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Interference Fragmentation Functions and the Nucleon’s Transversity
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We introduce twist-two quark interference fragmentation functions in helicity density matrix
formalism and study their physical implications. We show how the nucleon’s transversity distribution
can be probed through the final state interaction between two mesons(, KK, or 7K) produced
in the current fragmentation region in deep inelastic scattering on a transversely polarized nucleon.
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The quark transversity distribution in the nucleon is onephase shifts to characterize the interference. Such an in-
of the three fundamental distributions which characterizegerference effect allows the quark’s polarization informa-
the state of quarks in the nucleon at leading twist. Meation to be carried through; X k- - S, wherek,, k—,
surements of the other two have shed considerable lighind S, are the three-momenta ef* (K), =~ (K), and
upon the quark-gluon substructure of the nucleon. Thehe nucleon’s transverse spin, respectively. This effect
transversity distribution measures the probability differ-is at the leading twist level, and the production rates for
ence to find a quark polarized along versus opposite tpions and kaons are large in the current fragmentation re-
the polarization of a nucleon polarized transversely to itgyion. However, it would vanish by invariance in the
direction of motion [1—-4]. It is identical to the helicity absence of final state interactions, or Gyinvariance if
difference distribution in the nonrelativistic limit where the two-meson state were an eigenstat€ gfarity. Both
rotations and boosts commute. However, we have learneslippressions are evaded in th€7* 7 ~), K*(7K), and
from ga/gv # 5/3 and the recent measurement of the sping (K'K) mass regions.
fraction carried by quarks in the nucleoB, = 0.2 [5], The final state interactions of 7, 7K, and KK are
that the quarks inside the nucleon cannot be nonrelativig<nown in terms of meson-meson phase shifts. From these
tic. The difference between the transversity and helicityohase shifts we know that and p-wave production chan-
distributions is a further and more detailed measure of th&els interfere strongly in the mass region around ghe
relativistic nature of the quarks inside the nucleon. K*, and ¢ meson resonances. Since thand p waves

The transversity distribution measures the correlation ohave oppositeC parity, the interference provides exactly
quarks with opposite chirality in the nucleon. Since hardthe charge conjugation mixing necessary. Combining per-
scattering processes in QCD preserve chirality at leading!rbative QCD, final state interaction theory, and data on
twist, transversity is difficult to measure experimentally.the meson-meson phase shifts, we can relate this asym-
For example, it is suppressed lik@ (m,/Q) in totally =~ metry to known quantities, the transversity distribution we
inclusive deep inelastic scattering (DIS). Ways haves€ek, and to a new type of fragmentation function that de-
been suggested to measure the transversity d|str|but|oﬁC“beS thes- and p-wave interference in the procegs—
These include transversely polarized Drell-Yan [1], twist-7 7~ (7K, KK). Unless this fragmentation is anoma-
three pion production in DIS [2,6], the so-called “Collins lously small, the measurement of this asymmetry may be
effect” as defined in single particle fragmentation [7], andthe most promising way to measure the quark transversity
polarized A production in DIS [3,8]. However, each of distribution.
these has drawbacks [9]. Earlier works [7] have explored angular correlations

In this Letter we develop another way to isolate theof the formk; X k; - S, wherek; and k, are vectors
quark transversity distribution in the nucleon that ischaracterizing the final state in DIS. The simplest example
free from many of these shortcomlngs We study semiwould bek; = q andk; = k,, the momentum of a pion.
inclusive two-meson (e.g7 "7, mK, or KK) produc- These asymmetries, however, require that the final state
tion in the current fragmentation region in deep inelastidnteraction phase between the observed hadron(s) and the
scattering on a transversely polarized nucleon. The possiest of the hadronic final state must not vanish when the
bility of measuring the quark transversity distribution via unobserved states are summed over. We believe this to be
such a process was first suggested by Collins and collakwlikely. We utilize a final state phase generated by the
orators [10] (see also Ref. [6]). Our analysis focuses otwo-meson final state interaction, which is well understood
the interferencebetween thes and p wave of the two- theoretically and well measured experimentally.
meson system around the (for pions), K* (for 7K, or We consider the semi-inclusive deep inelastic scattering
the ¢ (for kaons). We make explicit use of two-meson process with two-pion final states being detected; —
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e'm* 7~ X. The analysis to follow applies as well toK  azimuthal anglep is defined as the angle of the normal of
or KK production. The nucleon target is transverselytwo-pion plane with respect to the polarization vecfor
polarized with polarization vectd,. The electron beam of the nucleon, cog = 7<+ X k_ - §l/|]§+ % ]§_| |§L|_
is unpolarized. The four-momenta of the initial and final This is the analog of the “Collins angle” defined by the
electron are denoted by = (E,k) and k' = (E',k'), a7 system[7].
and the nucleon’s momentum 8,. The momentum To simplify our analysis we make a collinear approxi-
of the virtual photon isy = k — k/, and Q? = —¢* = mation, i.e.,@ = 0, in referring the fragmentation coor-
—4EE'sir® /2, whereé is the electron scattering angle. dinate system to the axis defined by the incident electron
We adopt the standard variables in DIS= Q?/2Pq  (the complete analysis will be published elsewhere [12]).
and y = Pq/Pk. The o[(7#)!=] and p[(7ww)!Z]] At SLAC, HERMES, and COMPASS energies, a typical
resonances are produced in the current fragmentatioralue foré is less than 0.1. Complexities in the analysis
region with momentunP, and momentum fractiop =  of fragmentation turn out to be proportional to sthand
P,q/q*>. We recognize that therm s wave is not can be ignored at fixed target facilities of interest. In this
resonant in the vicinity of the and our analysis does not approximation the production of two pions can be viewed
depend on a resonance approximation. For simplicity was a collinear process with the electron beam defining the
refer to the nonresonamtwave as the &”. In their work  commoneé; axis. Also we takes | along thez; axis.
on the two-pion system, Collins and Ladinsky [11] made Since we are only interested in a result at the leading
the unphysical assumption of a narrewvave resonance twist, we follow the helicity density matrix formalism
interfering with a (real) continuunp wave, neither of developed in Refs. [8,13], in which all spin dependence
which appears inr 7-scattering data. is summarized in alouble helicity density matrix. We
The invariant squared mass of the two-pion system isactor the process at hand into basic ingredientsAthe:
m? = (ky + k)% with k1 andk— the momentum ofr* 4 distribution function, the hard partonigy — ¢’q’ cross
and 7, respectively. The decay polar angle in the restsection, theq — (o, p) fragmentation, and the decay
frame of the two-meson system is denoted@yand the | (o, p) — @, all as density matrices in helicity basis:

[ dSo } _ fhlh’l[dzo'(eqﬁe'q')}hzhé[d23\;l }Hlﬂf[ d*D } O
dxdydzdm?d cosOd ¢ |y HH dxdy il dzdm? L, L d cos®d¢ L,

where h;(h;) and H(H') are indices labeling the heIicit;} necessary to describep interference inr* 7~ produc-
states of quark and nucleon, arf(H]) labeling the tion. A full account of these fragmentation functions will
helicity state of the resonan¢e, p); see Fig. 1. In order be given in Ref. [12]. A two-meson fragmentation func-
to incorporate the final state interaction, we have separatdibn can be defined by a natural generalization of the single
the ¢ — 7"~ fragmentation process into two steps. particle case. Using the light-cone formalism of Collins
First, the quark fragments into the resonafgep), then  and Soper [14], the following replacement suffices,
the resonance decays into two pions, as shown at the top
part of Fig. 1.

We first discuss two-meson fragmentation, first exam-  [2X)out oulhX| = |77 7~ X)out ouelm "7~ X[, (2)
ined in Ref. [10]. Here we introduce only those pieces

™
1
|

i

T The resulting two-meson fragmentation function depends
‘\ on the momentum fraction of each pion, z, the w7
invariant mass, and the angle® and ¢. The sub-
script “out” places outgoing wave boundary conditions
on the #7X state. Two types of final state interac-
tions can generate a nontrivial phase: (i) those between
the two pions, and (ii) those between the pions and the
hadronic stateX. We ignore the latter because we ex-
pect the phase to average to zero when the sunXon
is performed—7* 7~ X)out — (w7 7 )ouX). Further-
more, if the two-pion system is well approximated by a
o ; H single resonance, then the resonance phase cancels in the
+ - + - ;
FIG. 1. Hard scattering diagram for two-meson production ing:’od_u;:t lf(ﬂ - )‘E‘)”),[Q«W ,[77 )O“t)i.l'l This leaves ontly tial
the current fragmentation region of electron scattering from € Interierence between two partial waves as a potentia
a target nucleon. Helicity density matrix labels are shownsource of an asymmetry. The final state phase of the two-
explicitly. pion system is determined by ther T -matrix [15]. We
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separate out the phase for later consideration and analy2dter these symmetry restrictions, only two independent
the (real)p-o interference fragmentation function as if the components remain,
two particles were stable. ~sp . ~sp A

The s-p interference fragmentation function describes Moo+ = 4, Mor+— = 841, (6)
the emission of go(o) with helicity H; from a quark
of helicity h,, followed by absorption ofa(p), with
helicity H{ forming a quark of helicityz. Conservation
of angular momentum along ttég axis requires

and they can be identified with two novel interference
fragmentation functionsg;, 6G,;, where the subscripi
stands for interference. Here, to preserve clarity, the fla-
vor, 02, andz have been suppressed. The helidiyi

Hi + hy = Hi + hy. (3)  states of quarks are denoted respectively. Hermitic-
Parity and time reversal restrict the number of indepenity and time reversal invariance guarantge and 6g;
dent components oM : are real. From Eq. (6) itis clear that the interference frag-
o sp(ps) oy sp(ps) . mentation functiongg;, is associated with quark helicity
Mg = Moi=p-n-s (P, () fiand s therefore chiral-odd. It is this feature that en-

~ sp ~ ps ables us to access the chiral-odd quark transversity distri-
My nony, = Mpwgagn,  (T-reversal.— (5)  puytion in DIS.

Note that Eq. (5) holds only after tt# reversal violating Encoding this information into a double density matrix
final state interaction between two pions is separated ?unotation, we have

d*M .
Gan = 200 @ 70,(2) + (04 @ - + 0 @ 74)841(2)}A(m”)

+ A1) ® 704i(z) + (0- ® My + o1 ® 1-)81(2)}AG(m?), (7)

where o+ = (01 * io,)/2 with {o;} the usual Paulil Here we have adopted the customary conventions for
matrices. Then’s are4 X 4 matrices in(c, p) helicity  the p polarization vectorsé. = ¥(¢; * i2,)/+/2 and
space with nonzero elements only in the first columng, = &; in its rest frame withe’s being the unit vectors.
and the7’s are the transpose matricés, = 14, 7+ = In the double density matrix notation, the quark distri-
nL, 5- = nT), with the first rows(0,0,1,0), (0,0,0,1),  bution functionF can be expressed as [8]
and(0, 1,0, 0) for 79, 7+, andn—, respectively.

The final state interactions between the two pions are
included explicitly in

Ag(m?) = —isindpe’®, A{(m?) = —isind e'?, (8)
where 6, and §; are the strong interactiom s phase
shifts. Here we have suppressed #iedependence of the ] o ) o
phase shifts for simplicity. The decay procegs, p) — where thg flrst matrix in the direct pro'duct is in the nu-
a7, can be easily calculated and encoded into the helicity!€0n helicity space and the second in the quark helic-
matrix formalism. The result for the interference part is 'Y Space. Hereg, Ag, and 6¢ are the spin average,

1 1
F = 5q(x)1 ®1I+ SAq(x)a@ ® 03

+ %6q(x)(0'+ ®o_ +0-®o04), (10)

22D J6 ‘ helicity difference, and transversity distribution func-
= > sin®[ie " (n_- — 7) tions, respectively, and their dependence@nhas been
dcos®d¢ 8arsm suppressed.
+ie'(ny — 7y) The hard partonic process of interest here is essentially

B _ the forward virtual Compton scattering as shown in the
V20t (i + 70)].- middle of Fig. 1. For arunpolarizedelectron beam, the
(9) | resulting cross section is [8]

doleq — e'q)  e'eg [1 + (1 — y)?

- 11+ 038 o) +
dxdy 8702 2y ( 73 ® 73)

W(()-Jr@g-_ +0'_®0'+)}a (11)

in the collinear approximation. Heug, is the charge fraction carried by a quark. We have integrated out the azimuthal
angle of the scattering plane.

Combining all the ingredients together, and integrating o®etto eliminate thej, dependence, we obtain the
transversity dependent part of the cross section for the production of two pions (kaons) in the current fragmentation
region for unpolarized electrons incident on a transversely polarized nucleon as follows:

o, L e 1
dxdydzdm?d ¢ 64720%m

— 2 /6 cose sind,siné, sin(8y — &) D €28qa(x)835(2). (12)
y a
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Here the sum ovet covers all quark and antiquark flavors.

An asymmetry is obtained by dividing out the polarization independent cross section,
dO'J_ - dU’T
do, +do~t
7 6 —y)
4 1+(1—y)?

A+ =

DR ALEILL L)
>4 €2qa(x)[Si 805 (2) + sir? 8141(2)]”

cos¢ sindgsind; sin(dy — 1) (13)

where §o and §, are spin-average fragmentation ence is crucial to this analysis. If the data are not kept
functions for the ¢ and p resonances, respectively. differential in enough kinematic variables, the effect will
The crucial “figure of merit” for this asymmetry, almost certainly average to zero. We are particularly con-
sindpsind; sin(ég — 61), is shown in Fig. 2. This cerned about the two-meson invariant masswhere we
asymmetry can be measured either by flipping the targetan see explicitly that the interference averages to zero over
transverse spin or by binning events according to thehe p as shown in Fig. 2. Second, the transversity dis-
sign of the crucial azimuthal anglé. Note that this tribution is multiplied by the fragmentation functia¥y;.
asymmetry only requires a transversely polarized nucleoilote that the transversity distributicalways appears in
target, but not a polarized electron beam. a product of two soft QCD functions due to its chiral-

The flavor content of the asymmetryd , + can be odd nature. In order to disentangle the transversity distri-
revealed by using isospin symmetry and charge conbution from the asymmetry, one may invoke the process
jugation restrictions. Forzm* 7~ production, isospin ete” — (w7 X) (w7 X) to measuresy; [16], or
symmetry gives8i; = —8d; and 65; = 0. Charge use QCD inspired models to estimate it [12].
conjugation implieség; = —84;. Thus there is only We would like to thank John Collins and Xiangdon Ji
one independent interference fragmentation function fofor helpful conversations relating to this subject. This
7 7~ production, and it may be factored out of work was supported in part by funds provided by the
the asymmetry, >, e28q,84] = [4/9(8u — i) —  U.S. Department of Energy (D.O.E.) under cooperative
1/9(6d — 8d)]64;.  Similar application of isospin research agreement #DF-FC02-94ER40818.
symmetry and charge conjugation to theand o frag-
mentation functions that appear in the denominator of
Eq. (13) leads to a reduction in the number of independent
functions:ii; = d; = i1 = d; and$; = §, for i = {0, 1}.
For other systems the situation is more complicated due
to the relaxation of Bose symmetry restrictions.

Finally, a few comments can be made about our results.
First, the final state phase generated by g¢he interfer-
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