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PHYSICAL REVIEW D, VOLUME 62, 114004

Deep inelastic leptoproduction of spin-one hadrons

A. Bacchetta and P. J. Mulders
Division of Physics and Astronomy, Faculty of Science, Free University, De Boelelaan 1081, NL-1081 HV Amsterdam, the Netherlands
(Received 13 July 2000; published 19 October 2000

In this paper we analyze deep inelastic one-particle inclusive processes for the case of spin-one targets or for
the case of spin-one produced hadrons, sughraesons. This allows the measurement of new distribution and
fragmentation functions not available in the spin-half case, and provides new ways to probe functions other-
wise difficult to measure. We will analyze only contributions leading order @, but we will include effects
of the transverse momentum of partons. We also include time-reversal odd functions.

PACS numbg(s): 13.60.Hb, 13.85.Ni, 13.87.Fh

[. INTRODUCTION duction[6—8] and in hadroniZ® decay[9]. Another possi-
bility is the observation of polarization in the inclusive

Cross sections in deep inelastic scatteriddS) can be leptoproduction oip mesons, for which there should be less
expressed in terms of distribution and fragmentation funchadronic background.
tions, which provide information on the quark and gluon In the last section we focus more specifically on deep-
structure of hadrons. The energy scale of the process is givenelastic leptoproduction of spin-1 hadrons and we list all the
by Q?=—q?, q being the four-momentum transfer of the possible cross sections for different polarization conditions
lepton. Depending on the number of observables one is abi@ terms of the usual spig-distribution functions and the
to measure, one can extract a variety of functions. The funcrewly defined spin-1 fragmentation functions.
tions appearing in leading order inQlican be interpreted as
partonic probability densities.

We will study the case of one-particle inclusive experi-
ments, which require the measurement of one hadron among The description of particles with spin can be attained by
the ones produced in the scattering event. We will emphasizesing a spin density matrig in the rest frame of the particle.
the importance of including transverse momenta of partonsThe parametrization of the density matrix for a spipar-

We will also include time-reversal odd functions. We will ticle is conveniently performed with the introduction of irre-
give a systematic list of the various functions that come intaducible spin tensors up to rankl2For example, the density
play up to leading order in @ when we deal with either matrix of a spin3 particle can be decomposed on a Cartesian
spin-1 targets or spin-1 outgoing hadrons. The second caseliasis of 2<2 matrices, formed by the identity matrix and the
of interest in analyzing vector meson production. three Pauli matrices,

To properly study the distribution and fragmentation
functions including transverse momentum dependence, we 1 o
will start from a field-theoretical formalism, as outlined in p= 5(1+ So'), (1)

[1]. This approach has been fully exploited only to study

spin+4 targets and spig- outgoing hadrons. After an over- _ _ .

view of the general properties of spin-1 particles and of thevhere we introduced th@ank-one spin vectorS'. _
general formalism needed to deal with théBec. 1), we To parametrize thg denS|_ty matrix of a spin-1 particle we
turn to the most general parametrization of the correlatiorf@n choose a Cartesian basis of3 matrices, formed by the

functions when spin-1 hadrons are included and we definilentity matrix, three spin matrices' (generalization of the
the distribution and fragmentation functiofSec. Il). Dis- Pauli matrices to the three-dimensional gased five extra

tribution and fragmentation functions integrated over transinatricesX'. These last ones can be built using bilinear com-

verse momenta have been partially studied already in a nunkinations of the spin matrices. In three dimensions these

ber of paper§2—4]. An incomplete treatment of transverse combinations are no longer dependent on the spin matrices

momentum dependent functions has been performéa]jn themselves, as would be for the Pauli matrices. We choose
The distribution functions for a spin-1 target could bethem to be(see[10] and[11] for a comparisoh

used for the deuteron, but is not the main goal of our study as

the deuteron is in essence a weakly bound system of two i 1 R i

spin+ nucleons. The spin-1 distribution functions are useful = 25(2 3 - §1 . @)

as a passage to the fragmentation functions for spin-1 had-

rons. The latter, however, require final state polarimetry of With these preliminaries. we can write the spin densit

the produced hadron, i.e. the study of the angular distribution . P ' P y

of its decay products. The most common of such hadrons irsnatrlx as

the p meson. It is abundantly produced in leptoproduction

experiments, and it should be possible to measure its polar-

ization in detail, as has already been done in diffractive pro-

II. DESCRIPTION OF SPIN-ONE PARTICLES

1 3 .. I~
P=3 1+§S'E'+3T”2” , (3
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where we introduced the symmetric traceless rank-two spin

tensorT!. P, lh> <l P,
We choose the following way of parametrizing the spin o : X
vector and tensor in the rest frame of the hadron: :
S:(SZ|('|S}|/'18L)I (4) A
k4 : k

gl
—
-
gl

2
1 SHr -3Su-str S | 5) ;
2 4 <P % P % P>
S{T — A —

§S|_L P P

In Appendix A we give some explicit forms and other details  FIG. 1. Diagrammatic representation of semi-inclusive DIS.

of the density matrices and parameters involved in(gg.In . o )

an arbitrary frame, different from the rest frame, the spin@nd describe the quark distribution and fragmentation, re-
vector and tensor satisfy the conditior,S*=0 and spectively. Herep is the_ momentum of the quark emerging
P,T#*=0, whereP, is the momentum of the hadron. In from the target, whilek 'E tge mofTerE)tu.m of thekqbuark de- |
Appendix B we also discuss how the tensor polarization of £aYINg Into an outgoing hadron after being struck by a virtua
producedp meson can be extracted from the angular distri-Photon(see Fig. 1 The vectorP (Py,) is the momentum of

bution of the decay products™ 7. the hadronic targefoutgoing hadro)) the quantitiesS (S;,)
andT (T,) are the spin vector and tensor.

The correlation functions can be expressed in several
terms, each one being a combination of the Lorentz vegtors

Cross sections of DIS events are proportional to the contk) andP (P}), the Lorentz pseudo-vect&(S,), the Lor-
traction between a purely leptonic tensor and a purely hadentz tensofT (T,) and the Dirac structures
ronic tensor. While the leptonic tensor can be calculated )
theoretically, we are not able to do the same for the hadronic Loyse v Yys, 10y,
tensor, because we lack knowledge of the inner, nons
perturbative structure of hadrons.

In the Bjorken limit, it is possible to separate the hadronic
tensor into a hard pafvirtual photon-quark scatteringnd a
soft part, containing information on the parton distribution
inside the hadron. This soft part is a correlation function, ®(p,P,S,T)=+"®"(p,P,S,T)y° Hermiticity, (8)
defined as the matrix element of quark fields between had-
ronic states. In one-particle inclusive processes we need two @ (p,P,S,T)=7°®(p,P,—S5,T)y° parity, (9)
correlation functions, one describing the quark distributions
in the target hadron and one describing the hadronization afherep, P andS represent respectively the vectgrsP and

a quark into the detected final state hadron. .. Shaving space components with inverted sign ancepre-
In leading order in 1@ (also referred to as “leading gents the tensdf having mixed space-time components with

twist” or “twist-2" ) we are concerned only with quark- ihyerted sign. For the distribution paft one also obtains a
quark correlation functions entering the handbag diagram iR ynstraint from time-reversal inversidgieaving out effective

Fig. 1. They are defined as followssing Dirac indicesx  {ime_reversal odd parts coming from for instance gluonic

IIl. CORRELATION FUNCTIONS

he spin vector and tensor can only appear linearly in the
decomposition. Moreover, each term of the full expression
has to satisfy the conditions of Hermiticity and parity invari-
nce:

andpg): poles[12,13):
@ ,5(p,P,ST) ®(p,P,S,T)=7*y*®*(p,P,5T) y®y* time reversal.
=f > )4e“p'§<P,S,T|lﬁﬁ(§) P,(0)|P,ST), (6 For the fragmentation paft, containing out-states in the
o

definition, time-reversal invariance cannot be used as a con-
straint [14—-16 and one is left with the so-called time-
reversal odd TR odd contributions, leading in particular to
d'e interesting single spin asymmetrigk7,18. We will include

= f '(ZW)4e+ik'§<0|$a(§)|Ph SnTh) the TR odd contributions in our discussion®f because it

Aus(k,Pr, S To)

will be used as the general case of correlation functions.
o Throughout the rest of the article we will put time-reversal
X(Pp,Sn, Th|15(0)]0), (7)  odd terms between brackets to make them easily identifiable.

114004-2
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The most general decomposition of the correlation funciormposing Hermiticity and parity is

p-S

A -S
(I)(p,P,S,T):M A11+A2P+A3¢+ V“(TMVP’U'pV +(|A5 pS’}/5)+M AGS’Y5+A7DVP ’)’5+A8Wp’)/5

~ PuP,T#"1

e,uvp(r‘yﬂpvppso) A13

_ o o ps )
+|Ag O'MV’)/5SMP +|A100’MV’Y5SMp +|A11WO'MV’}/5PMD + AlZ M

Ais Ase Aig
M2 p,u,pVTlLVP_l—M_ p,up T,uvp_l_ M3 p,upVT'uVO-pO'Pppo +A17 p,uT”V’YV_‘_ Va-vppp p,uT#V

Az

+ M vpp pp,TMV

11

A20 " ) TO
MZGMVpﬂy '}’5P p pTT .

The amplitudesA; are real functionsA;=A;(p-P,p?). When only one hadron is considered, e.g. in inclusive
The decomposition of the correlation functidnis analo-  DIS, there is an arbitrariness in the choicenaf, though this
gous. The amplitude8,, As, Ais, A, Aig, AjgandA,, does not affect physical observables. In processes where an-
are TR odd. other hadron is present, such as one-particle inclusive lepto-

In order to select leading twist contributions we perform aproduction,n_ can be conveniently connected to the mo-
Sudakov decomposition of the Lorentz structures we havementum of the produced hadron, so thB¢‘=P, n*

We choose two light-like vectorsi, and n_ satisfying  +(M{/2P; )n% . This choice of light-like directions is par-

n,-n_=1. We will call the plane perpendicular to these ticularly useful to analyze current fragmentation in leptopro-

vectors the “transverse plane.” We define the two projectorsjuction. In this case one finds that up to order i@bnly
one light-like component of the hadron momentum is rel-

gh'=g"’—nin", (12)  evant. If we choose the relevant component of the target
momentum to beP™, then the relevant component of the
=€, n_,, (13)  outgoing hadron momentum will b, . We need to define

the decomposition of the fragmenting quark momentim

where the curly braces around the indices denote symmetri=(1/z) P, n* +kf+k*n* | while to obtain the decomposi-
zation of these indices. Given a vecttt we will sometimes  tion for the outgoing hadron’s spin vector and tensor, it is
make use of the notatioa =g4"a, and we will denote its sufficient to interchange the- and — components in Eqg.
two-dimensional component lying in the transverse plane asl6) and Eq.(17).
ar. In semi-inclusive DIS one needs to consider the following

We assume the following decompositions of the Lorentzintegrated correlation function:
structures we are interested in:

1
M2 P (X,pr)= Ef dp~ ®(p,P.ST) (19
=ptn# M +=xpt
P“=P"n# + n“, (14 P
2P*
1 +
pM:XP+nﬁL_+p¢+p7nlﬁ ; (15) A(Z kT)— J dk A(k,Ph 'Sh 'Th) o
p+ (19
I
S'= SL n%+Sr- Ssz+ -’ (16 In inclusive processes or after integrating the semi-inclusive
cross sections over the outgoing hadron’s perpendicular mo-
1[4 (py p+ mentum one needs to consider the following ones:
TH=g g S i st .
200=5[ Forp” @pPST . @0
2 +—yp+
2o (nlent— ger PP
- §SLL(nfn— —-ar’)
z
Lo A2 =2 o bk A8, T
S,——n“n” (17 k-=p,/z
(P2 1 (21)

114004-3
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Note that in the case of fragmentation, it is conventional to
integrate over-zky, which is the transverse momentum of

the produced hadron with respect to the quark. This can be
checked by applying a Lorentz transformation that does not
affect the minus component or the integration over the plus

component. Using coordinatdsa,a*,ar],
transformation is

the required

pr M pe M ER (22

H 4) ’—’_Z

h th OT_ _ h 2p- T
Pk Pa K* 2y 0Orl. (23)
_, 1 4) _l -
z I 2P,

We are going to separate different parts of the correlation
functions depending on the polarization conditions they re-
quire to be observed. We will use the subsctipto denote
unpolarized hadrons, the subscriptandT to denote respec-
tively longitudinal and transverse vector polarization and fi-
nally the subscriptéL, LT andTT to denote longitudinal-
longitudinal, longitudinal-transverse and transverse-
transverse tensor polarization.

In leading order in 19, the parametrization of ther
dependent correlation function, defined in E#8), is (we
remind the reader that terms in parentheses are TR odd

1
® +(X,pr)= Z[ fyr(X, p%) ™

PHYSICAL REVIEW D62 114004

SLT'pTV]+

v Py
+1 grir(x,ph) eS¢ EVIRA Vﬁ+)

+ [h:II_LT(Xi p'2|') [ O-,MV’)/5n/i 6'1|}'pSLT p]

& pr o PY
hiLT(X pT) i U#VVTrM)],
1 pr-Srr-Pr
rr(x,pr)= 5| farrx,pH =0

’
= | hyre

prpT
(ngT(X pT)fT St1up -ll-\/l M)’s"‘ )

PT
X pT)IUMV75n €-|- STTpo’ M)

pr-Srr-pr  PY
hiTT(va% M—;U -

+ WVnJr

|

(28)

(29

The parametrization of the correlation function after inte-

®y(x,pr) = Z[fl(xyp$)”\++ ht (x,p2) ‘TWVT”Z) gration uponp;, as defined in Eq20), is
(24)
Dy(x)= Zfl(mer,
1 2
®(X,pr)= Z‘ 91 (X,PT)S, ysh 4
P PT BL(X)= S gy(x)S, yei
+ hlL(XapT)SL IO-,U.V’)/SnIi V ’ (25) L 4 gl ')’5 o
1 St pr - v
Or(X,pr)= Z‘ 917(X,p%) ™ s . O(x)= 2 hi(X)io,,,ysn% Sr,
+hir(X,pF)io,, s Sy
1
(X, p3) ——— ST Pr. i, ysn” FI:/IT QL L(X)= ZflLL(X)SLL hy,
pr
fJ]tT(Xyp'ZI')e;LVpa"y#niMSg) ]a (26) 1 )
D 1(x)= 4 (hyr(X)io,, s €7°Si 1)),
1 2
(I)LL(X,PT):Z f1L(X,PT)SLL A B1r(X)=0
) pr
+{ h1 L (X, pH)SLL U#umni”, (27) where

114004-4
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TABLE |I. List of leading twist distribution functions, divided in time-reversdR) even and time-
reversal odd.

[v"] [v"¥s] [ig"" ys]
TR even TR odd TR even TR odd TR even TR odd
U fq (h1)
L 1L hiL
T (frr g1t hir hir
LL fa (h1)
LT fir (9m) (it hiLT)
T firr (9177 (hirr hiry)
5 5 Non-vanishing at twist two we have
gl(X)=f dpr 91 (X,pT), (36)
= (@900 = — = (1 P(9en, ) (40
0= [ dpr hyoxpd w (Pu0I= g M o
2
= | d®py| hyr(x,p3) + —= Pr hi(x,p2) |, (37 1 -
= 11(X,p7 VE 17(X,pT —(CI) )(x)=— —hl( X)S ig* ysn, ., (41)

hlLT(X):f o’pr hlLT(X’p%)
(<I>“)T(X)———{g(1) X)S7 ¥s h
2

f d pT( hi (X, pT) + hiLT( pT)) + (fi-l(-l)(x) e’ *y,n. St b (42

(38)

The decomposition of the correlation functidnis iden- v (@)=~ Z(hfﬁ)(x)su ang ), (43
tical after the replacements {x,p;,S,M,n,}
—{z,k1,S,,M},,n_} and the notation replacemefit-D,

g—G, h—H. .
In Appendix C all possible distribution functions are pro- 7 (®o)Lr(X) =~ _{flLT(X)S
jected out of the complete correlation function. In Tables |
and Il we give a summary of all the distribution functions, +(Qr () 41, ys L)), (44)

respectively before and after integration ugsn
The functionf,, | has been already studied [i], where L
it Was given the nameb; (note that actuallyfq _ 1 @ »
=—21D,). Although this name has been already used also by M ((D )TT(X)_Z(h(T)T(X)ST# T4, (45)
other authorde.g.[5,4]), we felt the need to change it to
follow a more systematic naming. The functidy 1 is )
analogous to the function, introduced in[5], although the ~Where we used the notation
different approach followed in that article requires a more
careful comparison. TABLE Il. List of remaining leading twist distribution functions
It is worthwhile to note that, as suggested by E8g), after integration upomy, divided in time-reversal even and time-
dealing with spin-1 particles offers the possibility of measur-reversal odd.
ing a time-reversal odd function in leading twist and without

considering the intrinsic transverse momentum. The particu- [v"] [¥" sl [io'" ¥s]
lar fragmentation functiotd,, 1, equivalent to the distribu- TReven TRodd TReven TRodd TReven TR odd
tion functionh,, 1, has been introduced i8], where it was || £,
namedh. L 91
It is sometimes usefuffor instance for calculation of azi- T hy
muthal asymmetriggo consider thepf-weighted function LL faL
LT (hy7)
0200= [ dprit (o). @9 T

114004-5
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p$ where it is understood that a charge squared weighted sum
hf(l)(x)=j o?p; ht(l)(xypg)zj d?pr—— hi(x,p3), over quark flavors has to be included. The full form of the
2M? i i i i -
hadronic tensor can be obtained by introducing the correla
(46)  tion functions described in the previous sectisee Appen-
and we introduced the function dix D). To shorten the formulas we will use the notation

2

, %3 1= | o Sprtar—k . (62
hm(x,p%:hln(x,p%wmhiTT<x,p$>. (47) ! T

It is convenient to express the perpendicular vectors with
IV. SEMI-INCLUSIVE CROSS SECTIONS WITH TENSOR r?spect tohthe only _meaﬁu(rjed ;?erpendml:jl_ar <|:i|rect|on, i.e. that
POLARIZATION IN THE EINAL STATE of P, , the outgoing hadron’s perpendicular momentum.

_ o _ Defining the unit vector in this directioh="Py,, /|Py, |, we
We consider one-particle inclusive DIS events where theyre then going to use the following notation:

target consists of a spih-hadron and the fragment is a

spin-1 hadron with tensor polarization only. We allow only a*=a.h*+a e*'h. . (53)

time-reversal odd fragmentation functions to occur, assum- R Y

ing that there are no time-reversal odd distribution functions.  as has been shown ifi], the difference betweeg®” in
A short note on the kinematics is the first necessary i”Eq_ (12) andg*” in Eq. (48) is of order 1/Q, i.e(neglecting

gredient. In Sec. lll we defined with the help of the momenta, .. 102 paﬁé ’

P andP,, the transverse projectgf” and transverse vectors.

From the experimental point of view it is customary to work \/En{fqﬁ

with vectors constructed from the momermfand P. They gf”:g¢”—T

are used to define a space-like directipt=q*/Q, an or-
thogonal time-like direction® = (1/Q)(2xgP*+g*), where
xg=Q?%2(P-q) (neglecting mass corrections of order whereQ;=|Py, |/z,. This relation implies that if we already

of" =gt~ %ﬁn{fﬁ”},
(54)

1/Q?), and perpendicular directions via the tensor have projected out a transverse vector, the additional projec-
o tion with g/ does not give additional terms, i.af,
gl"=g*"+g"q"—trt". (48)  =gtfa;,—a¥, even ifa“+a¥ (see Appendix B This is

true up to corrections of orderQf.

We will indicate as¢'; the angle betweeS8; andP,,, , as
¢}, the angle betweeR,, and the scattering plane, andds
the angle betweeB; and the scattering plane.

After introducing the scaling variablez,=2P;,-q/Q?
=P.P,/P-q (neglecting order 1?2 correction$ and using
g4? or gf¥ we can write the relation

pe py For the tensoiT;, we introduce azimuthal angles defined
Zp Zn
: L o ST
showing that the combination on the left-hand side is either tan( @) | 1) =tan ¢  1— )= —
the transverse component qf(since Py=P,t=0) or the ShLT
perpendicular component of Py, /z, (sinceP, =q, =0).
To explicitly write cross sections we also need the scaling XY
variabley=P-qg/P-1, wherel denotes the incoming lepton tan 2 1) =tan2¢}, 11— 2¢l) = vl (55
momentum and the azimuthal angté of the lepton scatter- Shrr

ing plane. Cross sections will be differential with respect to .
the variablesxg, z,, v, ¢ and P, . When they do not 2and the the quantities
vanish, we will also give cross sections integrated drgr Ta—
. _ Yy \2
and ¢'. The general formula is [Sh Ll \/(Sh L) T (Sh”

27 do(I+H—1"+h+X) ma®y |Sh 11l = V(S 2+ (82 (56)

I 2 =Sa 5 bur ZMWH,

d¢p’ dxg dz, dy AP, 2Q" %n In a real experiment, where polarimetry is performed on
(50 the final-state hadron, cross section will not depend on the
wherelL ,, is the lepton tensor and@/” is the hadronic ten- spin tensor parameters but rather on the analyzing powers
sor given by the convolution of the soft parts, de_t(.armmed _fr_om.the momenta of degay products. We omit

writing explicit differential cross sections in terms of the
momenta of the decay products, but we merely point out that
ZMW”VZZth d’pr dky 6% (pr+or—ky) spin tensor parameters in cross section formulas must be re-
placed by the corresponding analyzing powers, as given in

XTr[2®(Xg,pr) ¥* 2A(zy,k1)y"], (B1)  Appendix B.

114004-6
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A. Unpolarized lepton beam and unpolarized target(UU)

In this case, the differential cross section is

douy(l+H—1+hX) Ama’s() yZ) Soie I[f1 Dl ]+Sy Lrlcog ol ! I(Xf D }
= - X co
dxg dzp dy G2, o \ y— 2 |%8 LL 1 P LT hLT 1 Yur
(K9%— (k)2
+[S, rrlcog2¢f 1) —— 1 Darrl g, (57)
h
while after integration ovePy,, the differential cross section is
dO'UU(I+H—>|’+f2H—X) 4rra’s y?
dxg Az, dy = Q' 1=y=5 X8 Shir T1(Xe)Dai(zn)- (58)
B. Polarized lepton beam and unpolarized target(LU)
Indicating by\ . the helicity of the incoming lepton, the differential cross section is
dULU(r+H—>I’+ﬁ+X) 4770128)\ (1 ) 'S, Lolsin( gl )I X f G }
= X Si
dxg dz, dy 2Py, o ey B LT hLT 1 BT
(k9% (k)2
+[S, rrlsin(2ep 1)1 Y f1 Girr (59
h
C. Unpolarized lepton beam and longitudinally polarized target(UL)
27 doy (| +H—1"+h+X) 4ma’s (1 yz)s S fsin e gl |{ K
= X -y— = Si - —
Ao dxg dzy, dy 2Py, o B Y=5 > LT s v, 91 Gur
(k92— (k)2
+[S, rricog 24 1)1 M—glL Girr
h
477a25 p*
+ Xg(1-y)S, |Sh|_T|S|n(¢hLT+¢h)| hy Hor
. p-k : p*k*—p’k
+[Sh TT|S|n(2¢Ih TT)'[M_Mhhi Hitr|+ShiL Sln(2¢lh)|[M—Mh ho Hi
| PL(K)?= (K] -2 KK/p
| I Loyl
— Si —3¢p)l hy H -
|Sh LrlSIN( ¢ Lv—3¢bn) 2MMﬁ 1w Hir| = Sh
2[(K9?= (K)A)] (Kp*~K'pY) —KF(p- k)
X SiN(2¢p, 11— 4bp)! hi Hitr| |- 60
N2¢y rr—4¢n) 2MMﬁ 1 FaTT (60)
D. Polarized lepton beam and longitudinally polarized target(LL )
do (T+H—=1"+h+X) 4ma? s (1 y) S 1gs Di]+ ]S, dcos ot )|[ S
= X - co
dxg dzy, dy 6P, o L XBY e H9u Pae LT et 91 Pur
n | (K92 ()2
+|S, r1{cog 2 ¢y 1)1 VT 91t Darr| - (62)
h

114004-7
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E. Unpolarized lepton beam and transversely polarized targefUT)

27 doyq(l + H—l'+ ﬁ-i—X) _47Ta23
d¢' dxg dz;, dy d?P;,, Q*

2 xkx
XB( 1-y- y?) |ST|[ 1S L1l COS(¢IS_ ¢|h)5in(¢|h LT ¢Ih)l{l\3—l\/lh gir Gt

PI(K)*= (k)]

G
M Mﬁ git Garr

+|Sy, tr/cos(ps— #r)sin(by, 11— bn) {

yKY
+1S, |_T|Sin(¢ls_ ﬁf’lh)cos(d’lh LT ¢L) | {—& M. 91T Gat
h

2 *kXKY
+[Sy r1lSin(¢s— pp) coS(@h, 11— ) h g1t GlTT] ]
h

47a’s

Q' xa(1=Y)IStl | [SnLrlsin(eh Lrt #9I[hy Hyirl+[Sh 1]

X

X SN2y 11+ ds— i) I[M_ hy Hirr
h

X

+S, L0 Sin( g+ ¢L>I[M—h hy HiL}

_ (k92— (k)2
—|Sh LrlSin( b L1~ ¢g—2¢L>|{T hy Hir

h

+1Sh L1l

(p¥)%—(p¥)?
———hir Hyr

XSin(y, 17— P+ 26! —|Sh TlSin2 ¢, 11— ds— )

M2
_ 2
kx[(kX)Z_(ky)Z_ ?T}
X1 VE hi Hirr| + 1S rrisin2¢y 11— s+ é1)
L h
K¥[(p%)?= (p)2]+2 p*pK!
X1 hit Hirr|— sin( ps— 3¢}
MM, 1t Hirr| =Sy sin(és—3¢y,)
K [(p)2— (p*)2]— 2 p*p'K _
Xl hir Hy |~ Sin( ¢}, 1+ ps— 4|
2M2M, 11 Hi |~ [Shurlsin( ey 1+ ds—4dy)
[(K)2= (K)2I[(p¥)%— (p)?) — 4 p /KK .
X1 2012 hir Hit _|ShTT|5|n(2¢|hTT_ ¢|s_3¢|h)
AM2M?
i X X\ 2 2 X\ 2 2 k-zr X X\ 2 2 k-zr
KL(p) = ()7} (K)*=(K)*= = | =2 p*p*KY | (K) "= (K) "+ —
bl 2 2 hi HL
I 2M2Mﬁ 1T MarT
(62
After performing the integration ove®,,, we obtain the cross section
2m doyr(I+H—1"+h+X) 4ma’s o |
= Xg(1=Y)[S7| |Sh LrlSiN( bp, L7+ p)ha(Xe)H 1 1(2p). (63

d¢' dxg dzy, dy Q*
We want to point out the importance of this last case, which would allow the measurement of the chiral odd distribution
function h, together with a time-reversal odd and chiral odd fragmentation function, requiring neither contributions to be

non-leading in 1Y or the measurement of the transverse momentum of the outgoing hadron.
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F. Polarized lepton beam and transversely polarized targetLT)

do (T+H—1"+ h+ X) _4770128
dxg dz, dy d?Py,, Q4

2N\e Xp y<1_%)|ST|{ShLLCOE{¢gI)| pmng DlLL}

pXkX

+|S, Lrlcod pcog #p 7! M_thlT Dyt

p*[(K9)?—(K)?]
+[S; 7rlcog ¢ cog 2 1)1 —————— 011 Dair7
MMy,
yKY
. hy : h p
+Sh Lrlsin( gg)sin( fp 1)1 M_thlT DlLT}
T h 2 pYk*kY
+|Sh r1isin( ¢g)siN2¢p 1) 1| ———— 911 Darrl - (64)
MM§{
|
V. CONCLUSIONS quire any azimuthal asymmetries, although the function
In this paper we have studied quark distribution and frag-H 1 itself is not known.
mentation functions for hadrons with spin one. We have
given a complete list of the functions that can appear at lead- ACKNOWLEDGMENTS

ing order in 1Q in electroweak hard processes. We have
included the intrinsic transverse momentum dependence, We would like to thank Daniel Boer and Elliot Leader for
useful for the treatment of processes in which more than onéuitful discussions. This work is supported by the Founda-
hadron is involved, such as 1-particle inclusive leptoproduction for Fundamental Research on Mat{&OM) and the
tion. We have included time-reversal odd functions. In par-Dutch Organization for Scientific Resear@dWO).
ticular, time-reversal odd fragmentation functions show up in
single spin asymmetries. We have not estimated the various
functions, since they contain soft physics and as suc®PPENDIXA:INTERPRETATION OF THE COMPONENTS
are uncalculable at present. At best some positivity bounds OF THE SPIN TENSOR
can be given and issues like scale dependence may be stud-a particular component of the spin tensor measures a
ied. Some of these aspects will be addressed in future studpmbination of probabilities of finding the system in a cer-
1es. tain spin staté€defined in the particle rest frame

Our treatment is complete, allowing the calculation of in-  As “analyzing” spin states we can choose the eigenstates
clusive and semi-inclusive leptoproduction involving spin of the spin vector operator in a particular direction. We can
one hadrons in the initial or final state at the tree level and ujvrite the spin vector operator in terms of polar and azimuthal
to leading order in 19, but including the full spin structure angles,
in the initial (beam and target polarizatipor final statepo-
larimetry).

In Sec. IV we have focused on the specific process of the 3'n,=3, cosf cose+ 3, cosfsing+3,sind, (Al)
deep-inelastic leptoproduction of vector mesopsa{esony
for which polarimetry is possible from the analysis of the
decay products+ s final state. We calculated all cross sec- and we can denote its eigenstateéragg,@), m being their
tions measurable with different beam and target polarizatiomagnetic quantum number. The probability of finding one of
(in fact, our results provide the speciffewave contribution these states can be calculated as
in the more general analysis of two-pion productjds] in
the vicinity of thep mass.

Among the results, we want to emphasize that vector me- P(M(g,6))= Tr{p|mMg o)){M(4.0)|}- (A2)
son leptoproduction off transversely polarized nucleons al-
lows the observation of the chiral-odd transverse-spin distri-
bution, hy(x), in a single spin asymmetry involving the Inserting in Eq.(3) the spin tensor, Eq5), and the spin
time-reversal odd fragmentation functioH,, t(z). Unlike  vector, Eq.(4), the explicit form of the spin density matrjx
the situation involving spin 1/2 particles, this does not re-turns out to be
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1SS S-S, S—isy STr—istr
373 2 22 2\2 2
| Srilr, sivist 128, Sy Siis (3
SU4iSy “SiSly SiHist 1 S S
2 22 2,2 3 3 2

From this explicit formula one can check that

1 1
Si=5P(L0)+ 5P(=100)~P(0(00). Sit=P(0(- 7/4,0) ~P(O(ma0)s S1v=P(O(-mani2) = P(O(miami2))

SP=P(Oaz, ey~ P(Ogarzte),

itself.

Srr=P(O(a12.712)) = P(O(arz,0)-

Below, we suggest a diagrammatic interpretation of these probability combinations. Arrows represent spin=states
andm= —1 in the direction of the arrow itself, while dashed lines denote spin stat® again in the direction of the line

L
LT —

TY
STT -

transverse plane

The probabilistic interpretations suggest straightforward Finally, it is possible to define a total degree of polariza-
bounds on the values the spin tensor parameters can achievien,

namely

wherei,j=X,y.

3. 3. |¥»
d:[ZS|Si+ET|JTI]]

2 1
§SEL+ E((S)ET)Z-’_(S{T)Z

3 3
Z[SEH(SH?+(Sh1+ 5

} 1/2

whose value ranges between 0 and 1.

(Ad)

+(SP)?+(S)?) (A5)
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APPENDIX B: MEASUREMENT OF THE SPIN TENSOR The tensor analyzing power can be written in a covariant
VIA DECAY ANALYSIS form. By introducing the four-momenta of the two outgoing
tpions, P1 andP%, since the two particles are identical, we

In this appendix we show how it is possible to reconstruc
n make the replacement

the correspondence between spin tensor and analyzing p0\5v‘/':’l

ers of ap meson by studying its decay into two pions. (PE_PE)  (PE—PE)

In general the decay distribution of a spin-1 particle in L= 1 27 Y1 2 (B7)
two spin-0 particles is given by M [Pr— Py \/Mp2—4MfT

W(0,¢0)=Tr{pR(6,¢)}, (B1) and we obtain the covariant expression of the tensor analyz-
ing power:

where # and ¢ are the polar and azimuthal angles of one of
the decay products in the parent particle’s rest-frame. ) 1 Lo 1 ) PLPr

The decay matriR is defined as # ZW(PT— P2)(P1=P2)— 3| 0"~ M2

(B8)

Run(0,0)=M}_ o(0,0)My _o(0,¢).  (B2)
) ) ) ] If the polar axis in the decay analysis is chosen along the
The decay amplitudes can be written in terms of ngnerp direction of motion, as it has been done[6+-8], then we

rotation functions can use a parametrization féf! analogous to that of the
1
A =— =(cog +cos ),

spin tensor, Eq(5), to obtain
3 3 .
My_o(0,0)= A= Dif(e,0,—@)=— \lgsma e,
2

3 3
Mo—o(0:9)=\ 7~ Do (9,6, ¢) = \ 7, cost, Af;=—sin20 cose,

3 3 _ Al 1= —sin26 sing,
M_1 0(0,0)=\/7= D i(e.0,—@)=\/g=sind e '?.
4 8 XX __ H
=—sir* § cos2p,
(BS) TT | 2‘)0
XY _ e .
As can be checked by explicit comparison, H§2) can be A= Sif6 sin 2¢. (BY)
rewritten as Substituting the explicit form of the decay matrix in Eq.
1 1 (B1) or, equivalently, the explicit form of the tensor analyz-
= | Z5li—pl nl ing power in Eq.(B6), we obtain the decay distributidef.
R(6,¢) 4 1+32|J(35 Pem(0,0)Pem(6,0) ||, [2%]5) q Yy
(B4)
N 3 (2 2
where p. . is the flight direction of one of the produced ~ W(6,¢)= 8ml3 §SLL(C°52 0+ cos 26)
pions.
In general, the decay matrix can be expressed in terms of —S7sin260 cosp—S/1sin260 sing

analyzing powers,
—S¥%si? 6 cos 2p—Si¥sir? 6 sin2¢]|.

1
R(H,QD):E

3. y
1+§EiA(0:‘P)+32ijAJ(G’@))’ (B10)

(BS)

In the case where the polar axis is chosen in the direction
and the decay distribution can be obtained accordingly as of the virtual photon, in order to determine the relevant in-
variant quantity forS_, S, , Sfv andS{y, we construct the
covariant comparison as in E€49), using the relation be-
BB fween g/ andgf”. It is then easy to find for any hadron
(neglecting order B? corrections,

1 3 :
W(6,0)= 7| 1+ 5§ A'+3T; Al

By comparing Eq(B4) with Eq. (B5) we can identify

M (S-q)
Ai=0 SL:—P.q : (B11)
ij 1 iji_n Rl e P
A :§5 ~Pe.mPem.- ST:S(E_SLV! (B12)
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2 MQT,.q) (779 ( )

g =t B13 (X,pr)= SLTV “giLt),

3 (P B9 v

1 M(gMPT (rqa') 2 P 'y 5] . prT,u.

ESILLT: LP—.(;)_§ LVL’ (B14) “(X,pr)=| — €/ Srr.p NE ——Oir7|, (C4

. ij
ol 6Tij
FSHOT 5 g g 2 75]“"*):(7“?)'

P9V’ T, ,q7 2 P¢PY Pr

lio " sl 1
=0T Ol g T3S RO BVRLTE

o Sr-pr P
q)[l 75](X pr)=Sthyrt—— M MTth-

APPENDIX C: DISTRIBUTION FUNCTIONS

Distribution functions can be defined in terms of projec- q,[irr”vs](x pr)= (S TpTl hi )
tions of the correlation function on specific Dirac structures. L ' LM L
Using the notation

o (x,py)= Tr[®(x,py) T], (1) ol 78 (x,pr) = (el S r iy o) +

Sir-pr €1pr ht )
M M LT | »
M (x)=Tr[®(x)T], (C2)

["7 sl ’
. . . L X, Pt Sr Th
we can list all possible twist-2 projections and consequently (x,pr)= (ET Tirm ”T)

define all possible twist-2 distribution functions. In the fol-

lowing formulas distribution functions on the right side are + Pr-Srr-Pr 6¥ij hi (C5)
understood to be functions Efandp% Latin indicesj, j and M2 M ATT
[, indicate only the two transverse components. Before inte-
gration uponp; we obtain After integrating overp; the following distribution func-
. tions remain:
@ (x,pr)=fi, N
) 100 ="f4(x),
@ 1(x,pr)=0, .
(Dl[_]/_ ](X):SLL fiL (%),
+ Pt
oL X, ( , “fl , +
Toxpr)= St 1T (D[Ly 75](x)=SLgl(x),
O (x,pr) =S far CI)QUHVS](X):SiThl(X),
i S_ “Pr it .
O (x,pr) =" fuir, O[T "0 =(efSir j hyur(x).
(Co)
+ pr-Srr-pPr The list of p§-weighted functions is
q)llll' ](XapT):TflTTv Pr g
(C3 —<<1> 00 =—(e8"s;, 71D(x)), (C7)
79 (x,pr) =0, .
N
¥ 7 (@O 100 = =St i), (C8)
O " (X,Ppr) =S g
[y 5] Sr-pr i<<I>5;’>””5](x>=—sT R, (C9)
D 75 (x,pr)= M 91T M !
+ 1 A%
CDI[_T_ 75](X,p-|—)=0, M( ) (x)=—(er SLTuglLT(X)) (C10
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1 . lioch ™ yg] 1(1) i " yg) hL)
v (Pay (x)=—(ef hy D(x)), (C11 —(q) Jrr 70 =~ (e Spri hiPr(0). (C14

- ['0' sl - _ i L(l)
(CD L () SLOr (), (C12 The list of fragmentation functions can be obtained by

applying the notation replacement§—D, g—G,

o alic sl i@ h—H and the replacements {x,pr,SM,y" o' "}
((Da) (x) (SLL6 h1 (%)), (C13 —{z,k7,S0 Mp,y o)

APPENDIX D: HADRONIC TENSOR WITH A TENSOR POLARIZED OUTGOING FRAGMENT

We give the formulas for the complete hadronic tensor up to leading ordeQimardd for different polarization conditions,
starting from the expression

ZMWH = Zth d?pr dPkr 6%(pr+ ar—kp) Tr[2®(xg,Pr) v* 2A(24,k7) ¥']. (D1)

We limit ourselves to the case where the target is a gpiradron and the fragment is a spin-1 hadferg. ap meson
whose polarization is measured through its deedth tensor polarization only. Therefore, spin vector components refer to the
target, while spin tensor components refer to the outgoing hatmenlabel them with an index). When we use the
expressions) | + and S+ we mean the extensions to four dimension of the purely transverse \#&gtprand tensoS, 1.
These extensions have therefore only transverse components.

1. Unpolarized target: Tensor polarized fragment

’ B St ke krSyrreke
2MWs ZZZJ dszdsz52(pT+QT_kT)|—gf {ShLL f1 DlLL+M—hf1 DlLT+Tf1 Dirr| (D2)
h
k- €7+ kr-€7)- -k
ZMWKVZZZI d’ky dpr 52(DT+QT_kT)‘i€fV[%SHLTf1 GlLT+( e '\;?WT T)fl Girr ] (D3)
h h
2. Longitudinally polarized target: Tensor polarized fragment
v kr-€r-Shot (kr-€7) - (Syr7-Kr)
2ZMWg"= jdzk d’pr &% (pr+or— kT)| gf SLM—hglL Gurts M2 g1 Girr
h
pil'#ei}TkT’r_i_kil'ﬂei}TpTT n 31 -k n -|- S'ITT T, L
- SMM S. Swi hy Hy +S. —5—hy H LT+SL—hlL Hirr
h h
{.u V}TSL +S$1 e’ {.u V}T KZ+KZ i
Tr LTL pr, , St1 o KTHKT St , €77 p7 ,
- M [S hﬂHlLT]jL MM, [S. hiHirq] (D4)
wv_ 2 2 2 SnLT T
2MWR"=2z | d°krdpr 6% (Prtar—kp) (i€’ S Sqe 91 D +St —hglL Dit
K-S, 11K
+S — MTzT — g1 Durr ] (D5)
h
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3. Transversely polarized target: Tensor polarized fragment

» o Stepr krer- Syt Srepr (Kr-€r) - (Syrrkr)
2MWg =22f d’ky dpr 52(pT+QT_kT){ —-gf M M, g1t Gurt M M2 g1t Girr
h
pie!) ke + kel pr, ST Pr H Sr-pr Shirk | Sropr kr-Shrrkr |
- 2MM,, Shie h Hoot—g— M M, har HlLT M M2 hay HlTT
h
S{T'“e”}rk L Klreritg S, k- S, 17k
i Tr T %1 diy LT" T TT AT
- 2M,, Shie hir H1LL+ Mh th HlLT Thn HiTT
h
piel S r .+ Sfirel Py [ Sropr L P el Sty o kT +k7 St , €17 pT[ S pr Lo
oM M hirHy |+ MM, M hirHirr
STMEV}TSLT A+ SHfirels StelV St KT+ ki S, €117 St ,
> [thH wrl+ 2M, [hitH 117 (D6)
. ol Stepr Srepr St ke
2MW3 :ZZJ d*kr dpr 52(pT+QT_kT)['Ef Shie 911 Dot —g— M, — %11 Dur
Srpr Kr-Shrr ke
M M?2 9171 Darr| (- (D7)
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