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PROBING POLARIZED STRANGENESS IN THEPROTON: THE USE OF HEAVY QUARKSAND THE RENORMALIZATION GROUP�Steven D. BassHigh Energy Physi
s GroupInstitute for Experimental Physi
s and Institute for Theoreti
al Physi
sUniversity of Innsbru
kTe
hnikerstrasse 25, A 6020 Innsbru
k, Austria(Re
eived May 6, 2003)On
e heavy-quark 
orre
tions are take into a

ount �p elasti
 s
atter-ing provides a 
omplementary probe of polarized strangeness in the nu
leonto measurements from in
lusive and semi-in
lusive polarized deep inelas-ti
 s
attering. We review the di�erent types of experiment and a re
entNLO 
al
ulation of heavy-quark 
ontributions to the weak neutral-
urrentaxial-
harge (measurable in �p elasti
 s
attering) performed using Witten'sheavy-quark renormalization group method.PACS numbers: 11.10.Hi, 12.15.Mm, 12.38.Cy, 12.39.Hg1. Introdu
tionUnderstanding the internal spin stru
ture of the proton is one of themost 
hallenging problems fa
ing subatomi
 physi
s: How is the spin of theproton built up out from the intrinsi
 spin and orbital angular momentumof its quark and gluoni
 
onstituents? A key issue is the 
ontribution ofpolarized strangeness in building up the spin of the proton. Fully in
lusiveand semi-in
lusive measurements of polarized deep inelasti
 s
attering to-gether with elasti
 �p s
attering provide 
omplementary information aboutthe transverse momentum and Bjorken x distributions of strange quark po-larization in the proton. In this paper we review the di�erent experimentsand outline the vital role of 
harm (and other heavy quarks) in helping topin down the size and interpretation of polarized strangeness in the proton.Our present knowledge about the spin stru
ture of the nu
leon 
omesfrom polarized deep inelasti
 s
attering. Following pioneering experiments� Presented at the Cra
ow Epiphany Conferen
e on Heavy Flavors, Cra
ow, Poland,January 3�6, 2003. (4521)



4522 S.D. Bassat SLAC [1℄, re
ent experiments in fully in
lusive polarized deep inelasti
s
attering have extended measurements of the nu
leon's g1 spin dependentstru
ture fun
tion to lower values of Bjorken x where the nu
leon's sea be-
omes important [2℄. From the �rst moment of g1, these experiments haverevealed a small value for the �avour-singlet axial-
harge:g(0)A ��inv = 0:2� 0:35 : (1)This result is parti
ularly interesting [3℄ be
ause g(0)A is interpreted in theparton model as the fra
tion of the proton's spin whi
h is 
arried by theintrinsi
 spin of its quark and antiquark 
onstituents. The value (1) is abouthalf the predi
tion of relativisti
 
onstituent quark models (� 60%). It
orresponds to a negative strange-quark polarization�s = �0:10 � 0:04 : (2)(polarized in the opposite dire
tion to the spin of the proton).The small value of g(0)A measured in polarized deep inelasti
 s
attering hasinspired vast experimental and theoreti
al a
tivity to understand the spinstru
ture of the proton. New experiments are underway or being planned tomap out the proton's spin-�avour stru
ture and to measure the amount ofspin 
arried by polarized gluons in the polarized proton. These in
lude semi-in
lusive polarized deep inelasti
 s
attering [4℄, polarized proton�proton 
ol-lisions at the Relativisti
 Heavy Ion Collider (RHIC) [5℄, and polarized ep
ollider studies [6℄. It is essential to ensure that the theory and experimen-tal a

eptan
e are 
orre
tly mat
hed when extra
ting new information frompresent and future experiments [7℄. For example, the spin-�avour stru
tureof the sea extra
ted from semi-in
lusive measurements of polarized deepinelasti
 s
attering may depend strongly on the angular a

eptan
e of thedete
tor.A 
lean measurement of parity violating �p elasti
 s
attering [8,9℄ wouldprovide an ex
iting new opportunity to probe strangeness polarization inthe proton. This experiment measures the weak axial 
harge g(Z)A throughelasti
 Z0 ex
hange. Be
ause of anomaly 
an
ellation in the Standard Modelthe weak neutral 
urrent 
ouples to the 
ombination u � d + 
 � s+ t � b,viz. JZ�5 = 12( Xq=u;
;t� Xq=d;s;b) �q
�
5q : (3)It measures the 
ombination:2g(Z)A = ��u��d��s�+ ��
��b+�t� ; (4)



Probing Polarized Strangeness in the Proton : : : 4523where �q refers to the expe
tation valuehp; sj �q
�
5q jp; si = 2mps��qfor a proton of spin s� and mass mp. The 
ontribution �u��d in Eq. (4) isjust the axial 
harge measured in neutron beta-de
ays (g(3)A = 1:267 � 0:004).Hen
e, on
e heavy-quark 
orre
tions [10�13℄ have been taken into a

ount,g(Z)A is related (modulo the issue of Æ-fun
tion terms at x = 0 [14℄) to thestrange-quark axial-
harge (polarized strangeness), de�ned s
ale invariantly,whi
h is extra
ted from polarized deep inelasti
 s
attering. A quality �pelasti
 measurement would be independent of assumptions about the x � 0behaviour of the proton's g1 spin stru
ture fun
tion. A de�nitive measure-ment of �p elasti
 s
attering may be possible using the miniBooNE set-upat FNAL [9℄.We next review the di�erent types of experiment: in
lusive and semi-in
lusive polarized deep inelasti
 s
attering, and elasti
 �p s
attering, re-spe
tively (Se
tions 2�4). The renormalization s
ale invariant axial-
harge�qjinv is de�ned in Se
tion 2. Se
tion 4 summarizes the re
ent NLO 
al
u-lation [13℄ of the heavy-quark 
ontributions to g(Z)A , whi
h was performedusing the rigour of Witten's heavy-quark renormalization group [15, 16℄.2. Polarized deep inelasti
 s
atteringThe value of g(0)A jinv extra
ted from polarized deep inelasti
 s
attering isobtained as follows. The �rst moment of the stru
ture fun
tion g1 to thes
ale-invariant axial 
harges of the target nu
leon by:1Z0 dx gp1(x;Q2) =  112g(3)A + 136g(8)A !(1 +X̀�1 
NS`�s̀(Q))+19g(0)A jinv(1 + X̀�1 
S`�s̀(Q)) + O� 1Q2� : (5)Here g(3)A , g(8)A and g(0)A jinv are the isotriplet, SU(3) o
tet and s
ale-invariant�avour�singlet axial 
harges, respe
tively. The �avour non-singlet 
NS` andsinglet 
S` Wilson 
oe�
ients are 
al
ulable in `-loop perturbative QCD. Themain sour
e of experimental error on deep inelasti
 measurements of g(0)A jinv
omes from the extrapolation of the measured g1 spin stru
ture fun
tion tolower values of Bjorken x.



4524 S.D. BassNote that the �rst moment of g1 is 
onstrained by low energy weakintera
tions. For proton states jp; si with momentum p� and spin s�2ms� g(3)A = hp; sj ��u
�
5u� �d
�
5d� jp; si ;2ms� g(8)A = hp; sj ��u
�
5u+ �d
�
5d� 2�s
�
5s� jp; si : (6)Here g(3)A = 1:267 � 0:004 is the isotriplet axial 
harge measured in neutronbeta-de
ay; g(8)A = 0:58�0:03 is the o
tet 
harge measured independently inhyperon beta de
ay [17℄.The s
ale-invariant �avour�singlet axial 
harge g(0)A jinv is de�ned as fol-lows. Let �f = g2f=4� and �f (�f ) be the gluon 
oupling and beta fun
tionfor MS renormalized quantum 
hromodynami
s (QCD) with f �avours andN
 = 3 
olours, and let 
f (�f ) be the gamma fun
tion for the singlet 
urrent��u
�
5u+ �d
�
5d+ : : :�f = fXk=1��qk
�
5qk�f (7)whi
h is indu
ed by the QCD axial anomaly�� fXk=1��qk
�
5qk�f = 2f��K� + fXi=1 2imi�qi
5qi ; (8)where K� is the gluoni
 Chern�Simons 
urrent. A s
ale-invariant 
urrent(S�5)f is obtained when (7) is multiplied byEf (�f ) = exp �fZ0 dx 
f (x)�f (x) : (9)The invariant singlet 
harge is given byg(0)A ��inv = E3(�3)��u+�d+�s�3= ��u+�d+�s�inv : (10)Flavour-dependent, s
ale-invariant axial 
harges �qjinv su
h as�sjinv = 13�g(0)A ��inv � g(8)A � (11)
an then be obtained from linear 
ombinations of (10) andg(3)A = �u��d = ��u��d�inv ;g(8)A = �u+�d� 2�s = ��u+�d� 2�s�inv : (12)



Probing Polarized Strangeness in the Proton : : : 4525Modulo heavy-quark 
orre
tions, g(3)A and g(8)A together with g(Z)A would pro-vide a weak intera
tion determination of �sjinv, 
omplementary to the DISmeasurement.3. Semi-in
lusive polarized deep inelasti
 s
atteringSemi-in
lusive measurements of fast pions and kaons in the 
urrent frag-mentation region with �nal state parti
le identi�
ation 
an be used to re-
onstru
t the individual up, down and strange quark 
ontributions to theproton's spin [18, 19℄. In 
ontrast to in
lusive polarized deep inelasti
 s
at-tering where the g1 stru
ture fun
tion is dedu
ed by dete
ting only thes
attered lepton, the dete
ted parti
les in the semi-in
lusive experimentsare high-energy (greater than 20% of the energy of the in
ident photon)
harged pions and kaons in 
oin
iden
e with the s
attered lepton. For largeenergy fra
tion z = Eh=E
 ! 1 the most probable o

urren
e is that thedete
ted �� and K� 
ontain the stru
k quark or antiquark in their valen
eFo
k state. They therefore a
t as a tag of the �avour of the stru
k quark.New semi-in
lusive data reported by the HERMES experiment [4, 20℄(following earlier work by SMC [21℄) suggest that the light-�avoured (up anddown) sea measured in these semi-in
lusive experiments 
ontributes 
lose tozero to the proton's spin. Furthermore, re
ent HERMES data [4℄ also tendsto favour slightly positively polarized strangeness in the kinemati
al rangeprobed by the experiment.An important issue for semi-in
lusive measurements is the angular 
ov-erage of the dete
tor [7℄. The non-valen
e spin-�avour stru
ture of the pro-ton extra
ted from semi-in
lusive measurements of polarized deep inelasti
s
attering may depend strongly on the transverse momentum (and angular)a

eptan
e of the dete
ted �nal-state hadrons whi
h are used to determinethe individual polarized sea distributions. The present semi-in
lusive ex-periments dete
t �nal-state hadrons produ
ed only at small angles fromthe in
ident lepton beam (about 150 mrad angular 
overage) whereas theperturbative QCD �polarized gluon interpretation� [22℄ of the in
lusive mea-surement (2) involves physi
s at the maximum transverse momentum [23,24℄and large angles.New semi-in
lusive measurements with in
reased luminosity and a 4�dete
tor, as proposed for the next generation Ele
tron Ion Collider fa
ilityin the United States, would be extremely useful to map out the transversemomentum distribution of the total polarized strangeness (2) measured inin
lusive deep inelasti
 s
attering.To understand this physi
s, 
onsider the polarized photon�gluon fusion
ontribution to the polarized sea [23, 24℄. In leading twist, the �rst mo-ment of the g1 spin stru
ture fun
tion for polarized photon�gluon fusion



4526 S.D. Bass(
�g ! q�q) re
eives a positive 
ontribution proportional to the mass squaredof the stru
k quark or antiquark whi
h originates from low values of quarktransverse momentum, kt, with respe
t to the photon�gluon dire
tion. Italso re
eives a negative 
ontribution from k2t � Q2, where Q2 is the virtual-ity of the hard photon. Thus, the spin-�avour stru
ture of the sea extra
tedfrom semi-in
lusive measurements depends strongly on the kt distribution ofthe dete
ted hadrons. The positive mass-dependent 
ontribution from lowk2t 
an safely be negle
ted for light-quark �avour (up and down) produ
tion.It is very important for strangeness (and 
harm [25, 26℄) produ
tion. LetP 2 and denote virtuality of the target gluon and m denote the mass of thestru
k quark. The fully in
lusive �rst moment R 10 dxg(
�g)1 is equal to ��s2�in the limit m2 � P 2 and vanishes in the limit m2 � P 2. The vanishing ofR 10 dxg(
�g)1 in the limit m2 � P 2 to leading order in �s(Q2) follows from anappli
ation [27℄ of the fundamental Drell�Hearn�Gerasimov sum-rule [28℄.The pra
ti
al 
onsequen
e [7℄ of the strange quark mass on polarizedphoton�gluon fusion is shown in Figs. 1 and 2. Here we let g(
�g)1 jsoft(�) de-note the 
ontribution to g(
�g)1 for photon�gluon fusion where the hard pho-ton s
atters on the stru
k quark or antiquark 
arrying transverse momentumk2t < �2. Figs. 1 and 2 show the �rst moment of g(
�g)1 jsoft for the strange
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Probing Polarized Strangeness in the Proton : : : 4527and light (up and down) �avour produ
tion, respe
tively as a fun
tion of thetransverse momentum 
ut-o� �2. Here we set Q2 = 2:5 GeV2 (
orrespondingto the HERMES experiment) and 10 GeV2 (SMC). Following [23℄, we take

-1

-0.8

-0.6

-0.4

-0.2

0

10
-1

1
kt

2  cut-offFig. 2. R 10 dx g(
�g)1 jsoft for light-�avour (u or d) produ
tion with k2t < �2 in unitsof �s2� . Here Q2 = 2:5 GeV2 (dotted line) and 10 GeV2 (solid line).P 2 � �2q
d and set P 2 = 0:1 GeV2. Observe the small value for the light-quark sea polarization at low transverse momentum and the positive valuefor the integrated strange sea polarization at low k2t : kt < 1:5 GeV at theHERMES Q2 = 2:5 GeV2. When we relax the 
ut-o�, in
reasing the a

ep-tan
e of the experiment, the measured strange sea polarization 
hanges signand be
omes negative (the result implied by fully in
lusive deep inelasti
measurements). Note that for 
�g fusion the 
ut-o� k2t < �2 is equivalentto a 
ut-o� on the angular a

eptan
e sin2 � < 4�2=fs � 4m2g where � isde�ned relative to the photon�gluon dire
tion and s is the 
entre of mass en-ergy for the photon�gluon 
ollision. Leading-twist negative sea polarizationat k2t � Q2 
orresponds, in part, to �nal state hadrons produ
ed at largeangles. For HERMES the average transverse momentum of the dete
ted�nal-state fast hadrons is less than about 0.5 GeV whereas for SMC the ktof the dete
ted fast pions was less than about 1 GeV.Semi-in
lusive measurements of 
harm produ
tion in polarized lepton�proton s
attering will be made by the COMPASS experiment at CERN and



4528 S.D. Bassthe SLAC experiment E-161. The aim of these experiments is to shed newlight on the role of polarized glue in the nu
leon, whi
h will, in turn, helpto resolve the origin of the negative polarized strange sea (2) extra
ted fromin
lusive polarized deep inelasti
 s
attering.4. �p elasti
 s
atteringThe �p elasti
 pro
ess [8℄ measures the neutral 
urrent axial-
harge g(Z)A ,where 2g(Z)A = ��u��d��s�+ ��
��b+�t� : (13)Bass, Crewther, Ste�ens and Thomas [13℄ have re
ently 
ombined Witten'srenormalization group [15, 16℄ with the mat
hing 
onditions of Bernreutherand Wetzel [29℄ to 
al
ulate at next-to-leading order the 
omplete heavy-quark 
ontribution to g(Z)A . One �nds that, when �rst t, then b, and �nally
 are de
oupled from (4), the full NLO result is2g(Z)A = ��u��d��s�inv + P��u+�d+�s�inv + O(m�1t;b;
) ; (14)where P is a polynomial in the running 
ouplings e�h,P = 623��e�b � e�t�n1 + 12566382800� e�b + 61673312� e�t � 2275� e�
o� 627� e�
 � 181648�2 e�2
 +O�e�3t;b;
� : (15)Here (�q)inv denotes the s
ale-invariant version of�q and e�h denotes Wittenrenormalization group invariant running 
ouplings. These Witten 
ouplings[15℄ are de�ned for the full theory (in
luding the heavy-quark h) as follows.Let mh be the MSF renormalized mass and �F denote the F �avour running
oupling. Then the Witten 
ouplinge�h = e�h��F ; ln�mh�� �� (16)is de�ned via ln�mh�� � = e�hZ�F dx �1� ÆF (x)��F (x) ; (17)where ÆF denotes the mass anomalous dimension and �F is the F -�avour �fun
tion. It satis�es the 
onstraintse�h(�F ; 0) = �F ; e�h(�F ;1) = 0 (18)



Probing Polarized Strangeness in the Proton : : : 4529the latter being a 
onsequen
e of the asymptoti
 freedom of the F �avourtheory (F 6 16). The Witten 
oupling is renormalization group invariant:DF e�h = 0 : (19)Taking e�t = 0:1, e�b = 0:2 and e�
 = 0:35 in (15), we �nd a small heavy-quark
orre
tion fa
tor P = �0:02, with LO terms dominant.These results are manifestly renormalization group invariant. They willpermit a theoreti
ally 
lean determination of the strange-quark axial-
harge,�sjinv, from the neutrino�proton elasti
 pro
ess. The results (14), (15)extend to NLO and make more pre
ise the well known work of Collins,Wil
zek and Zee [10℄ and Kaplan and Manohar [11℄, where heavy-quarke�e
tive theory was used to estimate g(Z)A in leading order (LO) for sequentialde
oupling of t; b and t; b; 
, respe
tively.There is interest [9℄ to perform the experimental measurement at FNALusing the mini-BooNE set-up with very low duty fa
tor neutrino beam to
ontrol ba
kground. The estimated error on the strange quark polarizationone 
ould extra
t from this experiment is 0.03, 
ompetitive with the errorfrom the present polarized deep inelasti
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