2

h1S 2
Mh

ukWTu
H1,LT

' D G
2sin2u sin~3fh22fR1fS!IF4~kWT• P̂h'!323kWT

2~kWT• P̂h'!

2Mh
3

h1S 2
2Mh

2

ukWTu2
H1,TT

' D G
1cos 2fhIF2~pW T• P̂h'!~kWT• P̂h'!2pW T•kWT

MMh
h1T

' S 1

4
H1,OO

's 1
3

4
H1,OO

'p D G1
1

3
~3 cos2u21!sin~3fh2fS!
094002-18



in Refs.

PARTIAL-WAVE ANALYSIS OF TWO-HADRON . . . PHYSICAL REVIEW D67, 094002 ~2003!
3IF4~pW T• P̂h'!2~kWT• P̂h'!22~pW T• P̂h'!~pW T•kWT!2pW T
2~kWT• P̂h'!

2M2Mh

h1T
' S 3

4
H1,LL

' D G2sinu sin~2fh1fR2fS!

3IF2~pW T• P̂h'!22pW T
2

2M2
h1T

' S 2
uRW u
Mh

H1,OT
\ D G2sin 2u sin~2fh1fR2fS!IF2~pW T• P̂h'!22pW T

2

2M2
h1T

' S 2
uRW u

2Mh
H1,LT

\ D G
2sin2u sin~fh12fR2fS!IF2~pW T•kWT!~pW T• P̂h'!2~kWT• P̂h'!pW T

2

2M2Mh

h1T
' S 2

uRW u

ukWTu
H1,TT

\ D G1sinu sin~4fh2fR2fS!

3IF S kWT
2@2~pW T• P̂h'!22pW T

2#

4M2Mh
2

22~kWT• P̂h'!
4~pW T• P̂h'!2~kWT• P̂h'!22~pW T• P̂h'!~pW T•kWT!2pW T

2~kWT• P̂h'!

4M2Mh
2 D

3h1T
' S 2

2Mh

ukWTu
H1,OT

' D G1sin 2u sin~4fh2fR2fS!IF S kWT
2@2~pW T• P̂h'!22pW T

2#

4M2Mh
2

22~kWT• P̂h'!

3
4~pW T• P̂h'!2~kWT• P̂h'!22~pW T• P̂h'!~pW T•kWT!2pW T

2~kWT• P̂h'!

4M2Mh
2 D h1T

' S 2
Mh

ukWTu
H1,LT

' D G1sin2u sin~5fh22fR2fS!

3IF S 2kWT
2~kWT• P̂h'!@2~pW T• P̂h'!22pW T

2#

4M2Mh
3

1@kWT
224~kWT• P̂h'!2#

3
4~pW T• P̂h'!2~kWT• P̂h'!22~pW T• P̂h'!~pW T•kWT!2pW T

2~kWT• P̂h'!

4M2Mh
3 D h1T

' S 2
2Mh

2

ukWTu2
H1,TT

' D G J . ~C8!

6. Polarized lepton beam and transversely polarized target

We have

d9sLT5(
a

a2ea
2

2psxy2
leuSW TuC~y!H cos~fh2fS!IFpW T• P̂h'

M
g1TS 1

4
D1,OO

s 1
3

4
D1,OO

p D G1
1

3
~3 cos2u21!cos~fh2fS!

3IFpW T• P̂h'

M
g1TS 3

4
D1,LLD G2sin 2u cos~fR2fS!IF ~pW T•kWT!

2MMh
g1TS 2

Mh

2ukWTu
D1,LTD G2sin 2u cos~2fh2fR2fS!

3IF2~pW T• P̂h'!~kWT• P̂h'!2pW T•kWT

2MMh
g1TS 2

Mh

2ukWTu
D1,LTD G2sin2u cos~fh22fR1fS!

3IF2~kWT• P̂h'!~pW T•kWT!2kWT
2~pW T• P̂h'!

2MMh
2

g1T S 2
Mh

2

ukWTu2
D1,TTD G2sin2u cos~3fh22fR2fS!

3IF S 4~kWT• P̂h'!2~pW T• P̂h'!22~kWT• P̂h'!~pW T•kWT!

2MMh
2

2
kWT

2~pW T• P̂h'!

2MMh
2 D g1TS 2

Mh
2

ukWTu2
D1,TTD G2sin 2u cos~fR2fS!

3IF ~pW T•kWT!

2MMh
f 1T
' S uRW u

2Mh
G1,LT

' D G1sin 2u cos~2fh2fR2fS!IF2~pW T• P̂h'!~kWT• P̂h'!2pW T•kWT

2MMh
f 1T
' S uRW u

2Mh
G1,LT

' D G
2sin2u cos~fh22fR1fS!IF2~kWT• P̂h'!~pW T•kWT!2kWT

2~pW T• P̂h'!

2MMh
2

f 1T
' S uRW u

2ukWTu
G1,TT

' D G1sin2u cos~3fh22fR2fS!

3IF S 4~kWT• P̂h'!2~pW T• P̂h'!22~kWT• P̂h'!~pW T•kWT!

2MMh
2

2
kWT

2~pW T• P̂h'!

2MMh
2 D f 1T

' S uRW u

2ukWTu
G1,TT

' D G J . ~C9!

The purep-wave sector of the previous cross sections corresponds to the results of spin-1 production presented
@13,38#, once we apply the following identifications:
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3

4
D1,OO

p 5D1 ,
3

4
D1,LL5D1LL , 2

Mh

2ukWTu
D1,LT5D1LT , 2

Mh
2

ukWTu2
D1,TT5D1TT ,

uRW u
2Mh

G1,LT
' 5G1LT ,

uRW u

2ukWTu
G1,TT

' 5G1TT ,
3

4
H1,OO

'p 5H1
' ,

3

4
H1,LL

' 5H1LL
' , ~C10!

2
uRW u

2Mh
H1,LT

\ 5H1LT , 2
Mh

ukWTu
H1,LT

' 5H1LT
' , 2

uRW u

ukWTu
H1,TT

\ 5H1TT , 2
2Mh

2

ukWTu2
H1,TT

' 5H1TT
' .

Note, however, that while the functions on the left-hand side contain a dependence onz as well as on the invariant massMh
2 ,

the functions on the right-hand side depend only onz: it is required to assume that the spin-1 functions behave as reson
~Breit-Wigner shapes! in the invariant mass.
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