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Transverse momentum in semi-inclusive polarized deep inelastic scattering
and the spin-flavor structure of the proton
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The nonvalence spin-flavor structure of the proton extracted from semi-inclusive measurements of polarized
deep inelastic scattering depends strongly on the transverse momentum of the detected hadrons which are used
to determine the individual polarized sea distributions. This physics may explain the recent HERMES obser-
vation of a positively polarized strange sea through semi-inclusive scattering, in contrast with the negative
strange sea polarization deduced from inclusive polarized deep inelastic scattering.
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Understanding the internal spin structure of the proton is gﬁ\°)|pD.s=AU+Ad+As= 0.2—0.35. )
one of the most challenging problems facing subatomic
physics: How is the spin of the proton built up out from the This result is particularly interesting] becausegly” is in-
intrinsic spin and orbital angular momentum of its quark andterpreted in the parton model as the fraction of the proton’s
gluonic constituents? A key issue is the contribution of po-SPin Which is carried by the intrinsic spin of its quark and
larized sea quark&ip, down, and strangén building up the gnthuark constituents. The val(® is about half the predic-
spin of the proton. Fully inclusive polarized deep inelastiction ©f relativistic constituent quark models-60%). It
scattering experiments suggest that the sea carries significa(f’ﬁ’”espondS to a negative strange-quark polarizatian
negativepolarization(polarized in the opposite direction to — —0.1a+0.04. (0) . . .
the spin of the proton[1]. In contrast, new semi-inclusive Th_e small \_/alue Ong _measured n p_oIanzed deep in-
measurements performed by the HERMES3] and Spin elastic scattering has inspired vast experimental and theoret-

Muon Collaboration'SMC) [4] experiments with final state ical activity to understand the spin structure of the proton.
particle identification suggest that the light-flavoreg and New experiments are underway or being planned to map out

down) sea contributes close to zero to the proton’s spin, an e proton’s spin-flavor structure and to measure the amount
D ! P pin, f spin carried by polarized gluons in the polarized proton.
that the strange sea positivelypolarized.

These include semi-inclusive polarized deep inelastic scatter-
Here_ we argue that thg transygrse momentum_ of the de?hg [3], polarized proton-proton collisions at the BNL Rela-
tected final-state hadrons in semi-inclusive scattering may bg,istic Heavy lon CollidefRHIC) [7], and polarizedtp col-

essential to understanding these results. The first moment gfjer studie8].

the g; spin structure function for polarized photon-gluon fu-  Here we focus on semi-inclusive measurements of fast
sion (y*g—qq) receives a positive contribution propor- pions and kaons in the current fragmentation region. These
tional to the mass squared of the struck quark or antiquarkneasurements are being used by the HERMES experiment
which originates from low values of quark transverse mo-{2,3] (following earlier work by SM(4]) to reconstruct the
mentumk, with respect to the photon-gluon direction. It also individual up, down, and strange quark contributions to the
receives a negative contribution frokﬁ~Q2, whereQ? is proton’fs spin. In contrast to inclusive pola!rlzed deep inelastic
the virtuality of the hard photon—see EG&—(6) below. sca;terlng where thg, structure function is deduceq by dg—
Thus, the spin-flavor structure of the sea extracted fro ecting o_n_ly the_ scattereql leptg@l], the_detected particles in
semi-inclusive measurements depends strongly ok;thes- he semi-inclusive experiments are high-enefgieater than

A d ! . 20% of the energy of the incident phojocharged pions and
tribution of the detected hadrons. Understanding this physlc%onS in coincid%)r/me with the scaﬁermep?on Igor large en-
is essential to ensure that the theory and experimental acce :

Bigy fractionz=E, /E,—1 the most probable occurrence is
tance are correctly matched when extracting new informatio 9y hi=y P

¢ qf . We fi ; bri hat the detectedr™ and K* contain the struck quark or
rom present and future experiments. We first give a briely g ark in their valence Fock state. They therefore act as a

overview of the experimental situation and then explain the[ag of the flavor of the struck quaf®]. In leading order

?mportance of transverse momentum, including cglculation§Lo) QCD the double-spin asymmetry for the production of
in the kinematics of the HERMES and SMC experiments. padronsh in semi-inclusive polarizedy* -polarized proton

Fol_lowing _pioneer_ing experimen_ts at SLAES], recent  collisions is
experiments in fully inclusive polarized deep inelastic scat-

tering have extended measurements of the nuclepn&pin 2 > (Y an 2
dependent structure function to lower values of Bjorken qE €Aa(x.Q%) Zmian(Z'Q )

where the nucleon’s sea becomes imporfdit From the AQD(X,QZ)Z I , (2
first moment ofg,, these experiments have revealed a small 2 eéq(x,Qz) DE(Z,QZ)

value for the flavor-singlet axial-charge: a.h Zmin
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wherez,,~0.2. HereDg(Z,Q2)=fdka2(Z,k2,Qz) is the  these experiments is 2.5 GEMHERMES and 10 GeV
fragmentation function for the struck quark or antiquark to(SMC). For HERMES the average transverse momentum of
produce a hadroin(=7=,K*) carrying energy fractiorz  the detected fast hadrons is less than about 0.5 (&Y,
=E,/E, in the target rest frameq(x,Q?) is the quarkor  whereas for SMC thé, of the detected fast pions was less
antiquarl polarized parton distribution, ane, is the quark  than about 1 GeY13]. Further semi-inclusive measurements

charge. Note the integration over the transverse momentunge planned with the COMPASS experiment at CERN and
k; of the final-state hadror{40]. (In practice this integration proposed future Electron-lon CollidéEIC), extending
overk; is determined by the acceptance of the experiment.iha kinematic range to smaller Bjorken

Since pions and kaons have spin zero, the fragmentation 1.,,qyerse momentum is essential to understanding polar-

functions are the same for both polarized and unpolarizeﬁjZ o - ; -
; ; : . ed semi-inclusive data. Consider the polarized photon-
leptoproduction. NLO corrections to E(R) are discussed in P P

Ref. [11]. gluon fusion procesg*g—qg. We evaluate they; spin

The semi-inclusive data reported by HERMES and SmcStructure function for this process as a function of the trans-
suggest that thémeasurep light-flavored (up and down Ve€rse momentum squgred_ of the struck qudrkvith respect
quark sea contributes close to zero to the spin of the protori® the photon-gluon direction. We usgandp to denote the
[2—4] and that the(measurel strange sea polarization is Photon and gluon momenta and use the cutgfA? to
positive [3], in contrast with the result Xs=—0.10 separate the total phase space into “hard®£12) and
+0.04) deduced from inclusive scattering. The m&for  “soft” ( k?<\?) contributions. One findg14,15

o' ag V1—4(m?+\3?)/s ( 2xP2>
= — — 2x—1)| 1—
92" “lhar= 5~ 1 (&P0Y) (2x-1) Q?
1 ( 1+1— (4x2P2/Q2)\1— 4(m2+ )\2)/3)
X{1— In
V1—[4(m2+2\2)/s]V1—[4x2P2/Q?] |\ 1—+1— (4x2P?/Q?)V1— 4(m2+\2)/s
( xPZ) (2m2(1— 4x2P%/Q?)— P2x(2x—1)(1— 2xP?/Q?))
| x—14 — &)
Q%) (M?+2\?)(1- 4x?P?/Q%) —P?x(x— 1+ xP?/Q?)

for each flavor of quark liberated into the final state. Here 1 . o 2m?2 1
is the quark massQ?=—q? is the virtuality of the hard f dxgl” 9| =- 2—5 5 —
photon,P?= — p? is the virtuality of the gluon targex is the 0 hard ™ P? J1+4(m?+\?)/P

Bjorken variable x=Q?2pq) ands is the center of mass
energy squareds=(p+q)?=Q%(1—x/x)—P?, for the
photon-gluon collision. WherQ?—o~ the expression for
g(17*9)|ha,d simplifies to the leading twist=£2) contribution

XIn

. (5

V1+4(m?+2?)/P?—1
V1+4(m?+2\?)/P?+1

The “soft” contribution to the first moment ofj; is then
obtained by subtracting E@5) from the inclusive first mo-

* ¢4 2 —X H i — .
% g)|hard:ﬁ (2x—1)[InQ—2+In ) 1 ment(obtained by setting.=0):
1 ag 2m? 1
(Yo _—_S
A2 Jngl =>_
o (1-x)P?+( 2+)\2)] ° o 2T P? [V1+4(m*+\%)/P?
X(1—x m
o PP(2— 1) o \/1+4(m2+)\2)/P2—1)
m?— P2x(2x—
HI-0 o) | (4) VI+4(m?+\%)/P?+1
m?+\2— P2x(x—
1 V1+4m?/P?—1
_ n _
Here we take\ to be independent of. Note that for finite J1+4m?/P? | J1+4m?/P?+1
quark masses, phase space limits Bjorkdn X.,=Q%[Q? ©

+P24-4(mP+A?)] and protectsy}”” 9| .q from reaching the
In(1—x) singularity in Eq.(4). For this photon-gluon fusion Equation(6) measures the contribution to the polarized sea
process, the first moment of the “hard” contribution[ 4] from k, less than the cutofk in the limit Q?— .
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For fixed gluon virtualityP? the photon-gluon fusion pro- 08 T TTTTIT T 11T BRI
cess induces two distinct contributions to the first moment of r 1
g;. Consider the leading twist contribution, E@). The first o5 L J

term — a¢/27 in Eq. (5) is mass independent and comes from
the region of phase space where the struck quark carries
large transverse momentum squak€d- Q2. It measures a
contact photon-gluon interaction and is associdteg,17]

with the axial anomaly{18]. The second mass-dependent 03 |
term comes from the region of phase-space where the struck i
quark carries transverse momentthufm m?,P2. This posi-

tive mass-dependent term is proportional to the mass squared
of the struck quark. The mass-dependent term in Exjand 5
(6) can safely be neglected for light-quark flavap and o1 -
down) production. It is very important for strangengssd -
charm[19,20) production. For vanishing cutofi¢=0) this
term vanishes in the limim?<P? and tends to+ a¢/2m

whenm?sP? (so that the first moment af{”" 9 vanishes in

this limit) [24]. o
Equation(5) leads to the well known formulgl6,17,23 B ‘
A Lt

0.2 -

10" 1

04 -

02

A
k2 cut-off

ag
gﬁ\")lpD.s:(Z Aq—szAg) : (7 )
q partons FIG. 1. [3dxg{”" 9| s for polarized strangeness production with
k?<\? in units of ay/27. Here Q>=2.5 Ge\? (dotted ling and

whereAg is the amount of spin carried by polarized gluon 10 GeV* (solid lin.

partons in the polarized proton amdy,.,ns Measures the
spin carried by quarks and antiquarks carrying “soft” rans-g o p2 it is interesting to investigate the effect of increas-

verse momenturk; ~m?, P2, with P? a typical gluon virtu- ing the value ofP2. ForQ?=2.5 (10) GeV? the contribution
ality in the _proton wave functlon._S|ncAg~1/aS under 5 the total polarized strangeness frdgx \ changes sign
QCD evolution[22], the two terms in Eq(7) both scale as  5n4 pecomes negative &t=0.7 (1.4) GeV for a gluon with

2
Q7 —e. P2=0.5 GeV and A=0.5 (1.0) GeV for a highly virtual
We now evaluate the effect of the strange quark mass on

the k; distribution of the final-state hadrons produced in m IIIII‘ T ||l|l| T TTTIT

photon-gluon fusion. In Figs. 1 and 2 we show the first mo- -
0 — —

ment of g{”" 9| for the strange and lightup and dowh
flavors, respectively, as a function of the transverse momen-
tum cutoff (acceptance k’<\?. Here we set Q2 1
=2.5 GeV (corresponding to the HERMES experiment 02 |-
and 10 GeV (SMC) and integrate the full expression in Eq. i
(3). Following Ref. [16], we take P?~AZ, and setP?
=0.1 Ge\t. We take the strange quark mass=0.2 GeV.
Observe the small value for the light-quark sea polarization
at low transverse momentum and the positive value for the L
integrated strange sea polarization at Ikﬁth< 1.5 GeV at L
the HERMESQ?=2.5 Ge\?. When we relax the cutoff, in- 06 -
creasing the acceptance of the experiment, the measured -
strange sea polarization changes sign and becomes negative i
(the result implied by fully inclusive deep inelastic measure-
ments.

For P?=0.1 GeV the fully inclusive first moment of

{9 for strange quark production is 0.26 timesy/27 at ~ | | 1
Q?=2.5 GeV/, and 0.28 times—aJ2m at Q°=10 Ge\? o L

(and also in the scaling limi®?— o indicating only a small 1 1 k2 cut-off
higher-twist contribution In practice a full calculation of the

k, dependence of the polarized sea would involve integrating FIG. 2. fidxd}” ?| sy for light-flavor (u or d) production with
over the distribution of gluon virtualities in the proton wave k?<\2 in units of /2. Here Q*=2.5 Ge\? (dotted ling and

function [19]. While this distribution is strongly peaked at 10 Ge\? (solid line).

04

08 -
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gluon withP?=1.0 Ge\f. ForQ?=2.5 (10) GeV the total, ~ strangeness that are expected at lakg¢23]. Finally, we
inclusive, polarized Strangenesﬁl)dxg(y*g) induced by note that an independent measurement of the_ strange quark
photon g’luon fusion increases to 0 52%31) times — /2 axial-chargeA s could be obtained from a precision measure-

- ) .

o . T > ment of elasticvp scattering24]. (The elasticvp process is
ffrl g G_e(i;zs GeV and 0.54(0.7)) times —ag/2 for P independent of assumptions about the behavior of spin struc-

. ... ture functions a~0.) Semi-inclusive and inclusive polar-
We summarize our results. The small value for the light-;, o4 deep inelastic scattering together with elasficscat-

quark sea polarization and the positive strange sea polarizgsring provide complementary information about the

deep inelastic scattering may have a simple interpretation iguark polarization in the nucleon.

terms of the transverse momentum dependence of polarized

photon-gluon fusion. It would be very interesting to extend S.D.B. thanks the Austrian Science Fund for financial
the present measurements to include final-state hadrons wilupport(grant M683. It is a pleasure to thank A.W. Thomas
the highest values of transverse momentyrto look for the  for stimulating discussions and B. Badelek, A. Deshpande,
growth in the (negative polarization of the lightup and N. Makins, and A. Miller for helpful communications about
down) flavor sea and the sign change for the polarizedexperimental data.
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