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Interference fragmentation functions in electron-positron annihilation
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We study the process of electron-positron annihilation into back-to-back jets, where in each jet a pair of
hadrons is detected. The orientation of these two pairs with respect to each other can be used to extract the
interference fragmentation functions in a clean way: for instance, from BELLE or BABAR experiment data.
This is of relevance for studies of the transversity distribution function. In particular, we focus on two azi-
muthal asymmetries. The first one has already been studied by Artru and Collins, but is now expressed in terms
of interference fragmentation functions. The second asymmetry is new and involves a function that is related
to longitudinal jet handedness. This asymmetry offers a different way of studying handedness correlations.
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[. INTRODUCTION to the jet direction is an indicator of the transverse spin di-
rection of the quark. Such a correlation is expected to occur
Interference fragmentation function$FFs) have been due to the strong final state interactions between the two
suggested as a means to access transvdikjtyia single  hadrons: different partial waves can interfere and this is ex-
spin asymmetries irep' and pp' processes, in which the pected to give rise to nonvanishing, nontrivial fragmentation
proton is transversely polarized. Transversity is a measure dtinctions, the two-hadron IFFs.
how much of the transverse polarization of a proton is trans- As with all proposals to measure transversity, a second
ferred to its quarks. It is a helicity-flipor chiral-odd distri-  unknown quantity is introduced, which needs to be measured
bution function that is very hard to measure and thus far nseparately. For the nontrivial fragmentation functions, such
extraction from data is available. To become sensitive to thas the Collins function and the two-hadron IFFs, the cleanest
transverse spin of quarks inside a transversely polarized praxtraction is from two-jet events in the electron-positron an-
ton one can follow two main routes. The first one is to usenihilation process. Here, we will present the leading twist,
another transversely polarized hadréin initial or final  fully differential cross section for the process’e”

state, like in the Drell-Yan procesp'p!—¢€X or in polar-  —(h;h,)(h;h,)X in terms of products of two-hadron frag-
ized A hyperon production. The second route is to exploitmentation functions.
the possibility that the direction of the transverse polarization In Ref. [3], the leading twist, transverse momentum de-
of a fragmenting quark may somehow be encoded in thgendent two-hadron IFFs have been listed. There are two
distribution of hadrons inside the resulting jet. For instancechiral-odd and one chiral-even IFF, but upon integration over
the Collins effecf2] describes the case where the distribu-thequarktransverse momentum dependence only one chiral-
tion of a hadron inside the jet follows ke x s; behavior, odd IFF survives(calledHf), discussed at several places in
wherek; is the transverse momentum of the quark comparedhe literature[4—7]. The relation among the various ap-
to the hadron ands is the transverse polarization of the Proaches and to the fragmentation functiongfor the two
fragmenting quark. Here, transverse means orthogonal to tH&drons being two piopss extensively discussed in R¢8],
quark (or, equivalently, jet direction. Because of the trans- Where the two-hadron final system is expanded in relative
verse momentum dependence, the Collins effect is a ver9f”‘rt'al waves anq a new co.n.tr|but|on involving the transver-
challenging observable both theoretically and experimenSity at leading twist is identified.
tally, and an alternative is formed by the IFFs which describe Here, we will discuss the consequences of all three
the distribution of two hadrons inside the jet. The idea is thateading twist IFFs occurring in the procese’e”
the orientation of two hadrons with respect to each other ane-(h;h,)(h;h,)X; we find that upon integrating the differ-
ential cross section over th@bservedransverse momentum
one is actually left not only with the transverse momentum
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0556-2821/2003/68)/09400312)/$20.00 67 094003-1 ©2003 The American Physical Society



BOER, JAKOB, AND RADICI PHYSICAL REVIEW D67, 094003 (2003

GizMp)= [ de [ doe | dkrkr-Re ’H/;

X G1(z,£,K5,RE ki Ry), (D) _ A

where Ry is the transverse part of the relative momentum
between the two hadrons akd is the quark transverse mo-
mentum (see Sec. Il for explicit definitions of the above
quantities. This function is relatedbut not identical to lon-
gitudinal jet handedness and its resulting asymmetry will be
discussed in detail belovwsee Sec. V.

The asymmetry involving the transverse momentum inte . . :
; L .. _be of interest in the future and the notation used here hope-
grated chiral-odd IFFH]" has already been studied in a dif- P

o fully will facilitate communication between different experi-
ferent (less commonnotation in a paper by Artru and Col- y P

i is th ¢ d . Imental groups planning or performing two-hadron IFF-
ins [9]. It is the asymmetry of present-day experimental o|ated studies for different processes.

interest regarding transversity. The extractioigf from the The paper is organized as follows. In Sec. Il we first dis-
processe”e” — (h;hy)(h;hy)X is the goal of a groupl0]  ¢yss the kinematics of the processe™ — (h;hy)(h;hy)X.
that will analyze the off-resonance data from the BELLE |, gec. |11 we present the cross section in terms of the inter-
experiment at KEK. In the present article, we provide for aference fragmentation functions. Next, we investigate exten-
procedure of integrating and properly weighting the fully gjyely the Artru-Collins azimuthal asymmettgec. I\V) and
differential cross section to single out the relevant asymmeg,q newly found longitudinal jet handedness asymmetry

try. The extracted IFF will be of use to several ongoing or(gec \j. During the discussion of these two asymmetries in
starting experiments aiming to measure transversity in the . _

- 1 e’e H(hlhz)(ﬁlﬁz)x we also remark on corresponding
ﬂ?ﬁeﬁs)ef?Rngll[%)])x (HERMES, COMPASFand pp asymmetries in two-hadron inclusive deep inelastic scatter-
12 .

. . ing (DIS) involving the same IFFs to facilitate comparison.
However, the asymmetry involvinG; also seems of ex- g (DIS) g P

. ) ) ; We end with conclusion§Sec. V).
perimental interest. It can be viewed as the chiral-even coun-

terpart of the Artru-Collins asymmetry. An analogous asym-
metry involving chiral-even fragmentation functions does
not emerge _vvhen only one hadron is detgcted in each jet; this \y,e will consider the procese” e~ — (hyh,) (h1hy) X,
asymmetry is thus particular to the multi-hadron fragmentaxchematically depicted in Fig. 1. An electron and a positron
tion case. But it can also be viewed as an asymmetry arisingjith momenta and|’, respectively, annihilate into a photon
f_rom a correlat[op between Iongl.tudmal jet handedne;s fu_”cvvith timelike momentung=1+1’ andg?= Q2. A quark and
tions. As such it is relevant for smgLe spin asymmetnes»wnhan antiquark are then emitted and fragment each one into a
longitudinally polarized protonsep—(hih,)X and pp  residual jet and a pair of leading unpolarized hadrons
— (h1h3) X, which are proportional to the well-known quark (h,,h,) with momentaP;,P,, and masseM,M, [for the
helicity distribL_Jtion functiong, [c_:f., e.g., Eq.(31) of Ref. antiquark we have the corresponding notatibg,p,) with

[3]]. Sinceg; is known to considerable accuracy, one Canmoment§1,52 and masseBl, M ,]. We introduce the vec-

1L = ; _ o
extractGy from ep—(h;h,)X and actually predict our lon tors Py=P,+P,, R=(P,—P,)/2, and Py=P,+P,, R

gitudinal  jet handedness correlation inefe” — , . : S
. (hhy)(Mhy)X, i.e. the expression given below in Eq =(P1=Py)/2. The two jets are emitted in opposite direc-
(38). Any experimental deviation may be related tcc®- ~ tons; thereforeP,-P,~Q" We can parametrize the mo-

violating effect of the QCD vacuurfi1]. menta ag13]
The functionGj is also relevant for the studies of IFFs in
the processeep'—(h;h,)X and pp'—(hihy)X. There,

ha lepton frame

FIG. 1. Kinematics for th@JreiH(hlhz)(Fle)x process.

II. KINEMATICS

2
QL Mih , ZQ

H— Sy L
next to the asymmetry proportional to the transversity func- P \/E " th\/En+ \/5 -
tion, anotherG; dependent asymmetfy] occurs, which is o
proportional to the transverse momentum dependent distribu- —  7Q M? 7,Q
tion functiong,7 [12]. This function(extrapolated toc=0) h= ﬁn’f- +——\/§ nf~ f”’i ,
gives information on violations of the Burkhardt-Cottingham 7Q
sum rule. Apart from the intrinsic interest in such an asym-
metry, it also shows the need for appropriate weight func- b 2 P 3 P
: , 1 gf=-—=nZ+-—=ni+ar, 2
tions to separate the asymmetry proportionaj1¢G7 from V2 V2
the asymmetries proportional tqu andh,H7 (whereh,
denotes the transversity function where—g5=Q%<Q?, andn, ,n_ are light-like vectors sat-

The other results presented below, i.e. the other termisfying n?=n?=0 andn,-n_=1. The approximations in
arising in the fully differentiale*e™ cross section, may also Eq. (2) of neglecting hadron masses with respecQfodoes

094003-2



INTERFERENCE FRAGMENTATION FUNCTIONS IN . ..

PHYSICAL REVIEW B7, 094003 (2003

not imply that we simply take hadron masses to be zerglicitly such that the position of the hadron pairs with respect
everywhere. In particular, they cannot be neglected with reto the lepton frame ighg— ¢' and ¢g— ¢', respectively.
spect to the size of the intrinsic transverse momenta. We use The cross section for the 4-unpolarized-particle inclusive

the notationa®=a-n- for a generic 4-vectora with
light-cone componentsa=[a ,a",a;]. We define also

z=P,/q ~2P,-q/Q%*=2z,, z=P,/q"~2P,-q/Q*=1z,,

. . - S ————
representing the light-cone momentum fractions of the frag- 6 MV
menting(anti-quark carried by each hadron system. Analo- dPydPdPydP, — Q

gously, we define the fractions

1 R P
T2 h Thiap;
[T A @
2 P, P +P,

which describe how the momentum of tlienti-)quark is
split into each component of the hadron pair. Thaxis is
defined usingPy,; in particular, from Fig. 1 it isPy||z. It is
useful to define the so-called plane[14] perpendicular ta,
where P, =q, =0. Up to corrections inQ%/Q2<1, we
have P, = —zg% and, consequentlyP,, =—zor. The L
plane is spanned by the two unit vectors

. P Or i
A= ﬁ: — WZ(COS¢1,S|n¢1)=
hi
g'=élfi=e *ihi= 30 = (sing,, — cos,),

(4)

with ¢, defined in Fig. 1. Therefore, we ha\@z- a=(a
x h), for a generic 3-vectoa. As in DIS, thel and trans-

e*e™ annihilation is

P0rp0
2P2P32P2Pydo o

WL 7
where

~ A ~ 01
L’”=Q2[ - 2A(y)gj‘”+4B(y)z“z”—4B(y)( T+ 591”)

—2C(y)BYy)(z#17 +2'11) |, ®
1 cm.(1+ cos6
A(y)=(§—y+y2 =¥,
cm-sirf g,
B(y)=y(1-y)=——,
C(y)=1-2y - c0Ss6s, 9)

is the lepton tensor. In fact, only the'” part contributes at
leading twist. The invarianty=Py-1/P,-q~1"/q~ be-
comes, in the lepton center-of-magsm,) frame, y=(1
+c0s#,)/2, whered, is defined in Fig. 1. The unit vectors
are defined as

verse(T) components of a 4-vector can be obtained by the

tensors

g¢’'=g*”"—nkn” —n¥n’,

ﬁn“ *+n’qg¥
giv=ght ( +q5 +ar . ®)

In the following, we will consistently neglect thé&(1/Q)
difference, thus not distinguishing betweenand T compo-

nents of 4-vectors. From previous definitions we have also

|Rr|?=&(1- M- (1-&)ME—EM3,

|Rr|?=&(1- &) ME—(1— ) MI—EM3, (6)

whereP2=M?2 andP2=M? are the invariant masses of the

two final hadronic systems. The azimuthal angigs, ¢r,

=11,
pu 2 P a" (10
Zh=—Py— —=.
zQ " Q
Ph Ph P
P, R 2R 1
b, B
LA |
q kT‘; 'lk
JUY YAVAWY)

oo || B

=Y |

A

|
‘(\—

parametrizing the transverse componentsRoR, are de- Fl Fl
picted in Fig. 1. There, a further azimuthal angte should
be considered which identifies the position of the lepton R ¥ R

frame with respect to the laboratory frame. In Fig. 1 it is

taken as¢'=0 for convenience, but in the followin¢see

FIG. 2. Leading-twist contribution to 4p-inclusieg e~ annihi-

Secs. IV and Y we will have to retain its dependence ex- lation.
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The hadronic tensor is

Wiany(a;P1, P P1.Py)

1 j: dPy
(2m0 T (2m)%2PY
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X (0]3#(0)|Px;P1,P5,Py,Py)

X(Px;P1,P2,P1,P,3"(0)|0). (1D
Such a definition allows for recovering the corresponding
formulas in the case of 2-particle, 1-particle and totally in-
clusive e"e~ annihilation. For example, after integrating

X (2m)*8(q—Py— P, —

P2_

P1—P2) over one of the two hadrons in each pair,

dP, dp, 2 P°2P°2_°2_°da 2P%2P% o
j: "25p0 ihz 2PY  dP,dP,dP,dP,  dP;dP,
a? dP, dp,
= oter T o Eh e
_ Lj: _ 9P
Q¢ M 2mr T (2m)%2PY

(2m)*5(q—Px—P1~P,=P1—Py)

><$ dPz j: dP; (0]3#/X,P1,P»,P1,Py)
"2 (2m)32P9 "2 (21)%2PY a2

X<X1 Pl ’ PZ 131 !EZ|JV|O>

a? 1 dPy; _
=§LW(ZT)4$X W(Z m)*6(q—Px:—P1—Py)

Xi dp, i dP, P
"2 (2m)32PY T (2m)32P)

X (X" =

a? 1

dPy;
T 2t ix (2m)%2P7,

2

P2_521P17P2151152|‘JV|0>

o (2m)*8(q— Py —

E2 ' I:)l ’ PZ 151 132)

P1)(0]J¥|X’,Py,Py)

X<X Pl! 1|‘] |0> Q6 WWsz]ﬂ) ' (12)
|
we recover the cross section for the 2-particle inclusive R™ 1 R Eg
e*e” annihilation[14] after the replacemer®,« P,. Fur- F: 57 EE E
ther integrations over the detected hadrons lead to the h h h
1-particle inclusive and totally inclusive cross sectigof 1
[14)). P, <P, P~ —P/
Consistently with Eq(2), we have h="h—"h N
Pﬁ<PgaPﬂ~in R <R' RO~ —R"
V2 2
. o 1 R ¢ 1 R _E 13
R"<R HRNER , E;'_ 5 Bg__h

094003-4



INTERFERENCE FRAGMENTATION FUNCTIONS IN . ..

The elementary phase space can then be transformed as fol-

lows:
dP,dP,dP,dP,

550550550550
2P92P2PJ2P)

_ dP,dRdP,dR
(E2—4E3)(EZ—4E2)

|P,|2d|P,|dQ,dRrdR™dP,, dP; dRrdR*
8V2(Py)2E(1—€)(P)2E(1-¢)

2Q?
~mdzdﬂhdRTd§
X dPy, dZIRdE, (14)
42_6(1_5 he 0ZART 5:

wheredQ,=2dyd¢', sinceP,, =0 and its azimuthal angle

PHYSICAL REVIEW B7, 094003 (2003

Wiy ~3(32%222) € f dkrdky 8 (ky+kr—dr)
a,a
1 _
of @)
82z [

1
- + v
322[ dk A) At

k’=Ph /z

X Tr

Xk (17)

The (partly integrategcorrelation functiom is parametrized
in terms of fragmentation functions 48]

1
+ .
—322f dk*A(k;P,,R)

k= =P, Izk;

11 )
= 27| DIz RE kr Rt

actually defines the position of the lepton plane with respect

to the laboratory frame. Using E¢6) and

dRr=JdprdM?2  with

&RTX 5(1 5) aRTx .
cos — =—|Ry|sSIN
&Mﬁ 2|R | ¢R é’d’R | T| ¢R
J=
6RTy £(1-9)
— sin R|cos
aMﬁ 2|RT| ¢R aqs | T| ¢R
_E1-9)
= >
_ f1-9) _
dR;= ‘f(T‘f)dcﬁadMﬁ, (15
the cross section can be rewritten as
do
dardzdéd prdM2dzd£d prd M2dy dep!
a,2
12@4 2, Wan - (16)

Ill. CROSS SECTION

A. Hadronic tensor

VPO
GMVpUyMn— kTRT

—G1%(z,6,k2 R2 ky- RT)W s

JRENY

+HI(z, & KE RT k- RT)m

ey
wKEnZ

+H1%(z,£,kF,RE k- RT)W

(18

The hadron masses appearing in E§g8) provide for the
dimensionful scale needed to balance the ones introduced by
kt andRy. This is purely a matter of definition; one could
have chosen any nonperturbative scale, which would only
alter the normalization of the IFFs slightly. We parametrize
the antiquark correlation functiod in the same way by
employing overlined quantities, but in this case the sup-
presseck” component is integrated over.

At leading twist, we have the usual nice probabilistic in-
terpretation of the fragmentation functions in E§8): D is
the probability for an unpolarized quark with flavar to
fragment into the unpolarized hadron pair, (h,), G2 is
the probability difference for a longitudinally polarized
quark with flavora and opposite chiralities to fragment into
(hy,h,), and bothH;*® H1? give the same probability dif-
ference but for a transversely polarized fragmenting quark.
G;2,H;? H1? are allnaive Fodd andH ;3 H1? are further-
more chiral odd. The functiokl|? represents a generaliza-
tion of the Collins effect, namely for two hadrons instead of
one. Howeveera originates from a genuinely new effect,
because it relates the transverse polarization of the fragment-
ing quark to the angular distribution of the hadron pair in the

To leading order the expression for the hadron tensor is_L plane(defined in Sec. I[7]).
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B. Fully differential cross section current jet(see Fig. 2 for a diagrammatic representation at
leading ordey, the differential cross section at leading order
For the case of the™ e~ annihilation into four unpolar- in 1/Q and a4 is (including now summation over flavor in-
ized (or spinlesg hadrons with two leading hadrons in each dices with quark charges, in units ofe)

do(e*e”—(hih,)(hih,)X)
dgrdzdédMZd prdzdéd MZd prdy dep!

laggla
Hl Hl

(2h-keh-kr—ke-ky) ———
(M1+M3)(M+My)

60’ . _
=> eigzzzz{ A(y)FID{Di]+cog2¢,)B(y)F
a,a

HiaH12

(h-krg-kr+h-keg-ky) ———
(M1+M3)(M;+My)

—sin(2¢41)B(y)F

+cod ¢rt dr—2¢")

Lapgla
T 1 Hl

h-kg S
(M1+M3)(M;+My)

Yapy<a
1 1

(M1+M3)(My+My)

X B(y)|Ryl[Re| F +c0g ¢y + pr— ¢)B(Y)|Rr| F

Lapggla
Hl Hl

= +cod ¢+ pr— ¢ )B(Y)|R;
(M +M,) (M, +M,) 1+ dr— ¢')B(Y)|Ry]

—Sin( 1+ pr— ¢'>B(y>|RT|f[é~E

R HLaH<):a HLa_d:a
xf[h-kT S !
(M1+M3)(M1+My)

1
M1+Mp)(My+My)

_Sir‘(¢1+¢E_¢I)B(Y)|Er|f[é'kT( +A(Y)|Ry|[Ry]

. LaELa
. . ~ ~ 1 1 .
X(Sm(d)l_d’R_"¢I)S|r‘(¢1_¢R+¢l)}{h'kTh'kTT +SiN( 1~ P+ ¢')cot 1 — prt+ ¢')
lMZMlMZ
_  Gi°G;? _ G1%;*?
XF| B kagrkr = +cos<¢1—¢R+¢'>sin(¢1—¢R+¢'>f{é~kTﬁ~kTT +co8 b1~ b+ ')
MlMZ 12 MlMZMlMZ
Gi3Gi?
X Cco — ¢prt |_7: A-kA'?T , 19
{1~ Pprt+ @) {9 79 TMlMZMle (19
where the convolutiorf is defined as
Flw(ky kr)D*D?|= f dkrdky6®(kr+kr—apw(kr kr)D*(z,£, K7 R kr-RDAz, £k R kr-Rr). (20

The azimuthal dependence is dictated by the fact that any information about the azimuthal asymmetry of the distribution of

the four hadrons must be encoded by the relative positioR;0énd ﬁT with respect to the lepton frame, i.e. by tiig
— ¢' and ¢g— ¢' angles, respectively, and by the azimuthal position of the lepton frame itself.

IV. ARTRU-COLLINS AZIMUTHAL ASYMMETRY

In this section, we will obtain an azimuthal asymmetry in the distribution of the four hadrons that arises only due to the
transverse relative momenta of each pair, i.e. only due to the relative position of each pair plane with respect to the lepton
plane(see Fig. 1 For this purpose, the cross section of E) must be properly weighted and its dependence on the intrinsic
transverse momenta of the quarks integrated out. We present the procedure in considerable detail, since this will form a crucial
aspect of a practical analysis of experimental data. We will show that}ebﬁil)survives the integration, which is the same
fragmentation function appearing in the single-spin asymmetry that can be built at leading twist in the case of two-hadron
inclusive DIS[5-7]. Therefore, under the hypothesis of factorizati@mollinear factorization in this particular cdsehe
combined analysis of the two semi-inclusive processes allows us in principle to deduce the fragmentation funceéd®from
and then disentangle the transversity distribution in the corresponding DIS cross section at leading twist.

We define the asymmetry
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— |
A(yaZ.ZMﬁ,Mﬁ):<COS(¢R":](§R 24"))

[ f dé f dEf;”i—q: ffﬂddm 02”d¢acos(¢R+ r—24)

y f do(e*e” —(h;hy)(h;hy)X)
I 4y de' dzdalededardM2d gadM2d dr

—(2rdg! f2m  [2m do(e*e”—(hyhy)(h;hy)X)
dé| d —| d dor | d S — 21
Xj gf gfo 217'fo d)Rfo ¢Rf quydgb'dzdzjgdgqudMﬁdq&RdMﬁd(ﬁﬁ (&9

Let us consider first the term in the numerator, involving the trigonometric weight. If we insert the cross sectio1® Eq.
into it and consider just the average over the azimuthal posiidraf the lepton plane, we can see that the first three terms
give a vanishing contribution because they involve the integral

f 99 o bt b 26)=0 (22
0 2 R R .

The fourth term gives

2m ¢' Hfaﬁfa
728 dé| de d d R:||R|cog 2 N
E e ~7°2 (y)f éf ¢| dgr| der| IRl Rr|coZ( pr+ dr— ¢>f qTf[(M1+M2)(Ml+M2)
S 28 (2w fom |Ry/|Ry]
;;ea Q2 i B(y)fdgf dgfo 9= ), d¢R2(Ml+M2)(I\Wl+I\72)quT
X f dkrdky 8% (kr+kr—ar)HY (2.6, K3 RE k- R)H{ (2, £.K5 RE krRy)
> B(y)
= e— e (zM)H (zM) (23
E Q2 Myt My (M + M) Hid R
where
Higy(zMp) = fd§|RT|f d‘;be dkrH 3 %(z,&,k7 ,R? k1 Ry),
_ _ - 27 _ .
ALty @)= | dER [ g | doRi@ER R K Ry 24

are the same moments of fragmentation functions that appear in the following leading twist single-spin asymmetry arising in
two-hadron semi-inclusive DIS off a transversely polarized tage¢ Eq(17) of Ref.[7]]:

(sin(pr—2¢ >>o<B<y)|sL|E eaxhi(X)HI & (z.M}), (25)

whereS, is the transverse polarization of the target and the light-cone momentum fraction of the quark.
The fifth through eighth terms give again a vanishing contribution, because they involve integrals of the kind

2nd g [ cos 24! cos¢!

o 2w |sin2¢ sin¢g
Finally, it is instructive to check that the last four terms in ELP) vanish only after the combined effect of the average over
d¢' and the integral upodgy. In fact,
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2ndg'  |Ryl|Ry|

s T g, O 260 | daft s b )

Zei“ 2A<y>fd5fd§ dge i

Xsin( gy — -+ ¢>'>f[ﬁ-kTﬁ~?TGia€ta]+sin<¢l—¢R+ ¢')cog 1 — -+ ¢) FIN-krg-k:G1°G1 7]
+C0g by — pr+ ¢)SiN 1 — P+ ¢') F[ Q- keh- krG12G1 ]+ cOS by — pr+ @) cOL b1 — i+ &)
X F[9 kg krG1G1 7]}

|Ry||Ry]

S —z2z2A<y> | e o d¢R ¢Rm | dar | ok o2+

1 i Apoat oo op 1o Aol et . ke la~la
X Z(CO§¢1_S|n2¢1)(g'kTg'kT_h'kTh'kT)+ZS|n¢1COS§b1(h'kTg'kT+g'kTh'kT) G17°Gy

2" |Rr[Ry| (kp+kn)? = (kr ko)
= e—z2z2A fdfd "d br fd Y
Z (v) | dé| dé] deg | VYRR +d P
_ _ _ (Kp+ kp) o (kr+K7) _
X[ (KX kp)2+ K- (kp Kok (kp+ k) ]+ 20— (kX k) (K~ k&)
|kr+ kel
X G1(z2,£,K2 RE ke Ry)G1%(2,,k7,R? k- Ry) =0, (27)

because the last two integrands are odd under the transformations
krx—Kry,  Krxokry,

RTXH RTy y a'rx(—)ﬁ'ry . (28)

Hence, we have

__(2nd ' r2n 2
(cos e+ d-240) = [ e [ de | %fo dox | " droos et gr-24)

f . do(ee”—(hyh,)(h;hy)X)
qTdyo|¢'olzol_zolgoEoqucl M2d prd M2d iy

2?2°B(y)
EE Q2 (My +M2)(M +M2)

Hi G (ZMDH & (z.M}). (29)

In a similar way, it is straightforward to prove that the unweighted cross section receives a contribution only from the first
term of Eq.(19), i.e.

__r2adg [2n 27 do(e*e”—(hihy)(hihy)X)
1)= | d¢| de| ——| d der | d
(1) f gf gfo Zﬂfo d)Rfo d’RJ QTdydqbdzdzjgdgqudMﬁd(deMﬁmi)a

6a? _ .
:ZeiEA(y)zzzzDi(z,Mﬁ)Di‘(z,Mﬁ), (30)
a,a
where

2
DT(Z,Mﬁ)=f difo dd’Rf dkrD3(z,£,k%,RE kr-Ry),

D%(z,M})= J'df d‘f’Rf dk;D3(z,€,k7,RE ke~ Ry) (31)
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are the same fragmentation functions as arising in the unweighted cross section at leading twist for the two-hadron semi-
inclusive DIS procesfsee Eq(18) of Ref.[7]].
The final expression for the azimuthal asymmetry is, from @6),

- .1 7’z )
A(y.zZM} MP) =5 Z Z(M Y M(Wy ™
2 2

-1

Hf(aR)(Z' M ﬁ)ﬁf(%)(zmﬁ)

{ >, eiz’2’A(y)Di(z.MP)Di(z M; %)}
a,a
(32)
This azimuthal asymmetry is our version of the Artru-Collins asymmigity
V. LONGITUDINAL JET HANDEDNESS AZIMUTHAL ASYMMETRY
The other azimuthal asymmetry we will explicitly derive is defined as
Ay,z,2,M} M7)

_(cog2(¢r— dR)])
(1)

e N A _ do(e*e” —(h;h,)(hihy)X)
“dgf €| 52| Tdge | dsrcosaige- g [ dor _ ~ l

dyd¢'dzdzédédgrdM2d prdMid dr

_(2mdg! f2r o do(e e —(hihy)(hihp)X) |77
dé| d —| d dor | d S i
xf gf gfo 2wfo ¢Rfo (/)Rf qTdyd¢'dzdzdgdgqudMﬁd¢RdMﬁd¢§

(33

Note that this asymmetry is independent of the orientation of the lepton scattering plane, contrary to the asymmetry of the
previous section.
By performing the integrations in the same order as in E2®—(27), the surviving terms are

27 2rd¢'  |Ry||R
2 e —zzWy)fdff dff der d¢af0 2(5)7 —M|MT”MT|M
2

cog 2(pr— d’ﬁ)]f dar{sin(¢;— pr+ )
X sin( ¢y~ ¢+ ¢') FLN-keh - krG12G1 2] +sin( ¢y — prt ¢')COL by — dr+ ¢) F [N kg kGG 2]
+C0g by — pr+ ¢)SiN( 1 — P+ @) F[ - krh- ke G12G1 ]+ cOS by — pr+ ¢') O by — bt @)

X F[9 kg krG1G1 7]}

_ 26;“2 o _ (27 2 ; B
—% €; % 7z A(y)f dff d§fo dd’Rfo dér MMM, M200$2(¢R r)]

X COE(d’R_d’E)IAQT'E{_Tf dkaT'RTGia(Zlgyk'%vR?rva'RT)f dﬂﬁ'ﬁgia?ézriﬁ,ﬂ'ﬁr)

+sin(pr— ¢E)§T><§TJ dkrkr- RrGy%(z,&,K3 ,R? kr- RT)J’ dkrkr-RyGy*(z, €K% ,RE kr+Ry)
-3¢ 39 ) Gz MDBLAZMD), (34)
202 M, M,M M, n

where
2
Gfa(z,Mﬁ)EJdgfo d¢Rf dkrkr- R1G3(z,€,k%,R2 kr- Ry),

- _ (2w - .
G{a(z,Mﬁ)zfdgfo d¢§f dkrkr- RyG2(z,£,k%,R2 K- Ry) (35)
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are weighted moments of the same IFF that appears in the cross section at leading twist for two-hadron semi-inclusive DIS off
a transversely polarized tardeee Eq(10) of Ref.[7]]. For simplicity of notation, these moments carry no further subscripts,
as opposed to Edq24).

In Eq. (34), the first step follows from first integrating overd', which implies the disappearance of the expligit
dependence, and by performing ttig; integration using identities like

f darF[h-keh-kr+g-keg-kr]G1 %G1 = f dkrkyG1%(2,£.k5 R kr-Ry) f dkrkyG1%(z,€. k7. RE kr-Ry)
f darF[g-kih-kr—h-krg-kr]G1 %Gy = ey f dkrkG1 (2, £,k5 \RE k- Rr) f dkrkhG1%(z, € K7 RY krRy).
(36)

The latter integrations can only result in a function afz(£,£,R?,R2) multiplying the productsR;- Ry and Ryx Ry of unit
vectors, respectively, since there are no other available vectors.

From Eq.(34) it is also easy to check th&@ does not enter in the integrated, unweighted, cross section. The resulting
expression for the numerator in E@®3) becomes

do(ee” —(hyhy)(h;hy)X)
dyde'dzdaédédord MEd prd M2d b

(oo 2 o) = [ e [ GE[ S [an [ dvrvos bu- om [ da

3a? 1 -
:Zegz—QZZZZZA(y)MMTGia(Z,Mﬁ)Gia(Z,Mﬁ). (37)
a,a 1Vi2Vi1IVi2

The final expression for Eq33) is
2,2

"7 -
2 la 2 1la 2
> e————Gi*(z,M)G}*(zM})
aa M{M,M;M,

-1
> e2722?D3(z,MZ)DX(z,M?)| . (39

a,a

— 2 a1
A(y,z,z,Mh,Mh)=Z

It is possible to consider thaﬁ weighting and gek% moments, but we will not do so here. Rather, it is important to remark
that the weighting factok;- Ry in Eq. (35) is crucial, since the function

2
J dgfo dquf dkrG1%(z,£,k3,R% ky- Ry) (39

does not occur due to parity invarian@®4,15. Nevertheless, the chiral-even 1|8 can provide a probe aj, as it emerges
from the expression of the cross section at leading twist for the two-hadron semi-inclusive DIS off a longitudinally polarized
target[see Eq(31) of Ref.[3]]:

1

9:671
M1M,

dO'(eE)—>e’h1h2X)O|_ )
d0dxdzcEdp, dr, ~| T MRiIAY)sIN(gy— dr) F

h-ky

+} (40)

where ¢y, is the azimuthal angle d®,, (analogously tap, in Fig. 1), and\ is the target helicity.

This is a good point to make the connection to handedness studies. Handedness has been studied for quite some time
[16—18 as a means to probe the helicity of fragmenting quarks. Cle@yjs a similar analyzer of this helicity due to a
(krx Ry) correlation present in the fragmentation process and a direct link with the concept of longitudinal jet hande@ness
can be made. One can show that the functions appearing ifilBgof Ref.[17] are related to the IFFs discussed here. For
instance, the longitudinal jet handedness is a linear combination of functions Déiladd D/z* and is directly proportional to
(kyx RT)Gi(z,g,kZ,R%kT- Ry). Similarly, the transversal jet handednégs/en by a function calledDD is proportional to
(krX Rr)H{ (z,£,k3,R3 kr-Ry). Although the unintegrated functioid; andH;" are directly related to the jet handedness
functions of Ref.[17], the asymmetries we have presented here are not easily translated to the handedness correlation
observables discussed in REf1] (different methods of weighting are employedlevertheless, they should encode similar
information and as such our asymmetry of E2B) could perhaps also serve as a measure@Paiolating effect of the QCD
vacuum discussed in Rdfl1]. This interesting topic deserves further study.

094003-10



INTERFERENCE FRAGMENTATION FUNCTIONS IN . .. PHYSICAL REVIEW B7, 094003 (2003

The functionGi(z,Mﬁ) of Eq. (35) also provides a probe of the transverse momentum dependent distribution fupgtion
through asymmetries in the processgs — (h;h,)X or pp'—(h;h,)X. However, these are precisely the processes where
also the transversity asymmetrigsroportional ton and Hy) occur. In fact, the cross section at leading twist for the
two-hadron semi-inclusive DIS on a transversely polarized target contains the following[senEq.(10) of Ref.[7]]:
hiH]
M.+ M,

do
dQdxdzddP,, dMZdgr

hiH1
M{+M,

*[S, |

-+ +|Ry|B(y)sin( ¢+ és )F +B(y)sin( ¢n+ d’SL)f[ﬁ'kT

1

+B(y)cos ¢y + %pf[ ~[Rel A(y)cod én— s )sin b — )

~ k 1'11
9TV ™,
ngGJJ:

<F MMM,

A-keh-pr +[Rr|A(y)Sin( ¢ — s )SIN b — hr) F ﬁ~kTé~pTW

ngGi }
ngGi

9k Priam, M,

MMM, ’

—|RrlA(y)cos ¢n— s )cod dn— dr) F +|RelA(y)sin( dn— ¢s) )

X cog ¢p— %)f{é-kTé-pT (41)

where M is the target mass with momentu™ =xp™. longitudinally polarized quark IFFS7 , which is related to
Hence, one should carefully project out the azimuthal asymlongitudinal jet handedness. The asymmetry offers a differ-
metry of interest in order to avoid contributions from differ- ent way of studying handedness correlations and, as such,
ent mechanisms. can perhaps be used as a measure of a sp@ftficiolating
effect of the QCD vacuum. We pointed out that knowledge
VI. CONCLUSIONS of the helicity distribution functiorg, is of help in this re-

We have studied azimuthal asymmetries in the procesgp?EC;tracting IFFs frome*e~ annihilation will provide for
e"e”—(h;hy)(hih,) X, which function as probes for inter- the as-yet-unknown information needed to disentangle the
ference fragmentation functions. The asymmetries arise ifranversity distribution from processes lik@' — (h;h,) X or
the orientation of the two hadron pairs with respect to eacrppT_)(hlhz)x, However, we stress that azimuthal asymme-
other. We have presented two asymmetries that are afies in these processes with transversely polarized targets
present-day experimental relevance. Although the asymmenyolve combinations likay,;7G1 , hyHY andh;H1 ; hence,
tries probe the correlation of longitudinal and transverse, careful separation of each contribution requires weighting

quark and antiquark spin, respectively, they are to be exXyf the cross section with the appropriate trigonometric func-
tracted from the same experimental data by applying differyjgns.

ent weights in the form of trigonometric functions of azi-
muthal angles. The first asymmetry has already been studied
by Artru and Collins, but had not yet been expressed in terms
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