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PIONS IN HADRON PHYSICS�J. Haidenbauer, W. S
häfer and J. SpethInstitut für Kernphysik, Fors
hungszentrum Jüli
h GmbH52425 Jüli
h, Germany(Re
eived July 13, 2000)The Jüli
h model for pion produ
tion in nu
leon�nu
leon 
ollisions isreviewed. First 
al
ulations for re
ently measured spin 
orrelation 
oe�-
ients are presented. The in�uen
e of resonant [via the ex
itation of the�(1232)℄ and nonresonant p-wave pion produ
tion me
hanisms on theseobservables is examined. In the se
ond part of the talk we dis
uss the roleof pions in the �d� �u-asymmetry of the nu
leon sea and its 
onne
tion withthe in
lusive produ
tion of forward neutrons. We 
ompare predi
tions forthe pion stru
ture fun
tion at small x with the data extra
ted from deepinelasti
 forward neutron produ
tion.PACS numbers: 14.40.�n, 14.40.Aq1. Introdu
tionThe pion plays an outstanding role in nu
lear and hadroni
 physi
s. Ithas an ex
eptional status in hadron physi
s be
ause it is by far the lightestof all mesons, and its low mass, nearly one order of magnitude smaller thanthe typi
al hadroni
 mass s
ale, is 
onne
ted with the 
hiral symmetry ofQCD. In this respe
t it is also 
onne
ted with the Partial Conservation ofthe Axial Current (PCAC). Due to its low mass it is also the mediator ofthe long range part of the nu
lear for
e and it is therefore an important partof the nu
lear many-body problem.In the following we will dis
uss two extreme 
ases: we �rst review thetheoreti
al status of pion produ
tion in proton�proton 
ollisions near thepion threshold and se
ond we dis
uss the importan
e of pions in in
lusive andex
lusive deep-inelasti
 ele
tron s
attering. We will show that the physi
sstudied at the 
ooler syn
hrotrons at Jüli
h, Bloomington, and Uppsala isdire
tly relevant to high-energy experiments at DESY, CERN, and Fermilab.� Presented at the Meson 2000, Sixth International Workshop on Produ
tion, Proper-ties and Intera
tion of Mesons, Cra
ow, Poland, May 19�23, 2000.(2321)



2322 J. Haidenbauer, W. S
häfer, J. Speth2. Pion produ
tion in pp s
attering at thresholdOver the last few years the Jüli
h group has developed a meson-ex
hangemodel for the rea
tion NN ! NN� near threshold [1,2℄ . In this model allstandard pion-produ
tion me
hanisms (dire
t produ
tion (Fig. 1(a)), pionres
attering (Fig. 1(b)) and 
ontributions from pair diagrams (Fig. 1(
))) are
onsidered. In addition, produ
tion me
hanisms involving the ex
itation ofthe �(1232) resonan
e (
f. Fig. 1(d),(e)) are expli
itly taken into a

ount.All NN partial waves up to orbital angular momentum LNN = 2, and allstates with relative orbital angular momentum l � 2 between the NN systemand the pion in the �nal state are 
onsidered. Furthermore all �N partialwaves up to orbital angular momenta L�N = 1 are in
luded in 
al
ulating theres
attering diagrams of Fig. 1(b),(e). Thus, our model in
ludes not onlys-wave pion res
attering but also 
ontributions from p-wave res
attering.The rea
tion NN ! NN� is treated in a distorted wave Born approxima-tion in the standard fashion. The a
tual 
al
ulations are 
arried out in mo-mentum spa
e. For distortions of the initial and �nal NN states we employa variant of the full Bonn model [3℄ whi
h expli
itly in
ludes the 
oupling tothe N� as well as�� 
hannels. Thus the NN $ N� transition amplitudesand the NN T -matri
es that enter in the evaluation of the pion produ
tiondiagrams in Fig. 1 are 
onsistent solutions of the same (
oupled-
hannel)Lippmann�S
hwinger-like equation. The �N ! �N T -matrix needed forthe res
attering pro
ess is likewise taken from a mi
ros
opi
 meson-ex
hangemodel developed by the Jüli
h group [4℄.
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c) d)Fig. 1. Pion produ
tion me
hanisms taken into a

ount in our model: (a) dire
tprodu
tion; (b) pion res
attering; (
) 
ontributions from pair diagrams; (d) and (e)produ
tion involving the ex
itation of the �(1232) resonan
e. Note that diagramswhere the � is ex
ited after pion emission are also in
luded.Note that the pair diagrams (Fig. 1(
)) are viewed as an e�e
tive parame-trization of 
ontributions from additional short-range produ
tion me
ha-nisms that are not yet fully understood, and are therefore not expli
itlyin
luded in the model. Their strength, the only free parameter in the Jüli
hmodel, was adjusted to reprodu
e the total pp�0 produ
tion 
ross se
tionat low energies. Due to their vertex stru
ture, these pair diagrams 
on-
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s 2323tribute only to s-wave pion produ
tion. Furthermore, they have pra
ti
allyno in�uen
e on the rea
tions pp! pn�+ and pp! d�+ [1℄.Results for the total 
ross se
tions in all experimentally a

essible 
han-nels are shown in Fig. 2 as a fun
tion of �, the maximum momentum of theprodu
ed pions in units of the pion mass. Evidently, the predi
tions of themodel are in good overall agreement with the data over a wide energy range.We emphasize that the results for the 
hannels pp ! pn�+ and pp ! d�+do not involve any adjustable parameters, and are therefore genuine pre-di
tions of the model. Results for the produ
tion 
ross se
tions withoutin
lusion of the � isobar are indi
ated in Fig. 2 by the dashed lines. These
urves are obtained by setting the �N� 
oupling in the produ
tion operatorequal to zero. Not surprisingly, for all rea
tion 
hannels 
onsidered (ex
eptpn ! pp��) the � 
ontributions play an important role at larger energies.One 
an also see however that they in�uen
e the 
ross se
tion signi�
antlyeven at energies near threshold.
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Fig. 2. Total 
ross se
tion for NN ! NN� in the di�erent 
harge 
hannels. Thesolid line shows the results for the full model. The dashed 
urve is the resultwithout 
ontributions involving the � (1232) ex
itation.Our model is also in good quantitative agreement with other experimen-tal information on pion produ
tion near threshold su
h as di�erential 
rossse
tions [5℄ and analyzing powers [1℄.Very re
ently the �rst results from measurements of spin-dependent 
rossse
tions and spin 
orrelation 
oe�
ients have been reported [6�9℄. Su
h dataare of great importan
e be
ause it is expe
ted that they might play an im-portant role in improving our theoreti
al understanding of pion produ
tion



2324 J. Haidenbauer, W. S
häfer, J. Spethnear threshold. Here we will present the 
orresponding predi
tions of theJüli
h model, and 
ompare them with these new data. We will also investi-gate the sensitivity of these observables to spe
i�
 produ
tion me
hanisms.Our results for the spin 
orrelation 
oe�
ient 
ombinations A� = Axx+Ayy, A� = Axx�Ayy and Azz are shown in Fig. 3 for pp! pn�+ (left panel),pp! pp�0 (right panel), and pp! d�+ (middle panel). Data on the polarintegrals of these observables are available for the �rst two pro
esses [6, 8℄,while for pp ! d�+ the angular dependen
e at Tlab = 400 MeV (� = 0.89)has been measured [9℄. (Note that the polar integrals of �(Axx +Ayy) andAzz yield the spin-dependent total 
ross se
tion ��T=�tot and ��L=�tot,respe
tively; 
f. Refs. [6, 10℄ for de�nitions.)One of the spe
i�
 features of the Jüli
h model is that 
ontributions fromp-wave pion res
attering are fully taken into a

ount. Their resonant partis given by pion produ
tion from the � ex
itation, as shown in Fig. 1(d).However our model also in
ludes non-resonant 
ontributions from p-wavepion res
attering. Thus we 
an study the in�uen
e of the latter on the spinobservables [2℄. Results in whi
h the 
ontributions of non-resonant p-wavepion res
attering were omitted are shown as dash-dotted 
urves in Fig. 3.One 
an see that the spin 
orrelation 
oe�
ient 
ombinations are signi�-
antly modi�ed by the 
ontributions from non-resonant p-wave res
attering,espe
ially at higher energies.The dashed 
urves in Fig. 3 show the e�e
t of removing pion produ
tionvia � ex
itation as well. Evidently this leads to rather large 
hanges, whi
hshows the important role the � plays in these spin-
orrelation parameters.Thus, these observables are very well suited for testing the model treatmentof the pion-produ
tion 
ontributions involving the � resonan
e. In parti
u-lar, they allow one to examine the � 
ontributions at energies far below theresonan
e regime. As 
an be seen from Fig. 3, the � has important e�e
tsat relatively low energies, espe
ially in the rea
tion pp! pp�0.Clearly, the predi
tions of our model are in ex
ellent agreement with thedata on the rea
tions pp ! pn�+ and pp ! d�+. It is interesting that
ontributions from pion-produ
tion from the � resonan
e as well as from(non-resonant) p-wave res
attering are required to a
hieve this agreement.With the � resonan
e alone (
f. the dash-dotted 
urves) the result wouldlie well below the experiment.In the rea
tion pp ! pp�0, however, only two of the measured observ-ables are reasonably well reprodu
ed by our model 
al
ulation, while A�is overestimated by about a fa
tor 2 (
f. Fig. 3). Sin
e the result withoutnon-resonant p-wave �N res
attering (dash-dotted 
urve) is 
lose to the dataone might be tempted to 
on
lude that their 
ontributions are overestimatedin our model, as we argued in Ref. [1℄. However, one should note that forenergies 
orresponding to � � 1 our model underestimates the total �0 pro-
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Fig. 3. Spin 
orrelation parameters for the rea
tions pp! pn�+ (left panel), pp!d�+ (middle panel), and pp ! pp�0 (right panel). A� = Axx + Ayy and A� =Axx � Ayy. The solid line represents the result of our full model. The dashed-dotted 
urves are obtained when the 
ontributions of non-resonant p-wave pionres
attering are omitted. The dashed 
urves show results in whi
h the 
ontributionsof the �(1232) resonan
e are also removed.du
tion 
ross se
tion already by about a fa
tor of 2 (
f. Fig. 2). Sin
e thespin 
orrelation 
oe�
ients are normalized by �tot the disagreement with thedata for A� may simply re�e
t this dis
repan
y in the total 
ross se
tion.



2326 J. Haidenbauer, W. S
häfer, J. SpethIn any 
ase, the rea
tion pp ! pp�0 is mu
h more sensitive to short-rangeprodu
tion me
hanisms than the other two 
hannels. And obviously, thoseprodu
tion pro
esses are not yet properly des
ribed in our model.3. Pions and the �avor stru
ture of the nu
leon seaThe phenomena dis
ussed thus far have demonstrated the importan
e oftreating the nonperturbative proton stru
ture in terms of hadroni
 degreesof freedom. While the importan
e of pions in the nonperturbative stru
tureof the proton, as probed in low and intermediate energy nu
lear physi
s, iswidely a

epted, their role in high energy phenomena is often overlooked.An example that ni
ely demonstrates the impa
t of pions on observablesmeasured at high-energy fa
ilities su
h as Fermilab, CERN or DESY, is the�d � �u �avour asymmetry of the proton sea. Its �rst indire
t observation
ame through the violation of the Gottfried sum rule [11℄, and re
entlythe E866 experiment at Fermilab [12℄ re
eived 
onsiderable attention, as itprovided the �rst detailed mapping of the Bjorken x dependen
e of the �d��u-asymmetry, from a 
omparison of pp and pd Drell�Yan produ
tion. It shouldbe noted, that the strong observed asymmetry has no explanation in termsof purely perturbative QCD dynami
s. Thus this e�e
t gives importanthints on nonperturbative me
hanisms for generating part of the nu
leon'ssea quark 
ontent in addition to the standard perturbative generation ofsea quarks from gluon! q�q splitting. A natural dynami
al explanationof the �d � �u-asymmetry emerges in the framework of an isove
tor meson
loud model of the nu
leon (for a re
ent review and referen
es to the earlyworks see [13℄). In this pi
ture a spe
ial role is played by the pion, and itis intuitively appealing to a

ount for the nonperturbative meson/baryonstru
ture of the proton by in
luding the pion as a nonperturbative parton inthe light-
one wavefun
tion of the intera
ting nu
leon: jNiphys = jNibare +jN�i+ j��i+ ::: :Here the pion, whi
h is present in the N�;�� Fo
k states, 
an emergeas a target in the deep inelasti
 
�N photoabsorption pro
ess, whereas thespe
tator baryoni
 
onstituent, N;�, appears in the �nal state, separatedfrom the produ
ts of the 
��-intera
tion by a rapidity gap, and 
arrying alarge fra
tion z of the initial proton's momentum. Hen
e in
lusive baryonprodu
tion as in 
�p ! Xn is naturally des
ribed in terms of the pio-ni
 
ontent of the nu
leon. The same dynami
s should be at work, if weswap the virtual photon for a proton proje
tile. This opens the possibil-ity of using a large body of experimental knowledge on in
lusive parti
leprodu
tion in hadroni
 rea
tions to 
onstrain the meson/baryon dynami
srelevant for deep inelasti
 s
attering. In the following we shall demonstratethat, if one a

ounts 
onsistently for the 
onstraints thus derived, a satisfa
-



Pions in Hadron Physi
s 2327tory des
ription of the Fermilab data emerges [14℄. Following the strategydes
ribed above, we �rst turn to the des
ription of forward neutron produ
-tion in pp 
ollisions. We take three produ
tion me
hanisms into a

ount:the dominant pion ex
hange, ba
kground 
ontribution from the isove
torex
hanges � and a2, and �nally the produ
tion of neutrons from the de
ayof an intermediate �-resonan
e (see Fig. 4). In addition we have to in
or-
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Fig. 4. The me
hanisms for in
lusive produ
tion of forward neutrons. (a) pionex
hange, (b) ba
kground from (reggeized) �; a2 ex
hanges, (
) neutrons originatingfrom the de
ay of an intermediate �-resonan
e.porate the distortion of the in
oming proton waves, employing the standardmethods of the generalized eikonal approximation [15℄. Following the logi
of [15℄, we apply the absorptive 
orre
tions only in pp s
attering, they 
anbe negle
ted in the 
�p-
ase. It is important to note, that the phase spa
eof the forward neutrons in
ludes the kinemati
al boundary z � 1, whi
h
orresponds to a large Regge parameter s=M2X � 1, where M2X is the in-variant mass squared of the in
lusive system X. Hen
e the proper des
rip-tion of the �-ex
hange me
hanism should involve a Regge treatment [16℄.We wish to stress that for the pion ex
hange 
ontribution, Reggeization ef-fe
ts are negligible: due to the proximity of the pion pole, the departure of��(t) = �0(t�m2�) ; �0 � 0:7 GeV�2 from J� = 0 is small. The �nite exten-sion of the parti
les involved and/or the o�shell e�e
ts are in
orporated inthe form fa
tor F 2�NN (t). In the �gures shown here we use the parametriza-tion F 2�NN (t) = exp[�(R2(t�m2�))2℄ ; R2 = 1:5 GeV�2. For di�erent 
hoi
esof the fun
tional form see the dis
ussion in [14℄. In Fig. 5 we show our re-sults for the invariant 
ross se
tion together with the experimental data.The data shown here are at relatively low pLAB � 24 GeV/
, hen
e the vis-ible tra
e of the �N resonan
e region at large z. The p?-dependen
e ni
elyillustrates the interplay of the di�erent me
hanisms. Pion ex
hange peaksin the region 0:7 �< z �< 0:9, and is dominant for p? �< 0:3 GeV. The relativeimportan
e of the �; a2 ex
hanges grows with p?, due to the dominant / p2?spin-�ip 
omponent of the �N -
oupling. The ba
kground 
ontribution fromthe two-step pro
ess p! �! n is substantial only for z �< 0:8.
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Fig. 5. Invariant 
ross se
tion for the rea
tion pp ! nX at pLAB = 24GeV/
.The experimental data are taken from [17℄. The long dashed 
urve shows the
ontribution of pion ex
hange; the dotted 
urve is the �; a2-ex
hange 
ontribution,and the dashed 
urve shows the 
ontribution of the two step pro
ess p ! � ! n.We also show the sum of the two ba
kground 
ontributions as the dot-dashed line.Finally, the solid 
urve is the sum of all 
ontributions.We have repeatedly stressed the importan
e of the pion as a nonper-turbative parton in the light-
one wavefun
tion of the intera
ting proton.There is one more subtle issue related to the Regge form of our produ
tionamplitudes, namely what kind of Fo
k state should be asso
iated with the�; a2 Reggeon ex
hange produ
tion me
hanisms, if any? In other words,knowing the rea
tion me
hanisms that populate several in
lusive 
hannels,what 
an we say about their e�e
t on the total 
ross se
tion? We remindthe reader, that one of the �rm predi
tions of Regge theory is a very spe
i�
phase for the amplitudes. While the in
lusive 
ross se
tion is 
al
ulatedfrom the modulus of the amplitude squared, jAj2, it is the produ
t of twoamplitudes, A � A, that enters the evaluation of the total 
ross se
tion. Forthe purely real pion ex
hange amplitude, this implies that inelasti
 intera
-tions of the proje
tile with the pions in the target hadrons enhan
e the total
ross se
tion, whereas the �; a2-ex
hanges, whi
h have a phase � (1 + i),give a vanishing 
ontribution to the total 
ross se
tion. Thus it is unrea-sonable to identify the Reggeon ex
hange me
hanism in in
lusive rea
tionswith a spe
i�
 meson/baryon-Fo
k state of the proton. We note in passingthat further 
onstraints on the pion �ux 
an be derived from the in
lusiveprodu
tion of forward pions [14℄.
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s 2329Following our reasoning above, we in
lude only the �N , ��- Fo
k stateswhen 
al
ulating the 
ontribution to the proton stru
ture fun
tion. In ad-dition to the Fo
k state parameters determined in our analysis above, wealso need as input the quark distributions in the pion. Note, that only thepion's valen
e distributions enter in the 
al
ulation of �d(x) � �u(x). Theseare reasonably well 
onstrained down to x � 0:2 by Drell�Yan experiments.For de�niteness we take the GRV-parametrization [18℄ . We obtain a totalpion multipli
ity in the proton due to the �N state of n�N � 0:21 � 0:28,and n�� � 0:03� n�N for the �� 
ontribution. This gives a Gottfried sumof 0:21 �< SG �< 0:25, whi
h 
ompares well with the NMC determination [11℄SG = 0:235 � 0:026. Our result for �d � �u is shown in Fig. 6, we observethat the asymmetry is driven essentially by the �N state. Note that ourgood agreement in the region x �> 0:2 is due to the fa
t that we have no
ontributions from hard (z� �> 0:5) pions in the nu
leon.
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Fig. 6. Flavour asymmetry �d(x) � �u(x) at Q2 = 54GeV2. Experimental dataare from E866 [12℄. The solid 
urves show the 
ontribution from the �N Fo
kstate and were 
al
ulated assuming Gaussian form fa
tors. The upper 
urve is forR2G = 1GeV�2, and the lower one is R2G = 1:5GeV�2. The dashed line shows the
ontribution of the �� Fo
k state.Very re
ent experiments with the forward neutron spe
trometer by theZEUS Collaboration [19℄ 
on�rm the relevan
e of the pion ex
hange to thisrea
tion. The experimental data show all the fa
torization properties typ-i
al of the parti
le ex
hange [19℄, and our model, translated from hadroni
produ
tion to the deep inelasti
 
ase, gives quite reasonable predi
tions forthe measured p? dependen
e [20℄.
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häfer, J. Speth4. The pion stru
ture fun
tion at small xfrom the 
olour dipole approa
hAs we showed above, the study of in
lusive forward neutron produ
tionallows one to use the nonperturbative pion 
loud of the nu
leon as a target.On
e we �xed the parameters of the �N -Fo
k state one 
an now ask thequestion: What is the total photoabsorption 
ross se
tion � alias the pionstru
ture fun
tion � in an otherwise ina

essible region of small x? Thusthe interesting question of the sea quark stru
ture of mesons 
an be studiedexperimentally for the �rst time. Re
ently the H1 Collaboration [21℄ hasanalysed the neutron produ
tion data and extra
ted F2�, as was proposedby our group in [22℄. Interestingly, the behaviour of the pion stru
ture fun
-tion at small x 
an be predi
ted from the 
olour dipole approa
h developedin [24℄. The 
ru
ial observation is that at large values of the Regge pa-rameter 1=x the relevant degree of freedom is a 
olour-dipole, of size andorientation r in the 2-dimensional plane transverse to the 
�-target 
ollisionaxis. The 
olour-dipole states diagonalize the s
attering matrix, and thetotal photoabsorption 
ross se
tion takes the simple form�
��(x;Q2) = Z dzd2rdz0d2r0 j	
�(z; r)j2 ��	�(z0; r0)��2 � �(x; r; r0) : (1)Here j	
�(z; r)j2 is the wavefun
tion squared for �nding a dipole r in thephoton with a partition of z and 1� z of the photon's light
one momentumbetween the quark and antiquark in the 
olour dipole, 
f. [24℄. j	�(z0; r0)j2is the analogous quantity for the pion, whi
h depends only on a size pa-rameter hr2�i � 0:43fm2. The prin
ipal dynami
al quantity is the dipole�dipole 
ross se
tion �(x; r; r0), and the predi
tive power of the approa
hderives from the observation, that �(x; r; r0) 
an be expanded in a seriesof isolated Regge poles [23,24℄. This de
omposition uniquely pres
ribes thex-dependen
e of the dipole�dipole 
ross se
tion through the solutions of the
olour-dipole equation of Nikolaev, Zakharov and Zoller [24℄, supplementedby an x-independent phenomenologi
al �0(r) relevant to large, nonpertur-bative dipole sizes.All the remaining parameters have been �xed in the phenomenology ofthe proton stru
ture fun
tion (for details see [23℄). In Fig. 7 we show theresulting predi
tions for the pion stru
ture fun
tion against the re
ent datafrom the H1 Collaboration, and �nd a good agreement with experiment. Itis interesting to note that the result of the 
al
ulation follows to a gooda

ura
y the additive quark 
ounting rule F2�(x;Q2) ' 23F2p �23x;Q2� ; thedynami
al origin of whi
h is quite di�erent for the large, nonperturbativeand small, perturbative dipoles (for a dis
ussion see [23℄).
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Fig. 7. The pion stru
ture fun
tion F2�(x;Q2). The experimental data are fromthe H1 Collaboration [21℄. The solid line shows the 
olour dipole predi
tion [23℄.The dotted line is the valen
e 
ontribution, and the dashed line is the 
ontributionfrom large, nonperturbative dipoles.5. SummaryWe have reviewed the Jüli
h model for rea
tions of the type NN !NN�. The model is derived in a framework 
onsistent with the intera
tionpotentials that are used to generate amplitudes for the elementary (NNand �N) elasti
 pro
esses. The NN intera
tion in
ludes expli
it 
ouplingto the N� 
hannel, so that a 
onsistent evaluation of pion produ
tion fromNN and N� states 
an be 
arried out. The �N amplitude is taken froma meson-ex
hange model of �N s
attering developed by the Jüli
h group.A good overall des
ription of the presently available data for the rea
tion
hannels pp ! pp�0, pp ! pn�+, and pp ! d�+ from threshold to the �resonan
e region was a
hieved. The the in
lusion of �N res
attering as wellas the � degree of freedom played an important role. In the se
ond partwe dis
ussed pions in high energy pro
esses. We showed how a 
onsistentphenomenology of in
lusive forward neutron produ
tion 
an be used to �xthe pioni
 
ontent of the nu
leon, whi
h is relevant for the 
al
ulation ofthe �d� �u asymmetry. Good agreement with the re
ent Drell�Yan data fromFermilab is found. Finally, we 
ompared re
ent predi
tions for the small-xbehaviour of the pion stru
ture fun
tion with experimental data extra
tedfrom the forward neutron 
ross se
tions.
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