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We discuss in detail the option to access the transversity distribution furitiion) by utilizing the ana-
lyzing power of interference fragmentation functions in two-pion production inside the same current jet. The
transverse polarization of the fragmenting quark is related to the transverse component of the relative momen-
tum of the hadron pair via a new azimuthal angle. As a specific example, we spell out thoroughly the way to
extracth,(x) from a measured single spin asymmetry in two-pion inclusive lepton-nucleon scattering. To
estimate the sizes of observable effects we employ a spectator model for the fragmentation functions. The
resulting asymmetry of our example is discussed as arising in different scenarios for the transversity.

DOI: 10.1103/PhysRevD.65.074031 PACS nuni$erl3.60.Hb, 12.38.Lg, 13.85.Ni, 13.87.Fh

[. INTRODUCTION leading twist, the FF describe the hadron content of quarks
and, more generally, they contain information on the had-
At leading power in the hard scal@ the quark content of ronization process leading to the detected hadrons; as such,
a nucleon state is completely characterized by three distributhey give information also on the quark content of hadrons
tion functions(DF). They describe the quark momentum andthat are not(or even do not exist astable targets. The FF
spin with respect to a preferred longitudinal direction in-are also universal, but are presently less known than the DF
duced by a hard scattering process. Two of them, the madsecause a very high resolution and/or acceptance and a good
mentum distributiorf; and the longitudinal spin distribution particle identification are required in the detection of the final
01, have been reliably extracted from experiments and accustate.
rately parametrized. Their knowledge has deeply contributed All suggested proposals for extractirfy, are usually
to the studies of the quark-gluon substructure of the nucleorbased on spin asymmetry measurements, where at least two
The third one, the transversity distributibn, measures the more meaningful independent vectors are required with re-
probability difference to find the quark polarization parallel spect to the corresponding unpolarized process. We already
versus antiparallel to the transverse polarization of a nucleomentioned the DSA, where two of these vectors are repre-
target. Therefore, it is nondiagonal on the helicity bagls  sented by the polarizations of two initiéDrell-Yan), or one
since helicity and chirality coincide up to quark mass correc4nitial and one final(DIS), hadrons. There are also single
tions, it is usually referred to as a “chiral-odd” function. spin asymmetrie$SSA) in semi-inclusive reactions, where
Hard scattering processes in QCD preserve helicity; hencéhe polarization of the hadron target is accompanied by a
the h; is difficult to measure and is systematically sup-relevant transverse vector describing the noncollinear dy-
pressed likeD(1/Q), for example, in inclusive deep inelastic namics of a detected final unpolarized hadron system.
scattering(DIS) [1]. A chiral-odd partner is needed that  The most famous example is the Collins effgst in re-
counterbalances the helicity flip with some soft physics pro-actions like semi-inclusivep' —e’ 7X, or p' p— 7X, where
cess in order to filter the transversity out of the cross sectiorthe single leading pion is detected not collinearly with the
Historically, the so-called double spin asymmetBSA) associated jet. The analyzing power of the transverse polar-
in Drell-Yan processes with two transversely polarized pro-zation of the fragmenting quark is represented by the trans-
tons (p') was suggested fir§2]. However, the transversity verse component of the momentum of the detected hadron
distribution h; for antiquarks in the proton is presumably with respect to the current jet axis. At leading twilst, can
small[3]. Moreover, an upper limit for the DSA derived in a be extracted through a moment of the so-called Collins func-
next-to-leading order analysis by using the Soffer bounds otion H7 , the prototype of a new class of FF, the interference
transversity was found to be discouraging 4. FF, which are not only chiral-odd, but alsmaive time-
Alternative ways have been discussed about 0B a  reversal oddfor brevity, T-odd): in the absence of two or
review, see Ref43,1]), which all imply semi-inclusive reac- more interfering reaction channels with a significant relative
tions in order to provide the chiral-odd partnerttp In fact,  phase, the FF can be interpreted as the decay probability of a
in this case new functions enter the game, the fragmentatioguark and, consequently, they are forbidden by time-reversal
functions (FF), which give information on the hadronic invariance[6—8].
structure complementary to the one delivered by the DF. At Similarly, T-odd interference FF show up also when the
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final hadronic system is represented by two unpolarized lead:lose to thep resonance in a semi-inclusive lepton-nucleon
ing hadrons inside the same current[@+11]. In a previous DIS. Because of the total unavailability of experimental data,
work, we have discussed the general framework and the gesome of the parameters are fixed in a rather arbitrary way,
eral properties of such interference FF arising at leadindut the related uncertainty is tentatively discussed. There-
twist in this casd12]. The richer structure of the cross sec- fore, the results, discussed in Sec. IV, should not be inter-
tion offers new possibilities. In Sec. 11 of this paper, we detailPreted as a precise prediction, but rather as an example of
the model-independent strategy for extractimg from the how the reason_ablly a§sumed simple processes can indeed
cross section at leading twist. For the test case of a seml€@d to nonvanishing interference FF and SSA; they also
inclusive lepton-nucleon DIS, it is shown that a SSA can alsd€Present a useful tool to explore the measurability of such
be built by identifying the pair of relevant vectors with the SSA and, conseq_ue_ntly, the_ actual possibility _for extracpng
transverse polarization of the target and with the transversgl from them. This information should be pertlngnt, for in-
component of the relative momentum of the hadron pairSt.ance' to HE_RME$When the transversely polarized target

) ; . . S will be operative or even better at COMPAS®ecause of
irrespectively of the noncollinearity of each individual had-

. . : ) igher counting ratgsit will also be very interesting for the
ron. Assuming that the residual interactions between eac 9 g rates y g

than the one between the two hadrons themselves,

result is thath, can be factorized from the leading-twist {he BNL Relativistic Heavy lon Collide(RHIC), where the
cross section together with a novel interferenceI-H:f:, This  extraction of transversity is planned via a SSApin p reac-
new analyzing powellﬂf, filters out theh, in a very advan-  tions.

tageous way. The asymmetry is related to just one azimuthal Finally, in Sec. V conclusions and outlooks are given.
angle, while its independence from the noncollinearity of

each hadron implies that collinear factorization holds; at

variance with the case of the Collins effect, this leads to an Il. SINGLE SPIN ASYMMETRY FOR TWO

exact cancellation of all collinear divergences, and, in prin- HADRON-INCLUSIVE LEPTON-NUCLEON DIS

ciple, it could make the evolution equations sSimdle8]. | this section we discuss the general properties of two-

_ From the experimental point of view, for the Semi- paqron interference FF when the kinematics is specialized to
inclusive deep-me_las'uc electro—prc_)du.ctlon of single pionssemi-inclusive DIS, and for this process we work out the
only one observation of a nonvanishing SSA has been reqmyla for a SSA that isolates the transversity at leading
ported[14], while no corresponding ones for two pion pro- yyist However, we emphasize that under the assumption of
duction are yet known to us. This implies that it is presentlyg,ciorization the soft parts of the process, i.e. the DF and the
impossible to deduce a reasonable parametrization of intefxterference FF, are universal objects and, therefore, the re-
ference FF beyond the “simple” chiral-even decay probabil-gjis can be generalized to other hard processes, such as
ity D; [15]. Nevertheless, it would be highly desirable to proton-proton scattering.

have a quantitative estimate of these FF, in order to explore if

the proposed SSA are nonvanishing and actually measurable.

For this reason, model calculations were performed, particuA. Interference fragmentation functions in semi-inclusive DIS

larly in the context of the so-called spectator approximation
[16,17], and specifically also about the Collins eff¢t8]. In
this approach, stringent constraints are put on the represe
tation of the spectator jet, which allow for a drastic simpli-

At leading order, the hadron tensor for two unpolarized
Hadron-inclusive lepton-nucleon DIS redd£)]

fication of the calculations. The key ingredients are vertex p B B P

form factors, which represent the interface between the el- - . .

ementary hard scattering with the external probe and the soft / N .'/ ! "\
processes included in the fragmentation by ensuring a proper y w * 5
behavior of the FRand DB in the asymptotic limits. The S— —
necessary parameters are fixed by comparing sum rules and ‘ A ’
moments of such functions with available parametrizations

and/or experimental data. A successful description of the q kT T "lk
available quark distribution functions and of the unpolarized - = YaVa ¥

guark fragmentation functioD; has been achievdd7], so
that the model can be considered as a reasonable and useful
testing ground for further explorations.

P :
In a previous work, we have extended the spectator ap- _| o ]_
P ! P

proximation to the calculation of interference FF for the case
of a leading proton-pion pair inside the same jet and with
invariant mass close to the Roper resonaik®. Here, in FIG. 1. Quark diagram contributing in leading order to two-
Sec. lll we repeat the calculation for the experimentally morenadron inclusive DIS when both hadrons are in the same quark
relevant case of a7~ pair produced with invariant mass current jet. There is a similar diagram for anti-quarks.
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light-cone componentsa™=(a’+a®%/\2 and a transverse
bidimensional vectoﬁT, such that for two 4-vectora,b we
havea-b=a*b~+a b —as-by. Because of momentum
conservation in the hard vertex, the scattered quark has mo-
mentumk=p+q, and it fragments into two unpolarized
hadrons, which carry a fractionPg+P,) =P, =zk  of
the “parent quark” momentum, and the rest of the jet.

The quark-quark correlatsb describes the nonperturba-

whereM is the target mass. The kinematiCS, also depicted ir'!ive processes that make the parmamerge from the Spin_

Fig. 1, represents a nucleon with moment@P?=M?)
and a virtual hard photon with momentunpthat hits a quark

carrying a fractionp™ =xP* of the parent hadron momen-

tum. We describe a 4-vectaras[a~,a”,dr], in terms of its

cp(x,ﬁT)zf dp~ @ (p;P,S)|p+ —xp+

1 n’ pfSy
:E[flw++fiTE,uvpo’yM M

_(7\91|_+

1/2 target, and it is symbolized by the lower shaded blob in
Fig. 1. Using Lorentz invariance, Hermiticity and parity in-
variance, the partly integratebl can be parametrized at lead-
ing twist in terms of DF as

(pr-Sy) _ ,
Tng hiys—hyrio,,ysSen’

_()\hi"' 1T

wheren.=3[1F1,1+ 1,6T] are light-like vectors wittn?
=n%=0, n,-n_=1 anda*=a-n. ; the DF depend on

x,p7 and the polarization state of the target is fully specified

by the light-cone helicityh=MS*/P" and the transverse
componenéT of the target spin. Similarly, the correlatar,

symbolized by the upper shaded blob in Fig. 1, represents the
fragmentation of the quark into the two detected hadrons and

the rest of the current jet and can be parametrizeld 2k

1
AEEI dkJr A(k;P11P2)|k*:Ph_/Z

= 1{ D l/] _GLe,uvp(r'y'unqu.Rfrr
= e L

4 MM, 5
o, ,Rn” o, Kken”

+HI i § 3
M.+ M, M.+ M,

whereR=(P,— P,)/2 is the relative momentum of the had-

ron pair.

(5T' §T) hi )ia-,uv’)/EpfFLni

LAV
n o-,u.Van+]
1

[
P K2HKE
k: _,Z — K1 |,
L z 2Py,
Pi=| &P, M+ Ry R @
1__ h 2§P|; s INT |y
P,=| (1-¢)P, ME+RY ﬁl
2= - hs o . . —_— X7
L 2(1_§)Ph

From the definition of the invariant mass of the hadron pair,
i.e. M2=P2=2P, P, , and the on-shell condition for the
two hadrons themselve®Z=M?2,P5=M3, we deduce the
relation

RF=&(1-HMp—(1-§MI-¢M3 (5)
which in turn puts a constraint on the invariant mass from the
positivity requiremenR2=0:

M M3
M2=—+ —=

e ©

For convenience, we will choose a frame where, besides After having given all the details of the kinematics, we
P:=0, we have als®,,r=0. By defining the light-cone mo- can specify the actual dependence of the quark-quark cor-

mentum fractioné= P, /P, , we can parametrize the final- relatorA and of the FF. From the frame ChOiéﬁT=0, the
state momenta as on-shell condition for both hadrons, E&), the constraint on
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fragment into the pair, bothi | andHf give the same prob-
ability difference but for a transversely polarized fragment-
ing quark. A different interpretation fof; andH; comes
only from the possible origin for a non-vanishing probability
difference, which is induced by the direction lof and Ry,
respectively.G1 ,H1 ,H; are all naive Fodd andHj ,H;

FIG. 2. The kinematics for the final state where a quark frag-are further chiral oddH; represents a sort of generalization
ments into two leading hadrons inside the same current jet. of the Collins effect, WhiIer originates from a genuine

new effect, because it relates the transverse polarization of

k™ and the integration ovée" implied by the definition o the fragmenting quark to the orbital angular motion of the

in Eq. (3), we deduce that the actual number of independenf,, \<verse component of the pair relative momenRynvia
components of the three 4-vectdd,,P,, is five (cf. [12]). the new anglaﬁpdefined by P

They can conveniently be chosen as the fraction of quark
momentum carried by the hadron pair,the subfraction in > 2= 5 2=
which this momentum is further shared inside the pgiand sin ¢ = ?T Pfx Fil _ ?T IihXIT
the “geometry” of the pair in the momentum space, namely, |SH||Pax Pq|  |ST|PRXR]

the “opening” of the pair momentaﬁ%, the relative position

7P,

of the jet axis and the hadron pair axig,, and the relative = m
position of hadron pair plane and the plane formed by the jet | ST [P X Ry
axis and the hadron pair axis;- Ry (see Fig. 2 -

Both DF and FF_ can be deduced from suitable proje_ctions = Cog( ¢S,T_ 5= ¢RT> =sin( bs + ¢RT)’ 9)
of the corresponding quark-quark correlators. In particular,
by defining .

where we have used the conditibtyt=0 and ¢s_ (¢g),
[r] 2 B2 BB St WSy
A% N(z,&,kT Ry kT Ry) ¢RT are the azimuthal angles of the initid@nal) quark trans-

1 N verse polarization and dﬁT with respect to the scattering
=47 ] dk TCAKP1.Po)lk-=p72: (7 plane, respectivelysee also Fig. 2
we can deduce, at leading twist, B. Isolating transversity from the SSA

A 1=D(z,,£,k%,R2 Kki-Ry) (8 Usually, the analysis of experimental observables is better
accomplished in the frame where the target momenRim

- 4 Rrikr; o and the momentum transfgrare collinear and with no trans-
Al VS]Z—MZGf(th.k%.R%,kT'RT) (8b)  verse components. Using a different notation, we hiye
=cL=O and P;,, #0. An appropriate transverse Lorentz
_ iR . ) -
Al sl €1Ry Hi(z. R R o) bogst transforrps thlS_) frame to the previous ong wheye
+M, LSRR =P,,v=0 andgy=—Py,, /z [12]. However, the difference
i between the components of vectors in each frame is sup-
etk (2, £.K2.R2 Ko Ry) 80) pressed likeD(1/Q). Since we are here considering expres-
My+M, * h &Ky R kr-Re). sions for the observables at leading twist only, this difference

can be safely neglected.
The leading-twist projections give a nice probabilistic inter- By using Eq.(5), the complete cross section at leading
pretation of FF related to the matrdkused. HenceD, isthe  twist for the two-hadron inclusive DIS of an unpolarized
probability for a unpolarized quark to fragment into the un-beam on a transversely polarized target, where two unpolar-
polarized hadron paiGy is the probability difference for a ized hadrons are detected in the same quark current jet, is
longitudinally polarized quark with opposite chiralities to given by

do
dQ dxdzd¢d®Py, dMjd g,

&1-¢) do do - doot
_ _ (o]e] + |S | (6]
2 dQdxdzdéd®Pp, d?R,  dQ dxdzdé d?Py, dMider, “1dQ dx dz d¢ 2P, dM hder,
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AemdX = . A hJin
:W A(Y)FLT1D1]+[R.[B(y)sin(¢n+ ¢r ) 9 PTVI (M, + M)

- hiHf
RS VITV IR VI
thL

—B(y)sin(2¢y) F| (h-prg-kr+h-Keg- pr )m

—|R.|B(y)cos ¢+ )

R hiHy
B(Y)COS(Z%)}'[(ZW th-kr—pr-k T)M(M—JFMZ)}

~ > fiTDl
S| +A(y)cod ¢ s )F[qu M

S|

A(y)sin(¢n— ¢s )f[h pr M

" (2m )32Q4
1
1

h;H
+B(Y)Sin(¢h+¢sl)f[h kTM ™,

1H1

+B( )C03¢h+¢s )f[g kTM +M

~|R|A(y)cos ¢~ s )sin( ¢~ br, )

<I

+|R.B(y)sin( ¢, + s )f[M VR
A - oo 017G 1
Xf[h"ﬁh'p MMM,

_|R¢|A(Y)005(¢’h ¢s )cog ¢p— PR )}'[g kTh pT

2 i ; © o - O17GT
+IRLIA(Y)SIN ¢ = s )sin(¢n— dr, ) h'kTg'meMle

Oi1

1L
hj, +|R, |A(Y)sin(¢— ¢ )cos(dn— dr,)

Gz ﬁ S oA = hi_T 1
MMM, +B(y)cog 3¢y~ ¢s ) F| h-krh- pr 9 PT Iz ML M)

X F|g-Kr AVIVIY +B(y)sin(2¢n)cos ¢h— s )
1 1 1 1
X F h-ke(h-p >2h”$ —B(y)cog 2¢y)SiN by — s ) F h-kr(g-p >2h”$ —B(y)sin(3¢n— s
T(N- Pt MZ(M 1+ M) y h h— Ps, (9Pt MZ(M 1+ M) y h— Ps,

oo hgh L, b

Xf[g'kTh'pTg'me +B(y)cog2¢y)coq dp— ¢ps )7‘{ kr(h-py) m
L 1rH1 .
+B(y)5in(2¢h)3in(¢h_d’Sl)f{g'kT(g'pT)zm +|R.[B(Y)SiN2¢n+ dr, — s )
hl H<):

R- _ 24 2%8.0-0- P ]—

f[[( pr)?—(g-pr)?+2h-prg- pT]ZMz(M1+M2) (10)

where a., is the fine structure constans=Q?/xy= o[ on oo
—g?/xy is the total energy in the center-of-mass system and f[W(DT,kT)fD]EEa: eaf d°prdiky

>

I - A
X &%| kr—pr+ TL)W(DT,kT)

1
A(y)=(1—y+§y2>, B(y)=(1-y),
X £2(x,p7)D*(2n, £ K7 RE Kr-Ry),
Cly)=y(2-y), (1D (12)

where the lepton with 4-momentuims detected in the solid wherew( 5T ,IZT) is a weight function and the sum runs over
angle d) andy=(P-q)/(P-1)~qg /1. The convolution of all quark (and anti-quark flavors, with e, the electric
distribution and fragmentation functions is defined as charges of the quarks. The unit vectors appearing in the
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weight functionw are defined ash=P,, /|P,,| and g’ do™t(pg ,B" ¢p) FLw DF FF]
=elhl (with él=e"*1), respectively, and they represent )
T T RO ) . gL L gL 2
the two independent directions in theplane perpendicular =t(¢r, ¢ dp)(Z.6,R7), (14

to z|g/|q|. All azimuthal angle , and relative to . . . . . . .
lavlal glesbs, . dr, ¢n ( wheret is a trigonometric functiony is the specific weight

Pn.) liein the L plane and are measured with respect to theunction for each combination of distribution and fragmenta-
scattering planésee Fig. 3 Equation(10) corresponds t0 tjon functions(DF and FF, respectivelyand! is the result of

the sum of Eqs(B1) and(B4) in Ref.[12], where, however, the convolution integral. It is easy to verify that folding the
the expressions are simpler because they rely on the assumjtoss section by

tion of a symmetrical cylindrical distribution of hadron pairs
around the jet axis in order to have fragmentation functions

~ 1 (2= )
depending on even powers & only [this assumption ﬁfo dept d<;/>§LS|n( ¢§L—2¢L)
would make all terms including thfga versor disappear from
Eq. (10); see also Ref[20] for a comparisoh do
During experiments the scattering plane changkfer- X o= 5 (15
ent scale®) imply different positions of the scattered beam d(} dx dzdé d°Py, dMj, d‘f’RL

Therefore, it is better to define the laboratory frame as the oW ) . )
plane formed by the beam and the direction of the targefhakes only thoséo™ terms survive wherél; shows up in
polarization. All azimuthal angles are conveniently reex-the convolution, i.e. for the following combinations:
pressed with respect to the laboratory frame as

t=cod ¢+ dr —2¢"), w=h-pr, (163
br, =R — "
t=sin(¢p+dr —2¢"), W=q-pr, (16b)
bs =—¢" (13)
t=sin(¢g —244), w=1, (160
dn= i~ ¢,
— L L
where the superscriptl’” indicates the new reference frame. t=sin(2¢,+ ¢Rl —2¢Y),
The oriented angle between the scattering plane and the labo-
ratory frame is¢"- (see Fig. 3 At leading order, the azi- w=(R-pp)2—(q- pr)2+2h- pro- pr. (160)

muthal angle of Eq(9) becomesp= ¢§L—2¢>L in the new
frame. Similarly, it is straightforward to prove that integrating these
The new expression for the cross section is obtained bgurviving terms upon%ﬁm, and performing the integrals in
simply replacing Eq(13) inside the angular dependence of the convolution/{w DF FF], makes only the combination
Eq. (10). After replacement and apart from phase space cofl6¢) survive, presenting the transversity in a factorized
efficients, each term of the cross section will look like form. In fact, by integrating also uporédwe finally have

(door)
dy dx dz dM 2

do
dQ dx dz d& dM 2 d¢>'§ld2F7hL

1 (2w .
=5- fo do' dg f oPp, f désin(¢r —24")

_ magsx B(y)|S|
(2m)%Q* 2(M1+My)

- > > 2w N . N >
S e[ dpenioosd | delR| [ ok [ okonit MR R Kr Ry

2

where, for the sake of simplicity, the same notations are kept for DF and FF before and after integration, distinguishing them

by the explicit arguments only; the subscripf reminds of the additional dimensionless weighting fadRr|/2(M 1+ M,).
Analogously,
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do

<d0’oo> 1 J’Zﬂ' >
—— = deLJdZP J'd*
dy dxdzdMZ 27Jo ¢ ddR, "] do
B waimsx
(2m)°Q*

2
Tagys

(2m)*Q*

from which we can build the single spin asymmetry
ASN(y,x,2,M2)
-1

_ (door)
dy dx dz dM 2

(dooo)
dy dx dzdM 2

2 exhiO0H Ry (zM])
S, |
; e2xf3(x)D%(z,M?)

_ B(y)
A(y)

(19

Il. SPECTATOR MODEL FOR =+ 7~ FRAGMENTATION

In the field theoretical description of hard processes, the
FF represent the soft processes that connect the hard quark to
the detected hadrons via fragmentation, i.e. they are hadronic

matrix elements of nonlocal operators built from quéakd
gluon) fields[21]. For a quark fragmenting into two hadrons
inside the same current jet, the appropriate quark-quark co
relator (in the light-cone gaugereads{10,9]

Aij(kvPLPZ):% j (2m)

X(X,P2,P1|;(0)[0),

d* )
‘ e 40| ¢i(0)|P1,P2,X)

(20

)’ plane

lab plane

FIG. 3. The definition of azimuthal angles, in the frame where

A(y) Y, e2xfi(x)Di(z,M3
a

dx dz dé¢ dMﬁd¢§id2I3hL

- - 277 - . - -
AY) 2 €] f d*pr F1(x,pD) f d¢ fo deR, J d’kr D§(z,£,M§ K5 k7 Ry)

), (18)

where the sum runs over all the possible intermediate states
containing the hadron pair.

The basic idea of the spectator model is to make a specific
ansatz for this spectral decomposition by replacing the sum
with an effective spectator state with a definite mass and
guantum number§l6,17,19. By specializing the model to
the case ofr "7~ fragmentation withP;=P_+ and P,
=P .-, the spectator has the quantum numbers of an on-shell
valence quark with a constituent masg=340 MeV. Con-
sequently, the quark-quark correlat@0) simplifies to

_ 6((k—Pp) ™)
(2m)®
X(0[4(0)|P+,P,-.q)
X(Q,P,-,P+[#;(0)|0)
=4;;(k,P,+,P,)

Aij(k,P7+,P7-) S8((k—Pp)?—mg)

2

X 5(7‘h—a'h+Mﬁ—mq

),

(21)
r-

a,
seee-eeee-e @
e ——— :‘+

-l

FIG. 4. The diagrams considered for the quark fragmentation

g, =0, with respect to the scattering plane and the laboratory plandnto 7* 7~ at leading twist and leading order in, in the context of

whose relative oriented angle = — bs, -

the spectator model.
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wherer,=k? ando,=2k- P,,. When inserting Eq(21) into  ing order inas, are represented in Fig. 4: the" 7~ can be

Eq. (7), the projections drastically simplify to produced from the decay or directly via a quark exchange
in the t channel(the background diagramthe quantum in-
I T I'A] terference of the two processes generates#tiee Fodd FF
A (z,,£, k3R kg Ry)=———— , described in Sec. Il A. In Appendix A, a suitable selection of
8(1=2)Pn |, _. @) “Feynman rules” for the vertices and propagators of the dia-

(22) grams in Fig. 4 is defined that allows for the analytic calcu-
lation of the matrix elements defining in Eq. (21) and,
with consequently, of the projectiodd!’ in Eq. (22) defining the
FF.

The naive Fodd G1 ,H} ,H{" receive contributions from
the interference diagrams only. In particular, they result pro-
portional to the imaginary part of the propagator

We will consider ther* 7~ system with an invariant (~m,I',), while the real part (vMﬁ—mi) contributes to
massMj, close to thep resonance, specificalljn,—I',/2  D;. Therefore, contrary to the findings of R¢L1], a com-
<Mp=m,+T,/2, wherel', is the width of thep resonance plex amplitude with a resonant behavior is needed here to
Hence, the most approprlate and simplest diagrams that cgoduce nonvanishing interference FF. Fou guark frag-
replace the quark decay of Fig. 1 at leading twist, and leadmenting intor* 7~, we have at leading twist

2

Mp
(Z, kT) _kT+ + T (23

- I N2 f2_ 7%(1-2)?
DU*’ﬂ'+7T z, ,szkZ,k ‘Ry)= dp me
L (2.6, Mk k- Ro) 4(2m)% (ME—m?)2+m’I'2]a2|a+b)|®

c ME
{Z[c—za(2§—1)]+zz(1—z)(T—mﬁ)

N§,Z2'(1-2)7
8(2m)%a’d?|d+b|%la+Db|?

X[a—(1-2)MZ]| + —aZzé(1-2)+(1-¢&)d]—z(1-2)

a—c—2z(1-2)M2  a—c+z(1—-2)M?2
rm? (1-2M; ( >h}

+
g 2 2
\/E(Mﬁ 2)29/2(1 2)9’2N2 N f

M2>
qp’ pmm 2 h
= az(l—z)| 2mi— —-
8(2m)*[(Mi—m2)?+miI'2]a’d|a+b|*qa+b b|3’2|d+b|3’2{ ( )< 2

a(l 2z¢)+c+z(1—2)M?2
4

[d+2z(1—-2)(M2—5m?)]

a[22(1 &—1]+c—z(1-2)M
4

[3d a+z(1-z)m ]} (24

13/ 11/2\2
m,I,m,mez"¥41-2)" NG N, f, .

HEY ™7 (2,6, M2 K2 kr-R
(M kb RO = = e m Mz 2)2+m2I‘2]ad|a+b|3’2|a+b|3’2|d+z1 2)(m2— A2)|3?

(25

Hiu*)ﬂ-+7T7(Zy§,Mﬁyk'2|—!|zT'ﬁT):O (26)

+ - Lo m, amta 5 >
Giu=T T (z,é,Mﬁ,ki,kT-RT):—HHf“ (z,£,M2 K2 k7-Ry), (27)

q
[

where b=z(1-2)(m;—A2)

a=22(Ki+m)) +(1-2)M}

c=(2¢6-D[Z2(KF+m)) — (1-2)°M]]
b=2z(1-2)(m;—A2), —4z(1-2)kr- Ry (28)
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d=2%(1—&)(K2+m2) + £(1-2)°M?

fif e

XD T (z,(1- £),M2 K2 Kr- (—Ry)

+2(1-2z)(m2+ 2kg- Ry).

The simplifications induced by the spectator model reduce
the number of independent FF, EQ7), and makeH | van-
ish, i.e. the analogue of the Collins effect in this context turns
out to be a higher-order effect. The structure induced by the
model is simply not rich enough to produce a non-vanishing
Hy . Moreover, the FF do not depend on the flavor of the
fragmenting valence quark, provided that the charges of the
final detected pions are selected according to the diagrams of
Fig. 4. Hence, the FF are the same tor> 7"~ and for
d— =@ «", where the final state differs only by the inter-
change of the two pions, i.e. by leaving everything unaltered

butRT—> RT andé—(1—¢§):

1 . _ . .
=f dff G D (2,6 M2 I K (— Ry)
0

=D¢""' 7 (2,MD), (30)

and similarly forH< Therefore, we can conclude that the
mtegrated FF do not depend in general on the flavor of the
fragmenting quark.

DY ™ (2,6, M2 K2 Kr- R
! (2,6, Mk kr-Ry) Consequently, the SSA of E¢L9) simplifies to

-t M =)
=D (2,£,M7 K& ke Ry)

=D (2,(1-£), MK K- (—Rp) AUy, X2, M)

—a . D B(y) =
HEv™' 7 (2,6, M2 k2 Kr-Ry)
A >
:Hfd"'ﬂ' i (ngaMﬁlk'zr:ET'liT) (29) 1 ,
. R R (x)+ —xhd(x) Hl(R)(z,Mh)
=HIT T (2,(1- €) M7 KE Ky (—R). X (31)

When integrating the FF overzlaT and &, the dependence
on the direction oR; is lost:

DLl*mT T (Z Mh)
! 21, u—mta 2 L2 0 B
= Odf d°ks D3 (z,6,Mp kT, kr-Ry)

1
(x)+ —xh¢ 1(X)

8 2
xfl(x)+ xf 1(x) 1(z,Mh)

9

In the following, we will discuss the SSA without the ines-

sential|§L|B(y)/A(y) factor and after integrating away the
zdependence and, in turn, tker M,, dependence according
to

fdsz Hidy(z.Mp)

Ai‘“¢<x)—

fdx9

SIW(Mh)_

1
xfl(x)+ —xfd 1(X)

(x)+ xh 1(X)

(32

fdsz Dl(zM )

fdz Hi k(. M7)

8
de

9

IV. NUMERICAL RESULTS

xfl(x)+ xf 1(X)

33
f dz DY(z,M3)

for semi-inclusive lepton-nucleon DIS. Considering different
possible scenarios fdr;, we argue about an actual measur-

In the remainder of the paper, we present numerical reability of these SSA and the implications for the extraction of
sults in the context of the spectator model for both thethe transversity.
process-independent FF and the SSA of E§8) and (33) The input parameters of the calculation can basically be
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Q
D, Hi(R)

25 1 o005 |

IVARRR

2 | N . ol ] FIG. 5. The dimensionless in-

N ] i \\\/Z tegrated FF Dy(2) (left) and

I N ] [ \ / ] Hl(R)(z) (right), see text. Solid
5 N 1 -0005 T line for No,=0.9 Ge\?, and the
i N ] : \ / ] integral (B2) amounting to 0.14;
[ N ] I \ / ] dashed line forN,,=1.6 Ge\?,
1r N\ 1 0o rf \ / ] and the integral equals 0.48ee
r \ ] I ] the Appendixes
[ ] [ Ny
05 \ 1 -0015 | N ]
N
0 1 1 1 1 \ ] _0.02 1 1 1 1
02 04 0.6 08 1 0 02 04 0.6 08 1
r4 z
. . . b2
grouped in three classes: values of masses and coupling DT(Z)=f2’JdMﬁD1(Z,Mﬁ)
constants taken from phenomenology,ms=0.139 GeV, a,
m,=0.785 GeV, withf, . andI', as described in Appen-
dixes B and A, respectively; values consistent with other :fbﬁ szJ défzwd¢L deET
works on the spectator model and the constituent a? n 0 R

quark model, asA,=0.4 GeV, A,=0.5 GeV andm,

=0.34 GeV[17,19; parameters, such as therq andqgpq X DY(z,£,M2 k2 k1-Rr) (34)
coupling strengthsN,. and Ng,, respectively, without
constraints that are firmly established, or at least usually
adopted, in the literature.

As described in Appendix B, the last ones are constrained
using the integra(B2) and the proportionalityB4) derived
from the Goldberger-Treiman relation. All results will be 2 IR, |
plotted according to two extreme scenarios, where the _f f dM fdf f debg, fdsz
integral(B2) amounts to 0.14N,,=0.9 Ge\?, correspond-
ing to solid.lines in the figu_re)san_d 0.48 (_\lqp=1.6 GeV, XHf”(z,g,Mﬁ,IZ%,IZT- Ry), (35)
corresponding to dashed lines in the figyreBecause of
the high degree of arbitrariness due to the lack of any dat‘%herea =m,~T,/2 andb,=m,+T /2. Again, we recall
the results should be interpreted as the indication not onlyhat the solid line corresponds to a weakgrg coupling
of the sensitivity of the considered observables to the inputhan the dashed line. The choice of the form factors at
parameters, but also of the degree of uncertainty that can kibe vertices also guarantees the regular behavior at the end
reached within the spectator model. In the same spirit, whefointsz=0,1. The strongest asymmetry in the fragmentation
dealing with the SSA of Eqs(32), (33), f, and h, are (recall thatH;" is defined as the probability difference for
calculated consistently within the spectator mofis] or, ~ the fragmentation to proceed from a quark with opposite
alternatively,f; andg, are taken from consistent parametri- transverse  polarizations is reasonably reached at

. i lculated : di ~0.4. Once again, we stress that this result, particularly its
zations andn, Is calculated again according to two extreme o qistent negative sign, does not depend on a specific hard

scenarios: the nonrelativistic predictioh;=g; or the  process and can influence the corresponding azimuthal
saturation of the Soffer inequalityp,=(f;+9;)/2. The asymmetry.

parametrizations fof,,g,, are extracted at the same lowest In fact, the SSA(32) and (33) for two-pion inclusive
possible scale @2=0.8 Ge\?), consistently with the lepton-nucleon DIS as shown in Figs. 6 and 7, respectively,

valence quark approximation assumed for the calculation oM out to be negative due to the signtef ( . The solid
the FF. and dashed lines again refer to the weaker or strogger

) , , , u couplings in the FF, respectively. For each parametrization,
In Fig. 5 the dimensionless integrateB;(z) and  {hree different choices of DF are shown. The label SP refers

Hi'(k (2) are shown, according to the definitions of to the DF calculated in the spectator mofie?]. The label

Egs.(17) and(19), i.e. NR indicates thaf, andg, are taken consistently from the

H R Z)_J dM} AHiw(Z M)
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FIG. 6. The SSA of Eq(32). In the upper plot, solid lines and M.(GeV)

dashed lines as in Fig. 5. Label SP stands for DF calculated in the

spectator moddl17]. Labels NR and SO indicatig from Ref.[22]

andg; from Ref.[23], but withh;=g; andh;=(f,+g;)/2, respec-

tively. In the lower plot, the corresponding uncertainty band is

shown(see texk

FIG. 7. The SSA of Eq(33). In the upper plot, solid lines and
dashed lines as in Fig. 5. Labels and meaning of lower plot as in
Fig. 6.

V. OUTLOOKS

leading-order parametrizations of Ref®2] and [23], re- In this paper we have discussed a way for addressing the
spectively, withh;=g;. The label SO indicates the same transversity distributiorh, that we consider more advanta-
parametrizations but with the Soffer inequality saturated, i.egeous, compared to other strategies discussed in the litera-
hy=(f1+91)/2. In the lower plot of each figure the “uncer- ture. At present, the SSA seem anyway preferable to the
tainty band” is shown as a guiding line. It is built by taking, DSA. But the fragmentation of a transversely polarized
for eachzor My, , the maximum and the minimum among the quark into two unpolarized leading hadrons in the same cur-
six curves displayed in the corresponding upper plot. Theent jet seems less complicated than the Collins effect, at
first obvious comment is that even the simple mechanisneast from the theoretical point of view. Collinear factoriza-
described in Fig. 4 produces a measurable asymmetry. Feion implies an exact cancellation of the soft divergencies,
the HERMES experiment the size of the asymmetry may bewoiding any dilution of the asymmetry because of Sudakov
at the lower edge of possible measurements, given the olform factors, and in principle it makes the QCD evolution
served rather small average multiplicity which does not favorsimpler, though we have not addressed this subject in the
the detection of two pions in the final state. On the otherpresent paper. The new effect, which allows for the extrac-
hand, the planned transversely polarized target clearly wiltion of h; at leading twist through the new interference FF
improve the situation of azimuthal spin-asymmetry measureH ¥, relates the transverse polarization of the quark to the
ments compared to the present one. COMPASS or possibleansverse component of the relative momentum of the had-
future eXperimentS at the ELFE, TESLA'N, or EIC faCi|itieS ron pair Via a new azimutha' ang'e. ThlS |S the 0n|y key
will have less problems because of higher counting ratesyyantity to be determined experimentally, while the Collins

The second important result is that the sensitivity of the SSAstfect requires the determination of the complete transverse
to the parameters of the model calculation for the FF, and t@yomentum vector of the detected hadron.

the different parametrizations for the DF, is weak enough \ye have shown also quantitative results féf in the
that the unambigous message of a negative asymmeliyage ofz* 7~ detection, and the related SSA for the ex-
emerges through all the range of bottanda,=0.69 GeV  5mpie of lepton-nucleon scattering. In fact, due the lack of
<Mp=b,=0.84 GeV. In particular, we do not find any 4,y gata and information about this class of FF, we believe
change in sign forAf}'?, contrary to what is predicted in that even the simple modelling of the interference between
Ref.[11]. different channels, leading to the same final state, is a useful

074031-11



MARCO RADICI, RAINER JAKOB, AND ANDREA BIANCONI PHYSICAL REVIEW D65 074031

resource to judge the reliability of this strategy for extractingexpectations based on dimensional counting rules. Finally,
the transversity distribution. Moreover, the scenario turns outhe normalization coefficients have dimensions such that
to be simpler than the Collins effect, where a microscopicf 2k, fd?R;D4(z,£,k2 ,R2 Kt Ry) is a pure number to be

knowledge of the structure of the residual jet is required. Wenterpreted as the probability for the hadron pair to cargy a

have adopted a spectator model approximation#0rm~  fraction of the valence quark momentum and to share i in
with an invariant mass inside theresonance width, limiting  gng 1- ¢ parts. We have

the process to leading-twist mechanisms. The interference - .

between the decay of the and the direct production of ,

7"~ is enough to produce sizable and measurable asym- )

metries. Despite the theoretical uncertainty due to the arbi- o

trariness in fixing the input parameters of the calculation of p T

FF and in choosing the parametrizations for the DF, the un- 5

ambiguous result emerges that, in the explored ranges in
and invariant mas$1,, the SSA are always negative and
almost flat. pmm vertex: YPTTA=f _ R“  where 2 /Aw=2.84
Anyway, it should be stressed again that the calculatiort=0.50[25]. We also have

has been performed at leading twist and in a valence-quark
scenario. Therefore, higher-twist corrections and QCD evo-
lution need to be explored before any realistic comparison
with experiments could be attempted.
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APPENDIX A: PROPAGATORS = (Ng, /N2) (11| k%= A2]*) [ y*];

Here, we list the “Feynman rules” for the vertices and
diagrams of Fig. 4 leading to Eq&4)—(27). The propaga- whereA , excludes large virtualities of the quark. The power
tors involved in the diagrams of Fig. 4 are as follows. We«a is determined consistently with the quark counting rule
have that determines the asymptotic behavior of the FF at large
[25], i.e.

>
k
(1_Z)Za—l:(l_z)—3+2r+2\)\\, (Bl)
quark with momentumk: [i/(k—mg)];;. The propagator
occurs with k2= 7,=k? or x?=(k—P,+)2. In both cases, _ _ _ _
the off-shell conditiork?= mg is guaranteed by Eq23). We ~ Wherer is the number of constituent quarks in the considered
also have hadron, and\ is the difference between the quark and the

hadron helicities. Thus, here we hawe=3/2. The normal-
_____  — ization N, is such that the sum rule

1 _ 1 b2 2 2
p Wwith momentum Py: [i/(Pﬁ—miJrimpr)][—g” fodZZDl(z)_fodzZfaﬁdeth(Z'MhKl B2)

+(PEPLIP2)], where

I,=(f2_ /Am)(m,/12)[1—(4m2/m?)]¥2 [24]. is satisfied, wittD,(z,M?) defined in Eq(18). In fact, in the
infinite momentum frame the integral in E@?2) represents
the total fractionz of the quark energy taken by all hadron
pairs of the type under consideration. Since in this frame
In analogy with previous works on spectator modelslow-energy mass effects can be neglected, we estimate that
[17,19, we choose the vertex form factors to depend on oneharged pion pairs with an invariant mass inside gheso-
invariant only, generally denoteef, that represents the vir- nance width represent 50% of the total pions detected in
tuality of the external entering quark line. Therefore, we canthe calorimeter, which in turn can be considere®@0% of
have k?>=r,=k? or k?=(k—P_,+)2. The power laws are all particles detected. Neglecting mass effects, we may as-
such that the asymptotic behavior is in agreement with theume that the fraction of quark energy taken by charged

APPENDIX B: VERTICES
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pions, relative to the energy taken by other hadrons, follows 2 204V T 2

their relative numbers. Therefore, we chose two values, M:(g—i) (ﬂ) M

Ng,=0.9 Ge\® and 1.6 GeV, which correspond to rather 4m gn/ \MN 4w

extreme scenarios where the integral E§2) amounts to

0.14 and 0.48, respectively. =
We also have

3\2/ 3402
) (939) 27.755=1.31,

wheregy,my are the nucleon axial coupling constants and

T mass, respectively as well ﬁ m, the quark ones. The
q 7NN coupling |sg,TNN/47r 14.2; the vectopNN coupling
q is (gPNN)2/4w 0.55 and its ratio to the tensor coupling is
gpNN/gpNN 6.105[27]. From the above relations, we de-
duce
gmq vertex:
T N w
Vg—qusN—qzo.ns. (B4)
Y 79=[f g rq( £/ V2] 78] = (N V2) (1] 7= AZ]%) (9pqq™ Gpae)  ar
X[ yslij» As a final comment, we have explicitly checked that with

the above rules the background diagram leads to a cross sec-
tion that qualitatively shows the sansedependence of ex-
perimental data fotr# production in the relative =0 chan-

nel whensis inside thep resonance width, in any case below
the first dip corresponding to the resonarig980) [28]. If

we reasonably assume that the resonant diagram exhausts
almost all of ther# production in the relativé =1 channel

where A . excludes large virtualities of the quark, as well.
From quark counting rules, stik=3/2. The normalization
Ng» can be deduced fromN,, by generalizing the
Goldberger-Treiman relation to thequark coupling 26]:

2 A\ 2 5 2 and we also assume that in the given energy intervalthe
Yrqa_ | 9a ﬂ) 9aNN =0,1 channels approximate the whole strength+far pro-
Am \gh) \mMn) 4w duction, we can safely state that the diagrams of Fig. 4 give
5 ) a satisfactory reproduction of thes cross section, with
_(E) (@) 14.2-0.67 (83  invariant mass in the given interval, without invoking any
|5/ 1939 T T scalaro resonancécf. [9,11]).
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