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Two-hadron interference fragmentation functions. I. General framework
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We investigate the properties of interference fragmentation functions that can be extracted from the distri-
bution of two hadrons produced in the same jet in the current fragmentation region of a hard process. We
discuss the azimuthal angular dependences in the leading order cross section of two-hadron inclusive lepton-
nucleon scattering as an example of how these interference fragmentation functions can be addressed
separately.

PACS numbds): 13.60.Hb, 13.87.Fh

[. INTRODUCTION to be a useful tool for classifying the various classes of DF.

Although since the event of quantum chromodynamics wen particular, “T odd” DF can describe also a polarization of
do have a renormalizable quantum field theory at hand tguarks inside unpolarized hadrons.
describe the interaction of quarks and gluons, we still have to Information on hadronic structure, complementary to the
face the fact that there is no rigorous analytical explanatiorone given by the DF, is contained in quark fragmentation
for the confinement of those partons in hadrons. For the infunctions (FF) describing the process of hadronization. To
vestigation of the properties of hadron structure we mainlyleading order, those functions give the probabilities to find
rely on the information extracted from experimental data orhadrons in a quark. Experimentally known for some species
hard scattering processes in the form of distribution and fragef hadrons is onlyD,, the leading spin-independent FF,
mentation functions, which can be compared to the predicwhich is the direct analogue ¢f. The basic reason for such
tions of different models. A complete calculation of thesea poor knowledge is related to the difficulty of measuring
objects from first principles, such as, for instance, in latticemore exclusive channels in hard proces¢ssch as, e.g.,
gauge theory, is not yet available. semi-inclusive DI$ and/or collecting data sensitive to spe-

There are three fundamental quark distribution functionsific degrees of freedom of the resulting hadrdmansverse
(DF) contributing to a hard process at leading order in anmomenta, polarization, ejc.However, a new generation of
expansion in powers of the hard scdle the momentum experiments[including both ongoing measurements like
distribution f,, the longitudinal spin distributiog,, and the HERMES and future projects such as COMPASS or experi-
transversity distributiorh;. Whereasf, andg, are experi- ments at the BNL Relativistic Heavy lon Collidé@RHIC) or
mentally rather well measured, presently the transversity disELFE] will have a better ability in identifying final states and
tribution h; is still completely unknown. The reason is that it will allow for the determination of more subtle effects. In
is a chiral-odd object and needs to be combined with dact, when partially releasing the summation over final states
chiral-odd partner to form #chiral-even cross section. As several FF become addressable which are often related to
such, it is not measurable, for instance, in totally inclusivegenuine effects due to final state interactigRSI) between
deep inelastic scatterin@!S) [1]. Together the three funda- the produced hadron and the remnants of the fragmenting
mental DF characterize the state of quarks in the nucleoquark[2]. In this context, again time-reversal invariance still
with regard to the longitudinal momentum and to its spin toholds but “T odd” FF naturally arise because the existence
leading power inQ. The inclusion of effects related to the of FSI prevents constraints from time-reversal invariance to
transverse momentum of quarks inside the nucleon, and/or fee applied to the hadronization proc¢8s3]. The usefulness
subleading orders i, results in a larger number of OR]. of such an investigation can be demonstrated by considering
In particular, so called naive time-reversal odor the sake the so-called Collins effe¢tlO], where a specific asymmetry
of brevity “T odd”) DF arise, where naive time-reversal measurement in the leptoproduction of an unpolarized had-
transformations are defined as time-reversal transformatiorron from a transversely polarized target gives acceds; to
modulo interchanging initial and final statg8,4]. Because through the chiral-odd T odd” fragmentation functiomHy ,
of, e.g., soft initial-state interactior}§], or chiral symmetry  which describes the probability for a transversely polarized
breaking [6], or so-called gluonic poles attributed to quark to fragment into an unpolarized hadron.
asymptotic(large distancegluon fields[7,8], the symmetry The presence of FSI allows that in the fragmentation pro-
constraints dictated by the true time-reversal invariance carcess there are at least two competing channels interfering
not be applied and those naivd ‘odd” DF may be nonva- through a nonvanishing phase. However, as it will be clear in
nishing. Evidently, DF are not physical observables andSec. Il, this is not enough to generat& 6dd” FF. A genu-
moreover, “naive time-reversal” symmetry is not a funda- ine difference in the Lorentz structure of the vertices describ-
mental law of nature. However, this transformation turns ouing the fragmentation processes is needed. This poses a se-
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rious difficulty in modeling the quark fragmentation into one
observed hadron because it requires the ability of modeling
the FSI between the hadron itself and the rest of the jet,
unless one accepts to give up the concept of factorization.
Moreover, it was even argued that in this situation summing
over all the possible final states could average out any effect K
[11].

Therefore, in this article we will discuss a specific situa- Sj\f\,
tion in the hadronization of a current quark, namely the one
where two hadrons are observed within the same jet and their p
momenta are determined. By interference of different pro-

P

duction channels FF emerge which ar€é t6dd,” and can be
both chiral even or chiral odd.

For the case of the two hadrons being a pair of pions the
resulting FF have been proposed as a tool to investigate the FIG. 1. Amplitude for a one-hadron semi-inclusive DIS with
transverse spin dependence of fragmentation. Collins an_@pssmle residual interactions in the final state of the detected lead-
Ladinsky [12] considered the interference of a scalar resoind hadron.
nance with the channel of independent successive two pion . ,
production. Jaffe, Jin and Tar{d1] proposed the interfer- rc_)undmgs. In Fig. 1 three symbols represent the three pos-
ence ofs- and p-wave production channels, where the rel- Sible 'cla_sses of model; that coul_d describe the_m. The dark
evant phase shifts are essentially known. In the forthcomin?r:Ob indicates mechanisniat leading or subleading order
paper[13], we will adopt an extended version of the specta-1'at break the factorization hypothesis. The light blob repre-
tor model used in Ref14] and will estimate the FF in the sents interactions with the residual fragments. It is clear that

case of the pair being a proton and a pion produced eithetpis second class requires non-trivial microscopic modifica-

through non-resonant channels or through the R¢pa#0 tions o]‘_the hadron wave funct!on, in_ other \(vords it requires
MeV) resonance. the ability of modeling the residual interaction between the

utgoing hadron and the rest of the jet in a way that cannot
e effectively reabsorbed in the vertex connecting the hard

D }

This paper is organized as follows. In Sec. Il the genera

conditions for generating T odd” FF in semi-inclusive DIS .
g g gnd the soft part. Moreover, it was also arglizdl] that the

are considered which lead naturally to select the two-hadro ) .
semi-inclusive DIS as the simplest case for modelling a comf&duired sum over all possible states of the fragments could

plete scenario for the fragmentation process. In Sec. lll, F,_avirﬁger;thgse FSbI leffethstUtr'] dqii iqinating f h
are defined for the two-hadron semi-inclusive DIS as projec- e third symbol, the das E Ine orlg_|nat||ng ro;n tde
tions of a proper quark-quark correlation and some relevargPace-time poink, represents the most naive class of mod-
kinematics is discussed. In Sec. IV we give a general methof!S: Where FSI are simply described by an averaged external

to determine all independent leading order two-hadron FFpotentiaI. .Despite its simplistig apprpach, this point (.Jf view
and discuss their symmetry properties. As an example wRoses serious mathematical difficulties, because the introduc-

demonstrate in Sec. V that asymmetry measurements in twadlon of a potential in principle breaks the translational and

hadron inclusive lepton-nucleon scattering allow for the isoJotational invariance of the problem. One could introduce

lation of the “T odd” FF making use of the angular depen- further assumptions about the symmetry properties of the

dences in the leading order cross section. A brief summargc’temial to keep these features, but at the price of loosing
and conclusions are given in Sec. VI. ny contribution to the T odd” structure of the amplitude,

as it will be clear in the following.
As a pedagogical example, let us consider the oversimpli-
Il. WHY A FRAGMENTATION INTO TWO HADRONS? fied and unrealistic situation where the detected hadron with

. . . .massM, and ener is not polarized and does not interact
Let us consider the situation of a one-hadron semi- n 9¥n b

. . ; _ with the rest of the jet; therefore, it is described by the free
inclusive DIS, where a quark with momentymand carrying wave function

a fractionx of the target momentur® absorbs a hard photon

with momentumg and then hadronizes into a jet which con- M, .

tains a leading hadron with momentuRy, eventually de- ¢ph(x)= \/E—e'Ph"‘u(Ph),
tected(Fig. 1). The soft parts that link the initial hard quark

p to the target and the final hard quakkto the detected : : :

hadronPy, indicate the distribution probability of the quark \évgirf)uriggsls the free Dirac spinor. In momentum space
itself inside the target and the transition probability for its

@

hadronization, respectively. They are described by the func- 1

tions ®(p;P,S) andA(k;P;,,S;,), that may depend also on e (p)= f d*pe P Xyp (X)

the initial and final spin vectorS, S, and contain a sum over " (2m)* "

all possible residual hadronic statesymbolized by the ver-

tical dashed lines in Fig.)1 ' = \/—28(P,—p)u(P;). )
The soft leading hadron can undergo FSI with the sur- En
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P . P two constraints give#,=0 in agreement with the previous
h . h 4
/‘:‘ .x..

. result deduced just by simple algebra arguments.

7 . This result holds true if in Eq2) complex momenta are
[9_9__9_’] considered as a simple way to incorporate FSI, as discussed
in Ref.[16]. All this amounts to describe the hadron wave
kT + A (k; Ph ’ Sh) “ k function as a plane wave damped uniformly in space through
the imaginary part oPy, . The related symmetric potential, or
FIG. 2. Quark-quark correlation functiah for the fragmenta- alternatively the underlying Dirac s.tructure of free spinor
tion of a quark into a hadron. A simple model assumption for theassumed for the_ hadron WaV? functlop, do not generdte “
hadronization process is also indicated. odd” structures in the scattering amplitude. _
Let us now allow FSI to proceed through a competing
The jet itself is replaced by a spectator system which, agaifhannel having a different spinor structure with respect to the
for sake of simplicity, is assumed to be a structureless onfr€ channel. This example could be cast in the class repre-
shell scalar diquark with madd, and momentunk— P, in  Sented by the light blob of Fig. 1. As a simple test case, we
order to preserve momentum conservation at the vertex. ARssume for the final hadron spinor the following replace-
this amounts to describe the remnants of the fragmentatiof*ent:
process with a simple propagator liné(k— P;)>—M?3) for
the point-like on-shell scalar diquaks— P,,. Then, ignoring
the inessentiab functions, the functiomd(k;P,S,=0) of  where ¢ is the relative phase between the two channels.
Fig. 2 becomes Inserting this back into Eq(3) modifies theA(k;Py,S;,
=0) function according to

u(Pp)—u(Pp)+e'’ku(Py), (6)

A(k;Ph,Sh=0)~k_mU(Ph)U(Ph)k_m A(K;Ppy,Sy=0)=[A;(K?+ 1)+ B;cosé M,
K2 4
K _— ke 5 +Ax(1-k*)P,+[As+Bs+Bgcosglk
= S\ h) s 5 B,sin
k?—m? k?—m? + 2SN L e, @

My
where in the second line the usual projector for two free ) _
fermion spinors has been used. Equati8ncan be cast in Where the new amplitudes; are given by
the following linear combination of all the independent Dirac

ity i i 1 2
structures of the process allowed by parity invariajics 2], Bi= — | amiR+——k- Pp(k2+m?) |,
A (k?2—m?)? My,
A(k, Ph ,Shzo):AlM h+A2Ph+A3k+M_‘;O-,u.VPthkV!
(4) By= ————(2Mmke+2m?k-P;),
3 (k2—m2)2( h h)
where the amplituded; are given by
1
r_ 2 2
1 m B3—ﬁ[2Mh(k +m )+4mk-Ph],

A= —————| K2+ m?+2k-P,—|, (k*=m?)

Y (Ke—m?)? "M,

L @)

Ae — 1 4 k2_ m2 '

2 K—m?2’

The coefficient of the tensor structues,, is now not van-
2(Py-k+Mym) ishing provided that the interference between the two chan-
3:¥, nels, namely the phasé, is not vanishing. Time-reversal
(k>—m?)? invariance is valid but does not lead to a specific constraint,
such asB} = —B,, because the final hadron spinéy is not

A,=0. (5  equal to the initial free one. In this case, & ‘6dd” contri-

bution, B,, arises and is maximal fap= /2.

The functionA(k; Py, ,S,=0) must meet the applicable con-  These simple arguments show that, in order to model “
straints dictated by Hermiticity of fields and invariance underodd” FF in one-hadron semi-inclusive processes without
time-reversal operations. Hermiticity implies that Allam-  giving up factorization, one needs to relate the modifications
plitudes be real. Since the outgoing hadron is described by éf the hadron wave function to a realistic microscopic de-
free Dirac spinor, time-reversal invariance also imples  scription of the fragmenting jet. Oversimplified assumptions,
= —A,, from which the usual convention in naming this am- as in the case of symmetric, mathematically handable, exter-
plitude time-odd (or “T odd”) originates. Combining the nal potentials, can lead to misleading results. Such a hard
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=k? op=2k-(P;+P,)=2k-P;,

P P PP pair momentum carried by each individual hadrog,
X 2 "2 ! =2z,12z,=1-2,/2,, and of the four independent invariants
/,'/,' “\‘\ that can be formed by means of the momekiR,,P, at
KA WL fixed massedl,M,, i.e.,

i gq=2k-(P1—Py)=4k-R, MZ=(P,+P,)?=P2,
k A AKP,P) k (10)
where we define the vect®=(P,—P,)/2 for later use.
) _ _ By generalizing the Collins-Soper light-cone formalism
FIG. 3. Quark-quark correlation function for the fragmentation [18] for fragmentation into multiple hadrongl2,11], the
of a quark into a pair of hadrons. cross section for two-hadron semi-inclusive emission can be
task ts that ient i del expressed in terms of specific Dirac projections of
ask suggests that a more convenient way to mode occur&(zh,g,Pg,rh,ah,Mﬁ,ad) after integrating over théhard-

rence and properties of T odd” FF is to look at residual scale suppressgdight-cone componenk® and, conse-
interactions between two hadrons in the same jet, consider- ppr 9 : mp ’
uently, takingZ as light-like[2], i.e.,

ing the remnant of the jet as a spectator and summing ovet
all its possible configurations. Therefore, in the following the 1
formalism for two-hadron semi-inclusive production and FF Am=4—f dk* TI[AT]| -0
will be addressed. Zh

Ph
lll. QUARK-QUARK CORRELATION FUNCTION FOR VN dk*f dk™ 5( k™ — Z—) Tr[AT]. (1)
TWO-HADRON PRODUCTION h h

. . . i [r] . ;
In the field-theoretical description of hard processes thér he functionA™™* now depends on five variables, apart from

soft parts connecting quark and gluon lines to hadrons arg:.e Lorentz strl_uc_tturedot the Dirac matthlfx Intor?er to rtr)llake.
defined as certain matrix elements of non-local operators in- IS more explicit and 1o reexpress the set ot variables in a
volving the quark and gluon fields themselfag—19. In more convenient way, let us rewrite the integrations in Eq.
analogy with semi-inclusive hard processes involving one(ll) In a covariant way using

detected hadron in the final stafg], the simplest matrix

element for the hadronization into two hadrons is the quark- ngzﬂy 2k+=%, (12)
quark correlation function describing the decay of a quark dk* dk™
with momentumk into two hadronsP,,P, (see Fig. 3 )
4 1 Py - 2kTP,
Aij(k;Pl,Pz)=$ f ae +5(k —Z—)Z’S(Zk*k - )
(27T)4 2k h h
X 2
x e {(0]¢i(Daz(Py)ar(Py)|X) :5( Th+|2$—?+M—2h) (13
h Z
X(X|ay(P1)ax(P2)(0)[0),  (9) "
which leads to the result
where the sum runs over all the possible intermediate states
involving the two final hadron®,,P,. For the Fourier trans- Al (z, ,g,|2$,|v|ﬁ Loq)
form only the two space-time points 0 a@idnatter, i.e., the
positions of quark creation and annihilation, respectively. -, Oh .
Their relative distance is the conjugate variable to the :j doy d7y6| m+ki——=+ —
quark momentunk. o
We choose for convenience the frame where the total pair - 2
momentumP,=P;+ P, has no transverse component. The xTr[A(Zh &P 7hoon My 'Ud)r], (14)
constraint to reproduce on-shell hadrons with fixed mass 8z,Py,

(P2=M2,P3=M32) reduces to seven the number of indepen- )

dent degrees of freedom. As shown in AppendiXwhere  Where the dependence on the transverse quark momé«%tum
also the light-cone components of a 4-vector are definedthrough oy, is made explicit by means of Eq$A6a) and
they can conveniently be reexpressed in terms of the lighttA7).

cone component of the hadron pair momentdy,, of the Using Eq.(A6) makes it possible to reexpread'! as a
light-cone fraction of the quark momentum carried by thefunction ofzh,g,lZ$ andﬁ%,lzT-liT, whereliT is (half of) the
hadron pair,z,= P /k™ =z,+z,, of the fraction of hadron transverse momentum between the two hadrons in the con-
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FIG. 4. Kinematics for a frag-
menting quark jet containing a
pair of leading hadrons.

quark/observed-hadronic-system plane

sidered frame. In this mannaf'! depends on how much of and, if constraints from time-reversal invariance can be ap-
the fragmenting quark momentum is carried by the hadromlied, that

pair (z,), on the way this momentum is shared inside the pair
(&), and on the “geometry” of the pair, namely on the rela-
tive momentum of the two hadron&%) and on the relative
orientation between the pair plane and the quark jet axigyhich means in that casBs=Bs=B;=Bg=0, i

(k2, kT RT, see also Fig. 4 involving Bs, . .. ,Bg are naive ‘T odd.”

Inserting the ansatﬂS) in Eq. (14) and reparametrizing
the momentak,P,P, with the indicated new set of vari-
ables, we get the following Dirac projections:

Bf=B; for i=1,...,4, Bf=-B; for i=5,...,8,

(18

e., terms

IV. ANALYSIS OF INTERFERENCE FRAGMENTATION
FUNCTIONS

If the polarizations of the two final hadrons are not ob- Ay~ l(z, &, k2 1RT1kT RT)
served, the quark-quark correlatian(k;P,,P,) of Eq. (9)
can be generally expanded, according to Hermiticity and par-

ity invari : rn , =D1(2y,£,KF ,RE Kr-Ry)
ity invariance, as a linear combination of the independent

Dirac structures of the process 1 1
:Ef [dO’thh] BZ§+BB(1_§)+B4Z_ , (19)
A(Kk;P1,P2)=Bi(M{+My,)+B,P;+BsP,+ B,k h h
Bs A[)'*Vs](zh,é:ﬁ?r’ﬁ%lz_r'ﬁT)
— MV y7a%
i, 7 Pkt g o Pagks Ryik
€ H H N N . R
o =, G (2 &K RS Kr-Ry)
T o 1My
MM, PP
1Rk
Bg _ TRk f doud B -
+M1M2YS6MVPU‘Y”P1VP2PI(U' (15 MM, 2z, [dond ][ = Bs], (20

Symmetry constraints are obtained in the form

YoAT(k;P1,P,)yo=A(k;P;,P,) from Hermiticity,
(169
7oA (KP1,P2) yo=A(K;Py,P2)
from parity invariance, (16b)

(vsCA(K;P1,P2)Clys)* =A(K;Py,Py)
from time-reversal invariance,

(160

wherea=(a° —a) andC=iy2y°. From the Hermiticity of
the fields it follows that

Bf=B; for i=1,...,12 17

A[iUiWS](Zh,g,EZ ,FE%ET' Ry)

J
L T
M1+M2 1 S RTHIRTL AT IRT
i
kaTj N > > >
+m"'i(2h,§,k2.R$,kT-RT)
"RTJ M;+M,
M+ M, 27, j[d"thh] zZM,
M+ M, 6I'I'kTJ f
"f‘Bﬁ ZhM2 7:|+ M1+M 22 [d(Tthh]
M;+M, M;+M,
X| Bsé ™, +Bg(1—§) ™, | (21

whereet’= ¢~ "#* (such that,j are transverse indiceand
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FIG. 5. Probabilistic interpretation for the leading order FF aris- 1
ing in the decay of a current quark into a pair of unpolarized had- pT T ' lp
rons.
M7 P i P

_ c2_ Th
J [dO’thh]=de'thh5 Th+k-|——z—+—
h

z

FIG. 6. Quark diagram contributing in leading order to two-
(22 hadron inclusive DIS when both hadrons are in the same quark
current jet. There is a similar diagram for antiquarks.
Transverse 4-vectors are defined $=g#”ay=[0,05T]
(with g4”=g*"—n*“n” —n”n* andn* defined in Appendix probabilistic interpretation, they can be considered as a sort
A). of “ollouble”. qulins effect [10]. They differ just b.y. geo-
The functionsD,,G* ,Hf HL are the FF that arise to metrical weighting factors that are selectively sensitive either

leading order in XD for the fragmentation of a current quark to the relative momentum of the final hadrori& or to the
into two unpolarized hadrons inside the same jet. The differfelative orientation of the total pair momentum with respect
ent Dirac structures used in the projections are related teo the jet axis k, see also Fig. ¥

different spin states of the fragmenting quark and lead to a

nice probabilistic interpretatiof2]. As illustrated in Fig. 5, V. AZIMUTHAL ASYMMETRIES IN TWO-HADRON

D, is the probability for an unpolarized quark to produce a INCLUSIVE DIS

pair of unpolarized hadrons3y is the difference of prob- ) ) ) .
abilities for a longitudinally polarized quark with opposite Ve discuss the two-hadron inclusive DIS cross section for

chiralities to produce a pair of unpolarized hadrdﬁ§, and the general situation of any two unpolarized hadrons pro-

H: both are differences of probabilities for a transverselyggggqnm tﬁihq.un?g?fglrjé:]ecrg J[:eé iz r?rk]):):aar'::SLe'chr \?V nggn?(r)?]-.
polarized quark with opposite spins to produce a pair of un'stratel b\rI;/efII tlhat asymmetr measure)r(nents éllow for the
polarized hadrons. y Yy y

The interference function§* , H¥ and H: are (naive isolation of each individual interference FF convoluted with
) 1 1 o H 0 .
“T odd.” In fact, the probability for an anyway polarized a specific DF. Only leading order Q)" effects are dis

. ..cussed and we do not consider QCD corrections, i.e., we
quark with observed transverse momentum to fragment mt?ocus on tree-level ¢,)°
9"

u.npola.rlzed hgdrons IS nqnvamshmg only it there are re- To leading order the hadron tensor of the process, includ-
sidual interactions in the final state. In this case, the con-

straint(160) still holds, but does not imply the conditidf8) ::]grgzﬁgs and antiquarks, see Fig. 6 for the definition of
and indeed the projectiong0),(21) are nonvanishing. A
measure of these functions would directly give the size and

importance of such FSI inside the jet. 2MW’”=f do-dk' d20-d2K-52( P+ G-— K

Gy is chiral even; it has a counterpart in the FF for one- P Prdkrd(pr+ gr—ka)
hadron semi-inclusive production. In that case, from the XTH®D(p;P,S) y*A(K:P1,P2) Y"1, o
Al 1 projection a “T odd” FF arises, name®j;, which n T ';;:'F‘f“

describes the probability for an unpolarized quark with ob-
served transverse momentum to fragment in a transversely +
polarized hadrof2]. It is known also in a different context
[20] that the similarity is recovered by substituting an axial .
vector (the hadron transverse spiwith a vector(the mo-  WhereM is the target hadron mass. _
mentum of a second detected hadrand by balancing this _The quark-quark correlation functionb for the (spin-
change in parity with the introduction of the quark polariza-1/2) target hadron is define@n the light-cone gaugeas
tion.

The fgnctiqnst andH are chiral odd and can, there- (Dmn(p;P,S):J d4§4eip~5<p,s|an(o)¢m(§)|p,5>.
fore, be identified as the chiral partners needed to access the (2m) (24)
transversityh,, as it will be shown in Sec. V. Given their

(23

qH—q)

v
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FIG. 7. Kinematics for two-hadron inclusive
leptoproduction. The lepton scattering plane is
determined by the momenka . The momentum
P,=P,+ P, of the hadron pair represents the in-
tersection between the lightly shaded hadron-pair
plane (containingR;) and the shaded plane that
defines the azimuthal dependence of the pair
emissionR, andP,,, lie in a plane perpendicular
to the scattering one, where,q are collinear

(|5J_=CL_ZO).

lepton scattering plane

Using Lorentz invariance, Hermiticity, and parity invariance, thartly integrateglcorrelation functiond is parametrized in
terms of DF as

- _ P"pSY (5T'§T) Pys
(D(X,pT)Ej dp q)(p;PlS)|p+:XP+:_+ flm—i_fiTe;va(r’yMV_ glL+Tng ™
io-,uv‘}/SS#PV n (5T§T) n io.,uv‘}/SplTLPV n O-/va#PV
_ 1TT_(M‘1L+ 7 hit E +hy E , (25
|
where the DF depend on the usual invariartQ?/(2P-q) A comment has to be made about the definition of the

and the quark transverse momentpm([2,8]. The polariza- Perpendicular vector®, andS, , which are obtained from
tion state of the target is fully specified by the light-conethe transverse 4-vectof and Sy by transforming with an
helicity A =M S*/P™ and the transverse Spﬁ’r of the target appropriate Lorentz boost to the frame whé&end q are

hadron. The quark-quark correlation functian has the collinear. Only the components Which.are perpendicular in
structure discussed in Sec. IV the new frame are kept. Technically this procedure amounts

_ v _ VfNT P
The definitions of DF and FF are given in a referencel® R =91 "Rr,=01"(g,,R’) and similar forS, .

frame where the target hadron momentBrand the momen- The differential cross section for the process under con-

tum of the produced hadron pa#, have no transverse com- sideration is obtained by contraction of the hadron tensor
S - . with the standard lepton tensor, and involves convolution
ponents, i.ePt=P,=0 andq;#0 (see Appendix A

For the analysis of the cross section of the full DIS pro_lntegrals of DF and FF of the generic fofm
cess, however, a different frame turns out to be more useful. L L L
Angular dependences are conveniently expressed in a frame F{w(pr,kp)fD]=>, eﬁf d?*prd?ks8*(pr+ar—kr)
where the target hadron momentunand the photon mo- a
mentumgq are collinear: transverse components in this frame

mper : xw(pr,ky)f3(x,pr)
are indicated with a_ subscript, thu®, =q, =0 andP,,, Prfa Pr

#0 (see Fig. 7 and Refg2,8] for more details about the X D3(z,,£,k2,R2 Ky Ry), (28)
kinematicg. The cross sections should be kept differential in
d?P,, for which the relationg;=— Py, /z;, holds. wherew(p+,ky) is a weight function and the sum runs over

All azimuthal angles are defined with respectfq which  all quark(and antiquarkflavors, withe, the electric charges
is the normalized perpendicular part of the incoming leptorPf the quarks. In the cross sections we will encounter the

momentuml such that, for a generic perpendicular 4-vectorfollowing functions — of ~the lepton invariant y
a, =P-q)/(P-)=q /l":

. . 1
|, -a,=—|a,[cos¢,, (26) A(y)=(1—y+§y2), B(y)=(1-y), C(y)=y(2-y).

- . (29)
Eile_;LaJ_V:|aJ_|SIn¢ar (27)

whereet’’=e#"*?q,P,/(P-q). Frequently, we will use the - .
€L € 9" (P-q) q y INote that the transverse componepts and k; defined in the

normalized* perpendicular vector h“=Pf /|Py, | frame of Appendix A are integration variables in the convolution,
=g“"Pp,,/|Pp. | [with g*"=g*"— (Q?P*P")/(P-q)]. and thus need not to be reexpressed in the perpendicular frame.
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In the following we discuss some particularly interestingprocess under consideration, two contributions of similar
terms of the cross section for special cases of beam arkind arise which can be analyzed separately using their dif-
target polarizations. The full cross section is listed in Appenferent kinematical signatures. In fact, asymmetry measure-
dix B. However, parts that cancel in taking differences ofments can firstly be done, that isolate both contributions in
cross sections with reversed polarizations are not shown. Eg. (32). Then, the analysis of the asymmetry produced by

With a polarized beaml(), with helicity A, scattering interchanging the relative position of the hadron pgae., by

on an unpolarized targety), the cross section flipping R by 180°) isolates the convolution containikig" .

, This second term is interesting, since the absenceIZQf(ar
d(T(IH—>| hthX)LO > ) - i . ) .
T Ne|R.|C(y)sin( ¢y, pr) dependent weight factor in the convolution integral al-
dQ dx dz d§dPy d°R, lows for a nonvanishing integration of the differential cross
R lGL section oveldzlsm, such that the convolution turns into a
- qSR)}‘[h ] product of DF and FF

(30) f - }_[ hH
. . . . . LM+ M
is sensitive to a convolution of the unpolarized DFwith 1 2
G; . The azimuthal anglesy, , ¢ are shown in Fig. 7, while
Q) represents the solid angle of the scattered lepton. Repeat-
ing the measurement with reversed beam heliaityand
taking the difference of the cross sections singles out the

2
Zh 2n <a
M +M2 = f d pThl(X pT)f d kTH

s 25 > s
term of interest. X (2n,& k. Ry ke Ry)
A very similar term occurs in the cross section for an 22 .
unpolarized beantO) scattering on a longitudinally polar- —M 2 ezhi‘(x)H (zh,g,R$). (33
. +M
ized target(L)
do(IH—1"h{hy,X) o, . The corresponding experimental situation is favorable, since
RS oc{ <+ =\|R,JA(y)sin( ¢y, less kinematical variables have to be determined and the
dQ dxdzdéd Py, d°R; . , =2
quantity of interest depends ar, ¢ and R; only. Note,

. 0,61
_¢R)f[ kTM M

where the FFG] is convoluted with the polarized DB;.
The azimuthal angular dependence is the same as before. For
this experiment, reversing the polarization of the target is not In this paper we have investigated the general properties
sufficient to single out the interesting term, since the fullof interference fragmentation functioi8F) that arise from
cross sectior(cf. Appendix B contains more contributions the distribution of two hadrons produced in the same jet in
which do not cancel in the difference. One has to analyze théhe current fragmentation region of a hard process, e.g., in
azimuthal angular dependence, which is unique for each coriwo-hadron inclusive lepton-nucleon scattering.
tributing term. The existence of final state interactiofBSl) prevents
With a transversely polarized targéf) and unpolarized constraints from time-reversal invariance to be applied,
beam ), the cross section contains the contributions while this fundamental symmetry is still preserved. A new
class of FF arises, the so-called “naiv@dd” FF, which are
do(IH—1"h;h,X) o7 interesting for several reasons: obviously, being FF the
= = “decay-channel” partners of the distribution functio(3F),
dQ dx dzdg d*Py, d*R, they c);n give info?mation on the parton structure of hadrons
that are not available as targets; they are directly related to
FSI and, therefore, give access to exploration of mechanisms
for residual interactions inside jets; finally, a subset of these
] FF is chiral odd and represents the needed partner to isolate
BRI

however, that terms iH; (z,,&,k?,R2 ky-Ry) with odd
“"[* powers ofks, like for instanceks- Ry, do not survive the
(31) symmetric integration oveniZIZT.

VI. SUMMARY AND OUTLOOKS

Hi
1 1
h- kTM 1+ M,

- +[S,|B(y)sin( ¢+ ¢s)f[

the quark transversity distribution, which is required to com-
plete the picture of the quark structure of hadrons at leading
(32)  order but, at the same time, is presently completely unknown
due to its chiral-odd nature.
which involve the transversity DR;, and the FFH and The presence of FSI allows that in the fragmentation pro-
H7 , respectively. The experimental situation is analogous t@ess there are at least two competing channels interfering
the one proposed to access the transvetsitin one-hadron through a nonvanishing phase. However, it has been shown
inclusive DIS via the so-called Collins effef10]. In the that this is not enough to generatd ‘odd” FF. A genuine

+|S, [|R,|B(y)sin( ¢+ d)S)}{M ™,
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difference in the Lorentz structure of the vertices describing
the fragmentation is needed. This argument naturally selects
the considered process, namely two-hadron emission inside
the same jet in semi-inclusive DIS, as the simplest scenario
for modeling the fragmentation.

To leading order, four FF arise, which have a nice probayg A is
bilistic interpretation. They can be grouped in three classes
according to the polarization of the fragmenting quark. We
have studied, in particular, those FF for quarks polarized
longitudinally (G1) and transverselyH1 ,H"), that evolve
fragmenting into a pair of unpolarized hadrons. These FF are
naive “T odd.” The former is chiral even, while the latter
are chiral odd and represent a sort of “double” Collins ef-
fect.

Asymmetry measurements in two-hadron inclusive DIS
that allow isolation of each individual FF are possible and
are described in Sec. V. Both;" ,H7 enter the cross section
in convolutions with the transversity distributidn to lead-
ing order, thus permitting its extraction from a measurement
of deep-inelastic scattering on a transversely polarizegi R=(P,
nucleon target induced by an unpolarized beam. In particu
lar, the term of the cross section involvilg;® survives the (10) become
integration over the transverse momentum of the fragment-
ing quark and results in a deconvolution of the FF and the
transversity distributiorn;.

7=
h K~

Th:kz,
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APPENDIX A

We use two dimensionless light-like vectars andn_
(satisfying n>=n?>=0 andn,-n_=1) to decompose a
4-vectora in its light-cone componenta™® = (a’+a%)/2
=a.n- and a two-dimensional transverse vedgr To dis-
play an explicit parametrization of 4-vectors we use the no-
tationa*=[a",a*,ar].

Generally, the definitions of distribution and fragmenta-
tion functions are given in a reference frame, where the had-
ron momentum has no transverse momentum. For the case of

two-hadron production in the same jet, the corresponding Alternatively,

frame is the one where the suly =P+ P, has zero trans-
verse momentum

4-momenta are

P,=P,+P,=[P; P} 0;]. (A1)

When we discuss the two-hadron fragmentation as a part of
the full two-hadron inclusive DIS process, as done in Sec. V,
definitions are given in the frame wheR, and the target
hadron momentur® are collinear, i.e.P,;=P=0.

The quark-quark correlatior depends on the three
4-momentak,P4,P,, from which the following light-cone
fractions can be defined:

034008-9

P, P;+P;

O'h:2k'(P1+ P2)22k Ph:|

k2),

+(2,~25) (7n+k§) — 4k Ry,

Mﬁ:Pﬁ=2P;Pg=zh|

PHYSICAL REVIEW [B2 034008

P, P,
=_1+ k—3=21+22.

2
- (A2)

=

An explicit parametrization for the three momenta external

-Pg

_,Z —_—
Lz " 2P,

K24+ K2
Tva

7 z(MI+RD
Ph T —_1RT )
Zy 221Ph

7 HMEHRD o
"z,' 2zpp )
(A3)

—P,)/2 being(half of) the relative momentum
between the hadron pair. Then, the invariants defined in Eq.

M§+§$+M§+ﬁ$]
1 Z
(Ada)
M§+R$_M§+R$
Z; Z;
(Adb)
M2+R2 M2+R?
T2 T (Adc)
Z; Z
by defining é=z,/z, the external
Py K2HKE
L h
M2+RZ _
gPI:Yl—_T!RT ’
I 2Py,
M3+RZ2 .
(1-8Py . —————= —Rq|,
| "a1-pp,
(AS5)
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and the invariants read

Th:kz,
M%+R2 M§+F§$] §
on=2k-P,= + +zp( T+ k3),
h h [ th Zh(l_g) h( h T)
(A6a)
2k-(P1—P,) MitRE Ma+Rs (26-1)
gg=2K-(P;—Py)= - +24(26—
¢ e zné  zy(1-9) "
X(Th+ E-Zl—) _4IZT ﬁT, (A6b)
M?2+R2 M2+R?
Mﬁzpﬁzzpqphzf 1§ L 12_§T (A6C)

dO'(lH — | Ihlhzx)oo
dQ dx dz,d&d?P;, d°R,

{A(y)f[f D]~ [R.[B(y) C03¢h+¢R)7{h PTM (M, + M)

PHYSICAL REVIEW D62 034008

Equation(A6c) can also be expressed as
Ri=&(1-HMp—(1-HMi-éM5. (A7)

APPENDIX B

In this Appendix we list the full leading order cross sec-
tion for two-hadron inclusive DIS. It is shown splitted in
parts for unpolarizedO) or longitudinally polarizedL) lep-
ton beam, and unpolarizedj, longitudinally (L) or trans-
versely (T) polarized hadronic target. A kinematic overall
factor, which cancels in any asymmetries, is omitted. Parts
that cancel in taking differences of cross sections with re-
versed polarizations, are not shown.

L <
lHl

<o hiH1
—B(y)cog2¢p) f[(Zh th-Kr—pr- T)M(M—H\/Iz) (B1)
d(T(lH—)l’hlhzx)LO { f[ 1GL )
= ) - R, |C Sl h- k B2
dQ dx dz, d d?P,, d°R, ~Ne|R.[C(y)sin(ép— ¢r) TOMM, (B2)
do(IH—1"hh,X) o, [ . . f{ . 9,6} ;{ L
= —ocy - —N|R|A(Y)SI - h-k +AB(y)sin(2 2h-p hk
dQ dx dZ’]dgdZPhJ_d2RJ_ | Ll (y) r(qsh ¢R) TM M (y) r( ¢h) T
1 1 ¥
o | (s g o L (g
~prkr M(M;+M,) 11BLY ht or pTM(M ™)

dO'(IH — 'hthX)OT
dQ dx dz,dé d?P,, d°R,

< 13 . hiHy
+]S, IR, [B(y)sin( ¢r+ ¢s) M.+ M,
. g R
}-[pT kTMIt/TII\jI} 1S, |IR, [A(Y)SIN2 ¢y — dpr— ¢s)f[h th-
+|§L|B(Y)Sin(3¢h_¢s)}-[(4(ﬁ )2h-kr—

+|S,||R.[B(Y)SiN(2¢n+ dpr— %)f[(zu“? n?=p?

dO'(IH —| ’hthX)LL

oc{ - +|S, |A(y)sin ¢ — ¢s)f[h PT

dQ dx dz,déd?P,, d°R,

1H1

+|SL|B(y)sm(¢h+¢s)f{h kTm

+|S,||R.|A(Y)Sin( ¢ — ds)cos dp— br)

2 - ngGi
T™MM;M,
£l e aa o ape hirH1
2h- kr—pih-kp)————
PTPT-Kr— Pt T)2M2(M1+M2)
hizH
I Lt (B4)
2M2(M;+M,)
C(y)
’+)\e)\T}—[ng1] : (B5)
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dO'(lH —>| 'hthX)LT
dQ dx dz déd?P,, d°R,

917D1

oc{---+Aeléi|<:<y)cos<¢h—¢s>f[h Pr o } NelSLIIR.|C(y)cos dy— ¢bs)cos ¢y

R f11G1
+XelS.[IR.|C(y)cOs 26— pr— ¢>s)f{h th-k 2|v||v| M,

|

(B6)

. fiG1
_¢R)7:[F’T kTZMM M,

For the definition of the various ingredients entering the cross sections, we refer the reader to Sec. V.
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