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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
one of the most challenging problems facing subatom
physics: How is the spin of the proton built up out from t
intrinsic spin and orbital angular momentum of its quark a
gluonic constituents? A key issue is the contribution of p
larized sea quarks~up, down, and strange! in building up the
spin of the proton. Fully inclusive polarized deep inelas
scattering experiments suggest that the sea carries signifi
negativepolarization~polarized in the opposite direction t
the spin of the proton! @1#. In contrast, new semi-inclusiv
measurements performed by the HERMES@2,3# and Spin
Muon Collaboration~SMC! @4# experiments with final state
particle identification suggest that the light-flavored~up and
down! sea contributes close to zero to the proton’s spin,
that the strange sea ispositivelypolarized.

Here we argue that the transverse momentum of the
tected final-state hadrons in semi-inclusive scattering ma
essential to understanding these results. The first mome
theg1 spin structure function for polarized photon-gluon f
sion (g* g→qq̄) receives a positive contribution propo
tional to the mass squared of the struck quark or antiqu
which originates from low values of quark transverse m
mentumkt with respect to the photon-gluon direction. It als
receives a negative contribution fromkt

2;Q2, whereQ2 is
the virtuality of the hard photon—see Eqs.~3!–~6! below.
Thus, the spin-flavor structure of the sea extracted fr
semi-inclusive measurements depends strongly on thekt dis-
tribution of the detected hadrons. Understanding this phy
is essential to ensure that the theory and experimental ac
tance are correctly matched when extracting new informa
from present and future experiments. We first give a b
overview of the experimental situation and then explain
importance of transverse momentum, including calculati
in the kinematics of the HERMES and SMC experiments

Following pioneering experiments at SLAC@5#, recent
experiments in fully inclusive polarized deep inelastic sc
tering have extended measurements of the nucleon’sg1 spin
dependent structure function to lower values of Bjorkenx
where the nucleon’s sea becomes important@1#. From the
first moment ofg1, these experiments have revealed a sm
value for the flavor-singlet axial-charge:
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gA
(0)upDIS5Du1Dd1Ds50.220.35. ~1!

This result is particularly interesting@6# becausegA
(0) is in-

terpreted in the parton model as the fraction of the proto
spin which is carried by the intrinsic spin of its quark an
antiquark constituents. The value~1! is about half the predic-
tion of relativistic constituent quark models (;60%). It
corresponds to a negative strange-quark polarizationDs
520.1060.04.

The small value ofgA
(0) measured in polarized deep in

elastic scattering has inspired vast experimental and theo
ical activity to understand the spin structure of the proto
New experiments are underway or being planned to map
the proton’s spin-flavor structure and to measure the amo
of spin carried by polarized gluons in the polarized proto
These include semi-inclusive polarized deep inelastic sca
ing @3#, polarized proton-proton collisions at the BNL Rel
tivistic Heavy Ion Collider~RHIC! @7#, and polarizedepcol-
lider studies@8#.

Here we focus on semi-inclusive measurements of
pions and kaons in the current fragmentation region. Th
measurements are being used by the HERMES experim
@2,3# ~following earlier work by SMC@4#! to reconstruct the
individual up, down, and strange quark contributions to
proton’s spin. In contrast to inclusive polarized deep inelas
scattering where theg1 structure function is deduced by de
tecting only the scattered lepton@9#, the detected particles in
the semi-inclusive experiments are high-energy~greater than
20% of the energy of the incident photon! charged pions and
kaons in coincidence with the scattered lepton. For large
ergy fractionz5Eh /Eg→1 the most probable occurrence
that the detectedp6 and K6 contain the struck quark o
antiquark in their valence Fock state. They therefore act a
tag of the flavor of the struck quark@9#. In leading order
~LO! QCD the double-spin asymmetry for the production
hadronsh in semi-inclusive polarizedg* -polarized proton
collisions is

A1p
h ~x,Q2!.

(
q,h

eq
2Dq~x,Q2!E

zmin

1

Dq
h~z,Q2!

(
q,h

eq
2q~x,Q2!E

zmin

1

Dq
h~z,Q2!

, ~2!
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wherezmin;0.2. HereDq
h(z,Q2)5*dkt

2Dq
h(z,kt

2 ,Q2) is the
fragmentation function for the struck quark or antiquark
produce a hadronh(5p6,K6) carrying energy fractionz
5Eh /Eg in the target rest frame,Dq(x,Q2) is the quark~or
antiquark! polarized parton distribution, andeq is the quark
charge. Note the integration over the transverse momen
kt of the final-state hadrons@10#. ~In practice this integration
over kt is determined by the acceptance of the experime!
Since pions and kaons have spin zero, the fragmenta
functions are the same for both polarized and unpolari
leptoproduction. NLO corrections to Eq.~2! are discussed in
Ref. @11#.

The semi-inclusive data reported by HERMES and SM
suggest that the~measured! light-flavored ~up and down
quark! sea contributes close to zero to the spin of the pro
@2–4# and that the~measured! strange sea polarization i
positive @3#, in contrast with the result (Ds520.10
60.04) deduced from inclusive scattering. The meanQ2 for
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these experiments is 2.5 GeV2 ~HERMES! and 10 GeV2

~SMC!. For HERMES the average transverse momentum
the detected fast hadrons is less than about 0.5 GeV@12#,
whereas for SMC thekt of the detected fast pions was le
than about 1 GeV@13#. Further semi-inclusive measuremen
are planned with the COMPASS experiment at CERN a
the proposed future Electron-Ion Collider~EIC!, extending
the kinematic range to smaller Bjorkenx.

Transverse momentum is essential to understanding po
ized semi-inclusive data. Consider the polarized phot

gluon fusion processg* g→qq̄. We evaluate theg1 spin
structure function for this process as a function of the tra
verse momentum squared of the struck quarkkt

2 with respect
to the photon-gluon direction. We useq andp to denote the
photon and gluon momenta and use the cutoffkt

2>l2 to
separate the total phase space into ‘‘hard’’ (kt

2>l2) and
‘‘soft’’ ( kt

2,l2) contributions. One finds@14,15#
g1
(g* g)uhard52

as

2p

A124~m21l2!/s

12 ~4x2P2/Q2!
F ~2x21!S 12

2xP2

Q2 D
3H 12

1

A12 [4~m21l2!/s]A12 [4x2P2/Q2]
lnS 11A12 ~4x2P2/Q2!A12 4~m21l2!/s

12A12 ~4x2P2/Q2!A12 4~m21l2!/s
D J

1S x211
xP2

Q2 D „2m2~12 4x2P2/Q2!2P2x~2x21!~12 2xP2/Q2!…

~m21l2!~12 4x2P2/Q2!2P2x~x211 xP2/Q2!
G ~3!
ea
for each flavor of quark liberated into the final state. Herem
is the quark mass,Q252q2 is the virtuality of the hard
photon,P252p2 is the virtuality of the gluon target,x is the
Bjorken variable (x5Q2/2pq) and s is the center of mass
energy squareds5(p1q)25Q2(12x/x)2P2, for the
photon-gluon collision. WhenQ2→` the expression for

g1
(g* g)uhard simplifies to the leading twist (52) contribution

g1
(g* g)uhard5

as

2p F ~2x21!H ln
Q2

l2
1 ln

12x

x
21

1 ln
l2

x~12x!P21~m21l2!
J

1~12x!
2m22P2x~2x21!

m21l22P2x~x21!
G . ~4!

Here we takel to be independent ofx. Note that for finite
quark masses, phase space limits Bjorkenx to xmax5Q2/@Q2

1P214(m21l2)# and protectsg1
(g* g)uhard from reaching the

ln(12x) singularity in Eq.~4!. For this photon-gluon fusion
process, the first moment of the ‘‘hard’’ contribution is@14#
E
0

1

dxg1
(g* g)U

hard

52
as

2p F11
2m2

P2

1

A114~m21l2!/P2

3 lnS A114~m21l2!/P221

A114~m21l2!/P211
D G . ~5!

The ‘‘soft’’ contribution to the first moment ofg1 is then
obtained by subtracting Eq.~5! from the inclusive first mo-
ment ~obtained by settingl50):

E
0

1

dxg1
(g* g)U

soft

5
as

2p

2m2

P2 F 1

A114~m21l2!/P2

3 lnS A114~m21l2!/P221

A114~m21l2!/P211
D

2
1

A114m2/P2
lnS A114m2/P221

A114m2/P211
D G .

~6!

Equation~6! measures the contribution to the polarized s
from kt less than the cutoffl in the limit Q2→`.
2-2
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For fixed gluon virtualityP2 the photon-gluon fusion pro
cess induces two distinct contributions to the first momen
g1. Consider the leading twist contribution, Eq.~7!. The first
term2as/2p in Eq. ~5! is mass independent and comes fro
the region of phase space where the struck quark ca
large transverse momentum squaredkt

2;Q2. It measures a
contact photon-gluon interaction and is associated@16,17#
with the axial anomaly@18#. The second mass-depende
term comes from the region of phase-space where the st
quark carries transverse momentumkt

2;m2,P2. This posi-
tive mass-dependent term is proportional to the mass squ
of the struck quark. The mass-dependent term in Eqs.~5! and
~6! can safely be neglected for light-quark flavor~up and
down! production. It is very important for strangeness~and
charm@19,20#! production. For vanishing cutoff (l250) this
term vanishes in the limitm2!P2 and tends to1as/2p

whenm2@P2 ~so that the first moment ofg1
(g* g) vanishes in

this limit! @21#.
Equation~5! leads to the well known formula@16,17,22#

gA
(0)upDIS5S (

q
Dq23

as

2p
DgD

partons

, ~7!

whereDg is the amount of spin carried by polarized gluo
partons in the polarized proton andDqpartons measures the
spin carried by quarks and antiquarks carrying ‘‘soft’’ tran
verse momentumkt

2;m2,P2, with P2 a typical gluon virtu-
ality in the proton wave function. SinceDg;1/as under
QCD evolution@22#, the two terms in Eq.~7! both scale as
Q2→`.

We now evaluate the effect of the strange quark mass
the kt distribution of the final-state hadrons produced
photon-gluon fusion. In Figs. 1 and 2 we show the first m

ment of g1
(g* g)usoft for the strange and light~up and down!

flavors, respectively, as a function of the transverse mom
tum cutoff ~acceptance! kt

2,l2. Here we set Q2

52.5 GeV2 ~corresponding to the HERMES experimen!
and 10 GeV2 ~SMC! and integrate the full expression in E
~3!. Following Ref. @16#, we take P2;Lqcd

2 and set P2

50.1 GeV2. We take the strange quark massm50.2 GeV.
Observe the small value for the light-quark sea polarizat
at low transverse momentum and the positive value for
integrated strange sea polarization at lowkt

2 :kt,1.5 GeV at
the HERMESQ252.5 GeV2. When we relax the cutoff, in-
creasing the acceptance of the experiment, the meas
strange sea polarization changes sign and becomes neg
~the result implied by fully inclusive deep inelastic measu
ments!.

For P250.1 GeV2 the fully inclusive first moment of

g1
(g* g) for strange quark production is 0.26 times2as/2p at

Q252.5 GeV2, and 0.28 times2as/2p at Q2510 GeV2

~and also in the scaling limitQ2→` indicating only a small
higher-twist contribution!. In practice a full calculation of the
kt dependence of the polarized sea would involve integra
over the distribution of gluon virtualities in the proton wav
function @19#. While this distribution is strongly peaked a
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small P2, it is interesting to investigate the effect of increa
ing the value ofP2. ForQ252.5 (10) GeV2 the contribution
to the total polarized strangeness fromkt,l changes sign
and becomes negative atl50.7 ~1.4! GeV for a gluon with
P250.5 GeV2 and l50.5 ~1.0! GeV for a highly virtual

FIG. 1. *0
1dxg1

(g* g)usoft for polarized strangeness production wi
kt

2,l2 in units of as/2p. Here Q252.5 GeV2 ~dotted line! and
10 GeV2 ~solid line!.

FIG. 2. *0
1dxg1

(g* g)usoft for light-flavor (u or d) production with
kt

2,l2 in units of as/2p. Here Q252.5 GeV2 ~dotted line! and
10 GeV2 ~solid line!.
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gluon withP251.0 GeV2. ForQ252.5 (10) GeV2 the total,

inclusive, polarized strangeness*0
1dxg1

(g* g) induced by
photon-gluon fusion increases to 0.52~0.61! times2as/2p
for P250.5 GeV2 and 0.54~0.71! times 2as/2p for P2

51.0 GeV2.
We summarize our results. The small value for the lig

quark sea polarization and the positive strange sea pola
tion observed in semi-inclusive measurements of polari
deep inelastic scattering may have a simple interpretatio
terms of the transverse momentum dependence of polar
photon-gluon fusion. It would be very interesting to exte
the present measurements to include final-state hadrons
the highest values of transverse momentumkt to look for the
growth in the ~negative! polarization of the light-~up and
down! flavor sea and the sign change for the polariz
n-
s/
-

ev

c

er
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strangeness that are expected at largekt @23#. Finally, we
note that an independent measurement of the strange q
axial-chargeDs could be obtained from a precision measu
ment of elasticnp scattering@24#. ~The elasticnp process is
independent of assumptions about the behavior of spin st
ture functions atx;0.! Semi-inclusive and inclusive polar
ized deep inelastic scattering together with elasticnp scat-
tering provide complementary information about t
transverse momentum and Bjorkenx distributions of strange
quark polarization in the nucleon.
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