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Two-hadron semi-inclusive production including subleading twist contributions
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We extend the analysis of two-hadron fragmentation functions to the subleading twist, discussing also the
issue of color gauge invariance. Our results can be used anywhere two unpolarized hadrons are semi-
inclusively produced in the same fragmentation region, also at moderate values of the haf@ $tede, we
consider the example of polarized deep-inelastic production of two hadrons and we give a complete list of
cross sections and spin asymmetries up to the subleading twist. Among the results, we highlight the possibility
of extracting the transversity distribution with longitudinally polarized targets and also the twist-3 distribution
e(x), which is related to the pion-nucleanterm and to the strangeness content of the nucleon.
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[. INTRODUCTION momentum, a transverse vector is still available to establish a
relation with the transverse polarization of the fragmenting
The study of the distribution of hadrons produced in thequark[11-13.
fragmentation of a quark offers the opportunity to understand Already from this intuitive discussion it is evident that
the mechanism of hadronization as well as to extract inforiwo-hadron fragmentation functions can be important in
mation about the partonic structure of hadrons; both issuestudying spin effects in hadronization. They are perhaps
are a manifestation of confinement in QCD, a yet uneximore challenging to measure, in as much as they require the
plained phenomenon. So far, parametrizations are availabkimultaneous detection of two hadrons inside the same jet.
only for the distribution of the longitudinal momentum of On the other side, the integration upon the center-of-mass
only one of the final-state hadrons, the familiar unpolarizedransverse momentum removes the above-mentioned diffi-
fragmentation functionD(z) [1,2]. Clearly, most of the culty about the evolution equations, and it avoids, at least at
complexity of the fragmentation process lies unexplored. the leading twist, the potential loss of universality implied by
When the transverse momentum of one of the outgoin@ correct treatment of color gauge invariariéeg], as will
hadrons is measured, a new fragmentation function can balso be discussed in Sec. lll.
introduced relating the transverse polarization of the parent Another class of functions that deserves much attention is
quark to the distribution of the produced hadron in the transthat of polarized fragmentation functions. In this case, the
verse directiof3]. This so-called Collins function acts as an spin of the final-state hadron is measured and its relation
analyzing power and it is perhaps the simplest observableith the hadronization dynamics can be investigated. How-
that reveals the role of the quark’s spin in the hadronizatiorever, in general the spin of a final-state hadron can be ana-
process. It also acts as a filter to measure the still unknowtyzed only through the decay into two or more hadronic by-
distribution of the transverse spin of quarksansversity, for  products. In this sense, polarized fragmentation functions can
a review, see Ref4]) and the tensor charge of the hadron be thought of as specific examples of multihadron fragmen-
thereof[ 3]. However, the price to pay is the complete knowl- tation functions. For instance, the polarization of a vector
edge of the transverse dynamics of the detected leading hatheson(e.g.,p°) is reflected in the angular distribution of its
ron inside the jet. This creates problems both experimentallydecay productse.g., 7" 7). As a consequence, spin-1 po-
as it is evident, and also theoretically, because the introducddrized fragmentation functiongl4—16 correspond to the
dependence upon an intrinsioonperturbative transverse  relative p-wave part of two-hadron fragmentation functions
momentum complicates the treatment of color gauge invarif17]. At present, however, the formalism of two-hadron frag-
ance[5,6] and evolution equations—10. mentation functions cannot comprise parity-violating decays,
When two final-state hadrons are measured, in principlguch as the extremely important case of the baryon
the number of variables doubles. For instance, it is possiblg14,18—-22.
to measure the relative transverse momentum of the pair, as Two-hadron fragmentation functions were first introduced
well as its center-of-mass transverse momentum. Thereforén Ref.[23], but with no quark polarization. Extension of the
even after integrating upon the center-of-mass transversgriginal functions to include polarization effectsisually
known as interference fragmentation functipngre studied
in Refs.[11,12,24,2% The complete leading-twist analysis

*Electronic address: alessandro.bacchetta@physik.uni- has been carried out in Ref13] and employed in semi-
regensburg.de inclusive DIS [26,27] and electron-positron annihilation
"Electronic address: radici@pv.infn.it [28]. Positivity bounds and the expansion in the partial wave
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described in the frame where the hadronic final state has no

lk transverse component, i.e., the frame wHye= 0. We will
see in the following that in actual measurements the natural
choice is different and the required boost introduces effects
FIG. 1. Quark-quark correlation functioh for the fragmenta- that have to be consistently taken into account when extend-

tion of a quark with momenturk into a pair of hadrons with total ing the anaIyS|§ to the SUbl_eadmg tV\_”St'_ .
momentumP;,= P, + P, and relative momenturR= (P, — P,)/2. W_e also define f[he variables= Py, k™, thg light-cone

fraction of fragmenting quark momentum carried by the had-
of the two hadrons were presented in REf7]. Very re-  'On pair, and the variablg=2R"/Py, , which describes how
cently, a study of collinear fragmentation into two hadronsthe total momentum of the pair is split into the two single
has been performel®9], demonstrating the factorization of hadrons. Therefore, the relevant momenta can be param-
two-hadron fragmentation functions at next-to-leading ordeftrized as
in ag and calculating their evolution, originally studied in

2R 2R its light-cone componenta®=a-n-=(a’+a%/\2 and a
P P bidimensional vectoa .
h h P
1 For later use, transverse projection operators can be de-
P
1 fined as

b | b gy'=g—ntn?, e'=etny ., (D)

A where the braces indicate symmetrization upon the included
i indices and?'?>=1. In general, the fragmentation process is

Ref.[30]. In this article, we are going to extend the existing e Pn 2(K*+kf) ‘

treatment to the subleading-twist level, but integrating upon z’ 2P, T

the transverse momentum. The way we proceed is very simi- .

lar to what was done in Reff31], for one-hadron production i M2

(see also Ref[32]), and in Ref.[5], for the issue of color PE=| P, ,_h'(j ' )
gauge invariance of the quark-quark correlator, even though I 2P,

we will only present results integrated upon the transverse

momentum. The extension to the sublgading Fwist is an im- [ ;¢ (Mi_ M§)—(§/2)Mﬁ R l
portant step not only from a formal point of view, but also R:=| Py, - Rrl,
because the measurement of two-hadron leptoproduction can ] 2 2Py,

be attempted in experiments at modera@¥, where

subleading-twist contributions should not be neglected. ~ WhereMy, is the pair invariant mass. Not all components of
The paper is organized as follows. In Sec. I, we will the four-vectors are independent. In particular, we note that

briefly review the kinematics for the semi-inclusive produc- ) ) )

tion of two unpolarized hadrons inside the same current jet. L, _ Mi+M; Mji

In Sec. lll, we present the complete twist analysis up to 2 4"

subleading order of the quark-quark and quark-gluon-quark

fragmenting correlators, discussing also the issue of color ., 1[(A-9a+0 ) )

gauge invariance and of partial-wave expansion. In Sec. 1V, =5 th—(l—i)Ml—(lJré)Mz ,

the explicit expression of the hadronic tensor for the semi-

inclusive production of two unpolarized hadrons in deep-

2 2
inelastic scatteringDIS) is shown, including leading- and P,-R= Mi—M3 3)
subleading-twist contributions. In Sec. V, the corresponding 2 '
cross sections and spin asymmetries are discussed for differ-
ent polarization states of the beam and the target. Finally, in Mﬁ k2+|ZT2
Sec. VI some conclusions are drawn. Pp-k= E+Z >
Il. KINEMATICS (Mi—M%)—({/Z)Mﬁ kZ_HZTZ L
. . . . K= + Zg - kT . RT .
The fragmentation process is schematically represented in 2z 4

Fig. 1, where a quark with masa and momentunk frag-

ments into two unpolarized hadrons with mas$és,M,,  The positivity requiremenR2=0 imposes the further con-
and momentaP,,P,. We introduce the vector®,=P;  straint

+ P, andR=(P,— P,)/2. Using two dimensionless lightlike

vectors n, and n_ (satisfying n2=n?>=0 and n,-n_ . 2 , 2 5

B . R M{=—MI{+  —M53. (4)
=1), we describe a four-vectaras[a™,a™ ,ar] in terms of 1+¢ 1-¢
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Note that to avoid the introduction of a new hard scale in the
process, all invariants listed above have to be small com- A
pared to the hard scal@ of the procesgwhere Q%= —q?,

with g the momentum transfer E.»T

Ill. THE FRAGMENTATION CORRELATOR UP TO THE
SUBLEADING TWIST f

Y

The soft processes underlying the fragmentation are sym- E_,+
bolically represented by the shaded blob in Fig. 1 and are
described in terms of hadronic matrix elements of nonlocal
quark operators as

FIG. 2. Link structure for the leading-twist color gauge-

d4§ _ invariant quark-quark correlator for the fragmentation of a quark

A(k,Pp,R)=> fxf We'k‘§<o|¢(§)|ph,R;x> into a pair of hadrons.
_ 1/Q of the product of the fragmenting quark propagator and
X(X;Pp,R[#(0)[0), (5  of the various components of the gluon fields attached to the

h is th K field The ab | ._soft blob, retaining only the leading and subleading contri-
where ) is the quark field operator. The above correlator sy, iqns: these arguments are independent of the hadronic fi-
not color gauge invariant, as the quark fields are evaluated a4 state, and they are valid also for two-hadron production,

two light-front-separated space-time points, 0 @&dio re- 54 |5ng as the additional vectBrdoes not introduce any new
store color gauge invariance, the so-called gauge link OPerdia g scale

tor must be included, It turns out that only a combined analysis of leading and

¢ subleading contributions involving bo#h~ and A; compo-

U[o,g]=7’eXF( —igf dW‘A(W)), (6)  nents of the gluon field leads to a color gauge-invariant ex-
0 pression for the fragmentation correlator. Following R&f.

(and generalizing its notation to the case of two-hadron pro-

indicates a path-ordered exponential. It symbolically correduction., & color gauge-invariant object is obtained at the
sponds to attaching all possible soft gluon lines to the soffe2ding twist by connecting the 0 ardpoints along the+
blob of Fig. 1 and resumming their contribution. As such, thedirection running through-<c and through the transverse
corresponding diagrams will still be considered as tree-leveflirections ag™ =—c (see Fig. 2 for a schematic picture of
contributions, since the couplirgican be reabsorbed in the € link path, namely
definition of the correlator itself. =10o &

The quark line in the fragmentation correlator has to comé ' (Zkr,R)
from a hard process that determines a dominant lightlike

ez
direction. For the final state in a semi-inclusive DIS process, - Jf d¢”dér eik~§<0|u[+7w ﬂu[Tm q¥(&)|Py R X)
X : :

whereA is the gluon field with coupling constagt and P

the hard scal€) selects then_ direction as the dominant one (2m)3
with respect to the transverse and ones, which are sup- _
pressed a® (M) andO(1/Q), respectively. The integration X (X; P, Rlh(0)U 51U o —1 O] =0, (8
upon the suppressed, components of the momenta can be
performed up tdD(1/Q), leading to where
+dé + N
A(ZIETIR):E f welk§<0|¢'(f)|Ph,R,x> U[a’b]—PeX _|gJ‘a dw™A (W) W=b=a),
§ (277-)3 V;’T:BT:éT
X(X;Ph Rl$(0)[0)] ¢~ =o- (7) b . .
- . o Ufap =P ex —igj dws- Ar(w) :
Similarly, in the gauge link it was usually assumed that the a ajfgjizf

A" component of the gluon field is suppressed, and, by ne- (9)

glecting theA; component and by imposing the choide

=0 (the so-called light-cone gaugehe gauge link was re- Note that by reabsorbing the product of gauge linksy *,
duced to unity. Recently, the problem of the evaluation ofinto a redefinition of the quark fielgs, the quark-quark cor-
such an operator and of the gauge-invariant description afelator of Eq.(8) falls back into the expression of E(), but

the quark-quark correlator has been studied in Refsfor the[—] superscript specifying the gauge link direction.
[5,33,34. We will address it following the analysis of Ref. Therefore, it still leads to a semipositive definite matrix in
[5] for the case of semi-inclusive DIS; the results can beDirac space[35] and the probabilistic interpretation of its
easily generalized to the case of electron-positron annihilaleading-twist projections can be retained. The dependence on
tion. The proof in Ref[5] relies on counting the powers in the direction of the gauge link is due to the contribution of
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UT, i.e., of the transverse component of the gluon field aexplained at the beginning of this section. Again, by absorb-
&t =—o, which plays a crucial role if-odd effects since it ing the gauge linkJ ™ in a redefinition of the quark fielg,
introduces nontrivial phases in the scattering amplitude. Théhe well known expression of the quark-gluon-quark cor-
direction of the gauge link depends on the considered prorelator is recoveref37,38. Introducing the covariant deriva-
cess, potentially posing a threat to the universality of thetive iD#(&)=id*+gA*(&) we can recover also the relation
definition of the soft correlator. For example, when consid-

ering thee*-e~ annihilation into one pair of hadrons in the

same jet, the correlator of E¢8) will depend on a gauge

link running throughé™ =+, therefore displaying the+]
superscript. However, it has been explicitly shown that uniswhere
versality is preserved at the one-loop ley6l. Moreover,

when integratingAl~)(z,kt,R) of Eq. (8) upon dk;, the A%(ZR)
displacement of the quark fields is confined to the light-cone °"~’

+ direction. Hence, the two gauge links™ and U™ will ) dét N _

merge into a single operator connecting the points 0 &nd =222 fxf 5 0|Ujo g #(£)ID*()|Pp,R;X)
along a straight line:

Al 1%z, R)=Ag(zR)—AL 1%z R), (12

X (X;Py,RI4(0)[0)] ¢~ ¢, ~5, (13)
A(Z,R)zzzf dETAH(z,IZT,R):zzf dk;Alf(z, ke, R)
ALz, R)=2? f dkrkfaAll(z ke, R), (14

dét

=23 | [ Soe olupamlPyRX) | o .

X ™ with the covariant derivativ® (£¢) acting on the left on the
quark field ¢(&¢). Note that, after integrating updEr, the
term Aj becomes insensitive to the gauge link path. It is
possible to relate the quark-gluon-quark correlator to the
Therefore, in principlés -integrated functions are insensitive duark-quark one using }rj(]—:-aequatlon of motion of QCI (i
to the link path and should represent universal functions™M)#=0. Therefore,A, "“(z,R) does not introduce any
This is certainly true at the leading twist, but it is still matter New fragmentation functions, but it turns out that it plays an
of debate at the subleading level because of the presence @$sential role in ensuring electromagnetic gauge invariance

” ; - to subleading twist. In the following, both the quark-
kt-weighted contributiong36], as we shall see below. There- up
fore, here in the following we will omit an explicit depen- quark and quark-gluon-quark correlators of E@.and(11),

dence on the gauge link path for transverse-momentum int espectively, will be.ana_lyzed _in detail for thg semi-inclusiv_e
grated quantities only when the issue is settled an wo-hadron production, including the expansion in the partial

commonly accepted. Wwaves of the pair.
At the subleading twist, both the combinations of the
transverse components of the quark propagator #ithand A. The correlator A

of then,, projection of the quark propagator Wiﬁ“ﬁ gen- The most general parametrization®f!(k,P,,,R) in Eq.

erate a color gauge-invariarlt operator involving the field(s)' compatible with Hermiticity and parity invariance, is
strength tensoG#". After the ky integration, this correlator given by

X(X; P RIp(0)[0)]¢- ¢, —5- (10)

reads R . . )
AF(k, Py, R) =M Ci 1+ CcLIp  + Ch IR + Lk
- i cl*l cltl
[~]e = a 5 , . -6 ,
AA (zR) jd2121+i6AG(lel'R) "rM—hO'p.vP#k +M_h0-MVRMk
[ dét dn* +
:j dzl - ZZEJJLL C[7_]
z,+ie xJ 2@ 27 +—0,,PiR"
M
x elk-£gika(7-) "
; G
X(0[U o q#(&)U [z, ,19G ™ “(m)|Pr R X) +F756““””7MPMRPKU. (15

(X Py RIHO)O) g~y - 5-5, (A1) '

where the coefficient€!*! are real scalar functions of all the
where ;=P /k; . This correlator starts contributing at possible independent invariants, namelk?k- Py ,k
twist 3; it is considered a tree-level contribution, as already- R,M2,M? ,M3. Integrating Eq.(15) upon the suppressed
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k* direction and, consequently, taking the lightlike separa-

tion £~ =0, we get for, e.g., the DIS process the following A(Z, R)EZZJ dkrAll(z,kr,R)

decomposition:

- 1
A[_](Z,kT,R)Z%f dk* Ak, Py ,R)|k-=Pg/z

o
lDlh_+Hf Z—W[RT,m_]

167
i LRy k
1 1 T "NphTo
+H1m[kT,m]+GnsM—ﬁM]
M , R K
+—" {E+D* —LyptL
167P,, Mn Mn

i i
+H=[h_ A, J+H —[R K
2[ +] 2Mﬁ[ 1. K]

(16)

= [Dm FHE SRy ]]+ M
6m | T 2My T 16aP;
Ry i €’ y,Rrq
X{E+D*—+H=[h_,th,]+G ys——
Mh 2[ +] y5 Mh
=A1(Z,L M7, dR) +A(Z.L, M $R), (19
where
Hi=H; °+HW,
D<KED<£ ’e+DL0(l), (19)

G<KEG<K ’e+ GLO(l),

and each term now depends pi{,M?Z. We define the mo-
ment of a fragmentation function as

. k? I,
Hi“)(z,g,Mﬁ):f ke (2,6, M3 K2 iR,
h

2
(20)

The first group of terms inside the curly brackets repre- o _ )
sents the leading-twist contribution and includes the usughnd similarly for the other fragmentation functions. The re-
interference fragmentation functior$F) discussed else- sulting functionsHy ,H,G™ are still T-odd, whileH; ,E,H

where[13,17,27. They can be obtained by projecting out of
Eqg. (16) the usual Dirac structureE=vy ,y vs,ic' 7vs,

are chiral-odd. For later convenience, the leading-twist con-
tribution is indicated by\; and the subleading-twist one by

wherei means a transverse component. The second groud,. respectively.

shows the 1P, ~1/Q-suppressed fragmentation functions
that arise from the Dirac structurés=1,y',0~",0',y'ys,
respectively. Note that the structur€s=ivys,o'" give no
contribution at this level. The functions
HY ' H{.GL HH¥*G*' G, are T-odd, while

HY ' HLY E,H,H¥, are chiral-odd.

B. The subleading-twist correlator AL ~1¢

As already anticipated above, the color gauge-invariant
correlatorAE(]“ of Eq. (11) is suppressed by one power of
1/Q with respect to the leading twigt{ ™1 of Eq. (8). There-
fore, it must be consistently included when extending the

Because of the constraints imposed by kinematics and bgnalysis to the subleading twist. For the sake of simplicity,

the k™ integration, the fragmentation functions in E4.6)
actually depend on five variables, namely,M?2 k2 kr
~I§T, and they can generally be decomposed as

Dl(zaé’rMﬁ 1|ZT2 !lZT' IiT)
=D$(z,{, M3 ki%,(kr-Rp)?)

>

K-

Ry
2
h

+ D(z,¢,ME ki, (kr-Rp)?), (17)

and similarly for the other functions. Both andD?¢, are

even functions ok .
By integrating Eq.(16) upon the transverse momentum

kT, we get

only the IZT—integrated result will be shown. Since the gauge
links can be absorbed in a redefinition of the quark fields,
both Aj and AE,_]“ in Egs.(13) and (14), respectively, can
be worked out in a way similar to the one-hadron emission.
By projecting out the wusual Dirac structured’
=9,y vs,i0'" ys, the following decomposition results,

A[Ai]a(ZyR):Ag(ngaMﬁ1¢R)_A[97]a(z’§’M%’¢R)
My [, Rf -, R
16772 Mhm7+G Mh y5m,
~ L~ 'yam— S (1)R'(I¥RT
—(E—-iH) > —iH1® —ﬁm* :
(21)

where the functions with tildes denote
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D¥=D¥—zD®), Hy oM HIoM 4+ H{Mcoss, (25)
Bi =G 26 M-z i (22) B e, B
1 M, L D*—DJ+ D cos, (26)
- m
E=E_ZM_hD1’ G*—GJ+Gcosh, (27)
A=H+2zH @),
~ - ~ ~ 1
and are pure twist-3 fragmentation functions depending on H—Hoo+HoCOS0+Hy 7 (3 cog§-1), (28)
z,g",Mﬁ. They all vanish in the Wandzura-Wilzcek approxi-
mation.
- ~ ~ ~ 1
C. Partial-wave expansion E—Eqot EqCOSO+E, Z(3 cosh—1). (29

If the invariant mas$/,, is not very large, the hadron pair
can be assumed to be in a channel corresponding to a relative

s or p wave. Consequently, two-hadron fragmentation func- IV. HADRONIC TENSOR FOR SEMI-INCLUSIVE

tions can be decomposed in partial way&8g|. In the center- LEPTOPRODUCTION

of-mass(c.m, frame of the two hadrons, the emission occurs . . .

back-to-back and the key variable is the angleetween the When the semi-inclusive production of two hadrons hap-

pens via a DIS process, an electron with momentwsoat-
dJers off a target nucleon with mad4, polarizationS and
momentumP, via the exchange of a virtual photon with mo-
mentum transfelq=1—1". Inside the target, it is assumed
§T: Rsiné, that the photon hits a quark with momentyppchanging it to
a state with momenturk=p+q before the fragmentation

directions of the emission and &,. The kinematics de-
scribed in Sec. Il can be easily adjusted to the c.m. frame
the two hadrons; the most important modifications are

1 [see Fig. 8a)]. We define the variable=p*/P*, which
IR|= ——M2—2(M2+M2) +(M2—M2)?, (23)  represents the light-cone fraction of the target momentum
2My, carried by the initial quark. As already anticipated in Sec. I,
it is customary to consider the frame where all the hadronic
= i(\/Mi—|I§|2— \/M§—|ﬁ|2—2|§|cosa), systems have no transverse components, i.e., wiRgre
My =P,t=0, while the virtual photon has a nonvanishing com-

ponentﬁT. A convenient parametrization for the momenta

where the crucial remark is thétis at most a linear polyno- referred to the initial hadronic system is

mial in cosé with coefficients that depend only on invariant
masses. This suggests that the dependence gponthe

fragmentation functions should be conveniently replaced by [ M2
an expansion in the Legendre polynomials in é@sd, con- pH= PT0
sequently, the cross section kept differentialdinosé. The | 2P7

Jacobiand¢/d cos6=2|R[/M}, can be absorbed in a redefini-
tion of the fragmentation functions. )
The partial-wave expansion of the leading-twist fragmen- p2+ §T2 R
tation functions has been given in RgL7], namely! pH= P+ XP*.prl.

(30

1
D1—D100t D10iCOSH+ Dy 7(3 cogh—1),
However, when calculating the hadronic ten&md, con-
sequently, the cross sectiahis more convenient to consider

the frame where the axis is antiparallel to the direction of

Extending the analysis to the subleading-twist functions ig"€ Virtual photon momenturtsee Fig. 4. By denoting the
straightforward: momenta in this frame with the subscript we have, there-
fore,P, =q, =0 andP;, , = —zq;. The difference between
theT and thelL frames is a boost that introduces corrections
LAt variance with Ref[17], here we use lowercase indices for the Suppressed asQ/ therefore, it can be neglected at the lead-
polarization of the relative partial wave, in order to avoid confusioning twist, but It must conSIsten_tly be' included when extend-
with the polarization state of the beam and/or the target in thdng the analysis at the subleading twist. The boost amounts to
expression of the cross secti¢see the following Sec. V the following modifications,

HY —H{ o+ Hijcosd. (24)
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FIG. 3. Relevant diagrams at the leading and subleading twist for the semi-inclusive DIS of a lepton on a hadronic target with detection
of two hadrons in the same current fragmentation region. The shaded blobs represent the contribution of all unsuppressed longitudinal
gluons, while the gluon lines represent all possible contributions from transverse gluonSesd®exk

2
n_#+—(pr—kqp)*,

Q

i ~n’ K gl

Q
nf~nl #, (31
V2.
a’TLNQiWaTV_aaT' qrn&

2. . .
=ar, + EaT'(pT_kT)n’i ;

where a% is a generic transverse four-vectar, are the
lightlike vectors considered in the frame, and the analogue
of the transverse projection operators of Eb. are

git'=gH"— n{+"nL 8 (32

KV = popv !
el’'=e Ny ,N”,.

As an example of the difference between theand thel
frames, in Fig. 5 we sketch the vectdrRs and Ry, . As
expressed in Eq31), the difference between the two vectors
is of order 1Q (exagerated in the drawingThe difference
between the anglegg and ¢, and betweenR;| and|Ry, |

is of order 1Q?; therefore it can be neglected in our analy-
sis.

The hadronic tensor, integrated upon the transverse cm
momentum of the hadron pair, reads

2MWH" =322 Tr zzf dﬁTdRTcD[*l(x,ﬁT,S)yﬂAll(z,ET,R)yV}—szzTr 'yaﬁy”@k]“(x,S)y"A(z,R)
—322 Tt y* v YalA(Z,R)y"°®L 19T (x,9) 10| =322 Tr 7Vy—+y D (x,S) y*y°AL19T(z,R) 10
Q\/E @ , A ) Q\/E @ ) A )
—322Tr v #AL-1e v
nQﬁy A (ZR)Y"D(X,9)|. (33
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Each contribution corresponds to a specific class of dia-
grams in Fig. 3. For sake of simplicity, the blobs in the
diagrams represent all the connected lines related to unsuy
pressed longitudinal gluons, namely the lower blob includes<
all lines withA™ gluons and the upper blob all lines wig
gluons. Therefore, the diagram in Fig(@B corresponds to
the first term in Eq.(33) involving the leading-twist color
gauge-invariant correlator® (which will be described in
Sec. IV A) andA of Eq. (10). It is important to perform the
integration upon the transverse momenta only after including
the effect of the boost in Eq31), as it will turn out that the

. - Fa, ¥
correlatorA contains a ]Q—suppr_essg@T dependence. \g% - z
At subleading twist, the contribution of transverse gluons ”%e
A+ is symbolically indicated by a line attached to the lower x

blob, corresponding to the color gauge-invariant quark- rig 4. Kinematics for the SIDIS of the leptdron a(unjpolar-
gluon-quark correlatorg)kr]“ (which will be described in  jzed target leading to two hadrons inside the same current jet.
Sec. IV A), or to the upper blob, corresponding Ad 1 in
Eq. (11). Therefore, the second and the third terms in Eq.
(33) correspond to diagrams in Figgb3 and 3c), while the
fourth and fifth ones to diagrams in FigqdBand 3e), re-

spectively. e (x), which are vanishing if the gauge link is the only

The correlatorss andAL-1¢ have already been discussed SCUrCe of theT-odd behavior. The, contributes only to the

. A . Y . first term of Eq.(33), corresponding to the diagram of Fig.

in Secs. Il A and 1l B, respectively. In the following, the , i [0y = i

missing terms will be described in detalil, leading to the final3(&)- Since the nonintegrated' ™'(x, pr,S) involves scalar

expression ofV4” in terms of distribution and fragmentation products of transverse vectors and commutators between

functions. transverse vectors and the lightlike vector, it is easy to
check that the boost transformations in Egl) do not add
other subleading-twist terms and leadg(x,S) unaltered.

Moreover, because of trfer integration the latter is insensi-
tive to the direction of the link integration path.

The color gauge-invariant quark-quark correlator for the At the subleading twist, the quark-gluon-quark correlator
initial state, ®(x,S), corresponding to the lower blob in (I),[;]a also comes into play, appearing in the diagrams of
Figs. 3a), 3(d), and 3e), reads[5] Figs. 3b) and 3c). Similarly to the previous case, the redefi-
nition of the quark fields including the gauge links and the
integration uponﬁT allows us to keep the same relation
dhHle=p2— L1 dictated by the QCD equations of mo-
1 tion as in the color-gauge-noninvariant case. The quark-
= E{fl(x)m L+ S.02(X) Yl 4+ (X) ysB, 14} gluon-quark correlator can be parametrized s

A. The quark-quark correlators for the initial
and the final states

@(x,s>=f dpr®*1(x,pr,9)

\/EXM
2Q

\/EXM

T 50 (TS ys— f0 et raSip

+

{e(x)+g7(x) ysB, + S hy(x) ysih v _}

+ih(x)h i}
=d,(x,9) + Py(X,9), (34)

whereS,, are the longitudinal/transverse components of the
target polarization, respectively. The first group,( repre-
sents the contribution of the leading-twist distribution func-
tions and it appears in the first, fourth, and fifth terms of Eq. scattering plane
(33), corresponding to the diagrams of Figag 3(d), and
3(e), respectively. The other termg) represent the contri-
bution of the subleading-twist distribution functions, includ-

ing also thepr-integratedT-odd functionsh(x), f(x), and FIG. 5. Description of the anglegr and ¢, .
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dLHo(x,s ,
A3 (RPN ALY P Wl e A Lt
M m 1 N 167TQ Mh Mh
=7 XgT(X)_Mhl(X)_ng(X) S ysth + <2,
Ry
+iHy oW — [m,,m J+iHT M’ mg]
+S| xh () =17 gl(x)+2h“1)(x)+ixe,_(x)) M7 2
. (37)
X3ysy M.
m . _ 5 J2 1
+ Mfl(x)—xe(x)+2|h{(l)(x)+|xh(x))%y“lm p¥a, a(z,R)=mp$(D17a+|Hf2—Mh[RT,ya]
L(1) .RTa {1 ,
= (FrtY00 +xFr(x)) €7°S th 4 (35 +IM—hH1 S r (38)

where, as usual, we define the moments Such contributions appear in the first term of E8@), cor-

responding to the diagram of Fig(&. The former couples to

0.2 ®,, while A, ,, due to the presence off, couples to

000~ [ B gur(x. B, (36)

@?Wm&s]d&ﬁ@muﬁLQ
and similarly for the other distribution functions.

As for the fragmentation into two hadrons, the leading- M W op W N
twist correlatorA; of Eq. (18) occurs in the diagrams of = S AP (%) e7"Srpth 1+ + 917 (X)SLysth +
Figs. 3a), 3(b), and 3c), while the subleading-twish, oc-
curs together withb; only in the diagram of Fig. @). How- —S h{(x) ysyrh . —iht My ). (39

ever, the boost transformatioi31) induces two additional

contributions to the correlator of Eq16), which are sup- To complete the picture about the fragmentation at sublead-
pressed as @ and, therefore, must be consistently includeding twist, the quark-gluon-quark correlamég]“ of Eq.(21)

in the analysis at the subleading twist before performing thenust be included in the fourth and fifth terms of E§3),
integration upodZT. The final IZT—integrated result reads corresponding to diagramg and 3e).

B. The hadronic tensor

Putting together in a consistent way all the contributions discussed above up to the subleading twist, we get for the hadronic
tensor the following expression:

Ril_li Ev}pslp S{Mei}pRHp

2M,,

2t Ry, [ M G*
Hf_l—SLTp M—hxh,_Herng

16z
ZMWMV:E[ _giLVlel+ iGiLVSLngl_

oMt teet?s, | (R RS M 2t WRY [ DT WM™
___r - —°F _ [CD N R _
+ o hy > T MhH thfTDl + o fq v th1
2t lbellPRy [ DT M 2t (eRY G*

H D et - <X _ 4
+iS, 0 01 xeLHl 0 theHl+f1 z

2Mt [rellrs, M, E
+|Tp XgTDl+ Vhlg . (40)

The leading-twist contribution in the above formula involvestwist, the issue is still under debaftg,6,3§. However, it is
color-gauge-invariant quantities that are independent of thinteresting to note that onlkq-integrated fragmentation
properties of the gauge link; under the hypothesis of factorfunctions appear viAE{]“ in Eq. (21), leading to the “tilde”
ization, it represents a universal response. At the subleadinfunctions of Eq.(22), that might depend on the considered
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process. ch)T—integrated distribution functions appear via

PHYSICAL REVIEW D 69, 074026 (2004

the corresponding|*1*, because these contributions in Eq. L**==5[—2A(y)g#"+4B(y)t*1"+4B(y) (X*x"+ 391"

(35) are exactly cancelled by the ones generated by coupling
A, . of Eq.(38) to ®L "1 of Eq.(39) in the first, second, and
third contributions of Eq(33) [see also Eq64) of Ref.[5]].

The net result is that the functiomgx), f+(x), ande, (x),

are the onlyT-odd distributions in the hadronic tensor and, if

V(y)tex" +2INC(y) el —iNW(y) Tl e 1Px, ],

(42

not vanishing, they must be generated by a dynamicawhereX is the lepton heI|C|tyx the spatial unit vectort#
mechanism that has nothing to do with the sensitivity to the=(n*+n’*)/2, and

link path.

V. CROSS SECTION AND SPIN ASYMMETRIES

The cross section for SIDIS of polarized leptons off po-
larized hadronic targets with two unpolarized hadrons in the
same current fragmentation region, reads

d’o a’yél
2 => L, 2MWE,
d¢dMidgprdzdxdydss “a 322Q*

(41)

where« is the fine structure constant=(E—E')/E is the
fraction of beam energy transferred to the hadronic system
and is related to the lepton scattering angle in the target rest
frame, ¢¢ is the azimuthal angle of the target polarization
with respect to the scattering planeg is the azimuthal

_ y?
A(y)—(l—y+?

B(y)=(1-y),
C(y)=y(%—1), (43

V(y)=2(2-y)J1l-y,
W(y)=2yy1l-y.

For convenience, in the following we will indicate the
unpolarized or longitudinally polarized states of the beam

angle of theRT vector with respect to the scattering plane, yith the labelsO andL, respectively. Similarly, we will use
measured either around &g, direction or around the di-  the labelsO,L, andT to indicate an unpolarized, longitudi-
rection (see Fig. 5. The indicated sum runs over the quark nally polarized, and transversely polarized target, respec-
and antiquark flavora. The hadronic tensdV4” of Eq.(40)  tively. We can then deduce the following list of cross

is contracted with the lepton tensor sections?

a? Ry 1 M .
d’oo0=— oy e [A(y)fl(x)Dl(z LMP) = V(y)cosgr—5-| 5 f1(x)D* (2.4, M )+—xh(x)H (2.4, Mh>H
(44)
2 R|[ M 1 -
d'oo = Z:;ZVSL; eiWy)sin%% M—hth(x>Hf(z,§,Mﬁ>+;gl(x>e<(z,§,Mﬁ>}. (45)
a? R | x 2
d"oor="— o IS.12 €2} B)sin(ge+ s -(OHT (2.4, M7)
. M | T|2 £ o(1) M 2
+V(y)sings— Q hy(x) H(Z g, Mh)+ Hj (z,¢, Mh) M ——Xfr(x)D1(2,{,M}) | 1, (46)
Mh h
o 2 | | M X
d’oL 0= 2702y N2 eQW(y)sin e o | M XeOHI (2.4, MR+ L 0G(2d, Mh>} (47)

°The distribution and fragmentation functions are understood to have a flavor andex
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g Rl
Ao = s AS e§| C<y>@u<x>Dl<z,/:,Mﬁ)—VV<y>cos<z>Ru ~0:(x0D¥(z,¢,M})
27Q%y a Q |z
M x 2
M XeL(X)Hl(Z1§1Mh):|]1 (48)
h
2 - M M 1 -
o= MSIZ e§W(y>cos¢53“[ -} X002, L M)~ S hOOE. LMD | (49

In the above formula, we stress again that we have inattracted a lot of intere$#t3], because it is directly related to

cluded also the contributions of ttkg-integratedT-odd dis-  the soft physics of chiral symmetry breakifdgd]. Its first
tribution functionsh(x), f+(x), ande_(x), which are van- |soscalar'MeII|n moment gives the scala.r form fa_ctor. Al-
ishing if the gauge link is the only source of Bodd thqu%h this form factotdescribing the elgstlc scayterlng offa
behavior. It would be interesting to experimentally check thisSPIN= target via the exchange of aZSP'”'O partidias not
feature. yet been measured, its valuetat —Q“=0, the so-calledr
?erm, can be deduced by low-energy theorems from the ex-

Several useful spin asymmetries can also be built out of . . Lo S :
the previous formulas. In Eq46) for d’c- the transver- perimental pion-nucleon scattering in the timelike region at
' ' or the so-called Chen-Dashen point — Q?=2m?2, with m,

tsriy hy fcan t.be 'Si'a.te" at.leadlfg tW'St. through th? ”afk';‘.‘ “Nihe pion mas$45—-47. Unexpectedly, ther term turns out
ation functionHy in a sinr*¢g spin asymmetry. This very big (50-70 Me\j [48,49 with respect to the average

asymmetry has been already discussed in leading-ordgg e of available lattice calculatio$0], suggesting that
analyseq17,27 and seems very promising with respect to oinroximately 20% of the nucleon malgscould be due to
the Collins asymmetry, since it does not need to keephe strange quark content of the nucleon. Therefore, having
memory of thek; dependence but rather of the direction of experimental access &fx) is of great importance. This dis-
|:§T, tribution could be extracted at subleading twist through the
While data from purely transversely polarized targets areCollins function by a beam spin asymmetry in one-hadron
not yet available, the HERMES collaboration has performedSIDIS for longitudinally polarized beams and unpolarized
spin asymmetry measurements with targets longitudinalljargets[31,51], provided that the transverse momentum of
polarized along the lepton bea@9—41], hence with a po- the detected hadron is measured. This asymmetry contains
larization three-vectot::.:(SX,O,Sz) in the lepton scattering another contribut_ion that was neglected until r_ecently
plane ($<=0) and with a transverse compond@twith re- [5.2,53. Once again, the case of one—hadror_1 SIDIS is com-
N - plicated by the dependence upon the partonic transverse mo-
spect to the direction of the momentum transfer alang

B f the Kinemati B | ; d by @/ mentum. For the case of two-hadron SIDIS, it is possible to
ecause of the kinematics se U, is suppresse y integrate upon the transverse total momentum of the pair and
with respect toS, [42]. In the present case of detection of

two hadrons in the same jet, therefore, both the leading twistt!l Pulld an azimuthal asymmetry usirBy. In fact, Eq.
d’0or and subleading twisti’oo, of Egs. (46) and (45), 47) looks simpler Fhan the corresponding one for the one-
respectively, should be consistently considered at the sa dron case, and it could eventually represent the cleanest
time when looking for a sis asymmetry. However’oo; ~ channel to look at in order to extrae(x). o

is considerably simpler than the corresponding cross section F.|nally, when expandmg the fragmenta_tlon f.“”Ct'Of?S n
for one-hadron SIDIS, because the information about thé?artlal waves and making the cross section d|ffer(_en_t|al n
transversity is not contaminated by other contributions, as if0S¢: the different dependence upshallows us to distin-
happens with the Collins and Sivers effects. Moreover, in th&UiSh the contributions pertaining to pusewaves, purep
Wandzura-Wilzcek approximation the fragmentation func-WaVes, ands-p interferences. For instance, by substituting
tion &% vanishes insided’ o, ; therefore, a sigbg spin Egs.(24) and(23) into Eq. (46) it is possible to check that

. ; the asymmetry will be dominated by &ip interference
asymmetry for two-hadron SIDIS in the HERMES kinemat- fragme);\tation )f/unction afi= /2 and gy ap—F\)Nave interfer-
ics would approximately lead to the product of the fragmen—ence fragmentation function aﬂt; /4
tation functionH;" times the transversity, and the distri- '
bution h_, which is anyway related td, itself via a

Wandzura-Wilzcek integral relation. VI. CONCLUSIONS

Again, if we neglectG*, a sing spin asymmetry with Fragmentation functions are universal, process-
polarized beam and unpolarized target would give access t@dependent object§54] containing crucial information
the chiral-odd distributiore(x), always through the chiral- about the hadronization mechanism and, ultimately, about
odd fragmentation functior ;" , as is evident from inspec- the confinement of partons inside hadrons. They appear in
tion of d’o o in EQ. (47). The functione(x) has recently semi-inclusive processes such as, e.g., DIS or electron-
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positron annihilation, and they can act also as a sort of “ananations of polarization states of the beam-target system in the
lyzing power” for the polarization state of the fragmenting case of deep-inelastic semi-inclusive leptoproduction of two
quark [14,15,18,32 The typical example is the so-called unpolarized hadrons, by integrating upon the two-hadron
Collins effect[3,24] relating the transverse polarization of center-of-mass transverse momentum. Our results can be
the parent quark to the transverse-momentum-dependepsed to distinguish @-suppressed contributions in experi-
Collins function, which describes @nonperturbative azi-  mental measurements, in order to extract more clearly
muthal asymmetry in the distribution of the detected leadingeading-twist contributions, or in order to study interesting
hadron. Two-hadron fragmentation functions can also be desypleading-twist terms. An example of the former case is the
fined, among which the so-called interference fragmentatiopossibility of extracting the transversity distribution in spin
functions[11-13 lead to interesting single-spin asymmetries asymmetries also with longitudinally polarized targéas
even after integrating upon the transverse total momentum afey have been measured at HERMES] for the case of

the pair[27,28), thus avoiding the complications introduced pne-hadron productionan example of the latter is the pos-
by the intrinsic nonperturbative transverse-momentum desibility of extracting from beam-spin asymmetrigsobably
pendence of the Collins function. in the cleanest possible wd$2,53) the twist-3 chiral-odd

In this paper, we have extended the analysis of twogistribution functione(x) [51], related to the mechanism of
hadron fragmentation functions to the subleading-twist levelthe spontaneous breaking of the QCD chiral symmetry and,
discussing also the issue of color gauge invariance but evenitimately, to the strange-quark content of the nuclpt.
tually integrating upon the transverse total momentum of the As a last Step, we have performed a partiaj-wave expan-
pair. Our results are theoretically interesting because the algjon of leading- and subleading-twist two-hadron fragmenta-
sence of an intrinsic nonperturbative dependence upon trangon functions, in order to distinguish the interference coming
verse momenta cancels, at leading twist, also any depefirom thes-s, p-p, ands-p channels in the relative partial
dence upon the properties of the gauge link operatojyave of the hadron pairs. Each component carries informa-
necessary to restore gauge invariance, allowing for a trulyion on different mechanisms, such as the polarization trans-
universal definition of these ObjeCtS; a debate is still Ongoinger to Spin_l resonancq@r p-p interferenc¢ or T-odd ef-
to check if this property holds true also at subleading twisttects from different kinds of final-state interactions.
[5,6,36. The extension to the subleading twist is also experi-Therefore, extracting this information from data would allow
mentally important, because it can represent a non-negligiblgyr the exploration of different aspects of the physics of the
cozntribution when performing measurements at moderatgagmentation process.

Q-

We have analyzed both the quark-quark and the sup-
pressed quark-gluon-quark correlator, relating the latter to
the former by means of the QCD equations of motion. We
have presented the full decomposition up to the subleading- Several discussions with D. Boer, P. J. Mulders, and F.
twist level of these correlators in terms of fragmentationPijlman are gratefully acknowledged. This work has been
functions integrated upon the intrinsic transverse momentunpartially supported by the TMR network HPRN-CT-2000-
As previously stressed, these functions are universal cef0130 and by the BMBF. M.R. thanks the Institute for
tainly at twist 2 and maybe also at twist 3. Nuclear Theory at the University of Washingt@Beattle,

As an application of our results, we have calculated theJSA) for its hospitality and the Department of Energy for
hadronic tensor and the cross section for all possible combjpartial support during the completion of this work.
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