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Thepion-nucleon � -termis calculatedin a linear � -modelbasedon the �����	��
��
���	� quark
effective Lagrangian.The importanceof the pole diagramwith the scalarmeson���������	����	� �	��� is demonstrated.For the massof this mesonthe value400 MeV waschosen, which
corresponds to the theoreticalpredictionstaking into account singlet-octetmixing of scalar
isoscalarmesonsandglueball on theonehandandto recentexperimentaldataon theother.
Theresultingvalue�����	� MeV is in agreementwith thelatestanalysisof experimental data
on the  -N scattering.It is shown thatthehypothesisof thecontentof strangequarksin the
valencestructureof a nucleonis not necessaryto reachagreement with experimentaldata.

PACS: 12.39.Ki,12.39.Mk,13.25.-k,14.40.-n

1 Intr oduction

In last ten yearsthe hypothesisof the content of strangequarks in the valencestructure of a
nucleon [1,2] hasbeenmany timesdiscussedonthebasisof theanalysisof thepion-nucleon

�
-

term.Thiswascausedby thefactthatthetheoretical estimatesof the
�

-termobtainedin thecited
paperswithout usingthishypothesisweresubstantiallysmallerthanexperimentaldata.Notethat
so far therehave beenno reliableexperimentaldatafor this quantity. In [1,2] small valuesof
the

�
-termwereobtainedwithout usingtheabove mentionedhypothesis.Evenconsideringthe

contentof strangequarks in a nucleon, they obtainedtheestimates!�"$#&% MeV. Otherauthors
giveconsiderably larger values:�('�)+* "�,-#/.1032547698 %-:<; (1)
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Fig. 1. Thequarkdiagramsdescribingthematrix elementLM ONP�RQTSU��VXWY�Y�Z W[\[ V  (NP�RQ^]_��` .
�('�)+* "�a-b/.1,32547698 #-:<c (2)

Thelattervaluehasbeenobtainedquiterecently within anew methodof analyzingexperimental
data.

In [5] we showed that in the framework of the linear ! model onecanquitesatisfactorily
explain results [1,2] without usingstrangequarks,considering boththediagramdescribingthe
scalarform factorof thepionandthediagram with theintermediate ! -meson(seeFig. 1).

Indeed, it wasshown thatthelatterdiagram(Fig.1b)basicallydeterminesthevalueof the
�

-
term,andcompletelycancelsthecontribution from thescalarform factorof thepion described
by the quark triangle diagram(Fig. 1a). The remaining part allows us to describe,in a quite
satisfactoryway, the experimentaldatawithout usingthe hypothesisof the content of strange
quarks in a nucleon.
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Fig. 2. Thequarkdiagramsdescribing T -scattering.

Thesimilarsituationtakesplacein thedescription of the tPt scatteringin thelinear ! model
wherethecontribution of the contact t
u term is completely cancelledby thediagram with the
intermediate! meson(seeFig.2),andtheremaining partof thepolediagramgivestheWeinberg
formulafor theamplitude of the tvt scattering

wyx&x{z |}�~x ; (3)
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where | "��R������� ~�� ~ , �v� and� ~ arethemomentaof the incoming pionsand
} x "�a-%������ is

thepiondecayconstant [6].
To evaluate the

�
-term,in [5] thescalarform factorof thepion wascalculatedin thechiral

symmetric limit when ����"�b\� and � ~ � "�� ~~ "�� , where��"�b-0&� MeV is themassof the
constituentu-quark,� � and� ~ arethepionmomenta (Fig. 1), andwe obtainedfor the

�
-term:

!5"��-��25476�c (4)

Thisvalueis closeto theresultgivenin [1,2], wherethehypothesisof strangequarkscontent
in a nucleonwasused4.

In thepresentpaper a more realisticvaluefor the ! -mesonmassthanin [5] is used,namely,

����"�#-�-��25476�c (5)

It wasobtained in our recent works [8, 9]. In our casethe ! -mesonis identical to the ex-
perimental scalarstate �	���X#-�-���� ¡b-�-� � . The experimentalmeasurementsof the massof this
mesonandits width arevery discrepant [7], but from thetheoreticalpoint of view, considering
thesinglet-octet mixing of scalarandisoscalarmesonswith oneotherandwith theglueball,a
lower valueis preferable. Thesinglet-octetmixing is definedby the ’ t Hooft interactionwhich
appearsin the ¢£�¤% �y¥ ¢£�X% � quarkmodel becauseof theinteractionof instantons[9–12]. Value
(5) is in agreementwith someof theexperimentaldata(for example [13–15]).

Herewealsotake into account dependenceof thescalarpionform factor(Fig. 1) onexternal
pion momenta. This dependencearisesfrom two sources.Oneis, takingaccount of the t¦�¨§ �
transitions at external pion legs, other is dependenceof the quark triangle diagram (Fig. 1a)
on external pion momenta. The dependenceof the first kind was consideredin [5] and the
dependenceof thesecondkind is consideredherefor thefirst time.

Let usvery briefly definethepion-nucleon
�

-term.Thechiralsymmetryallowsusto connect
this termwith theeven(respective to isotopictransformations)amplitudeof the t N scattering,©«ª ¬v­ �¯®-;¯° � evaluatedat theCheng-Dashenpoint [16]: ®�"±� | ��² �¯³ #��µ´@"�� and°�"�b�� ~x : 5

� " } ~x{¶© ª ¬v­ �X��;Ub�� ~x � "·!��5¸�c (6)

Thefirst termon theRHSof (6) canbeconsideredasthecontribution from theamplitudeof the
scatteringof themasslesspionon thephysicalnucleon, whereasthesecondterm, ¸ , represents
thecorrectionarisingfrom thenonvanishingpion mass.Thepion-nucleon! -termis definedby
thefollowing matrixelement:

!5" � �¡¹ ��� �+º#^� ´ »U¼ �R� �U½ ¶²T²�� ¶¾�¾ ½ ¼ �M� �U¿ ; (7)

where ½ ¼ �R� �U¿ is theone-protonphysical state,��´«"±a-%-0 MeV is theprotonmass,and � �+À is
themassof thecurrent Á -quark �¯Á@"¦²Â; ¾ � .

4In this approximationall ÃÄÃ scatteringlengthsareequalto zero(see(3)). In orderto obtain nontrivial valuesof theÃÄÃ scatteringlengths,it is necessaryto usetherealvaluefor themassof the Å ��ÆÈÇ+É�ÉyÊ�Ë�Ì+É+ÉÄÍ meson.
5Here Î�ÏRÐ and Ñ denotethekinematic invariantsof the Ã N scattering: Î(Ò@Ð3Ò@ÑÔÓ Ì7Õ ]Ö Ò Ì�Õ ]× .
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Recall that the valueof the first termon the RHS of (6) obtainedby estimatingthe matrix
element » t ¬ �R�P� �¯½ ¶²�²�� ¶¾�¾ ½ t ¬ �R� ~��¯¿ on the basisof the Gell-Mann–Oakes–Renner low-energy
theorem[17] in thecurrent algebra andthePCAC approachis

» t ¬ �R� � �¯½ ¶²T²�� ¶¾�¾ ½ t ¬ �R� ~ �U¿ z » t ¬ �X� �U½ ¶²T²�� ¶¾�¾ ½ t ¬ �X� �¯¿ "µ�  } ~x » � ½ ¶²T²«� ¶¾�¾ ½ � ¿ " #\Ø} ~x ; (8)

whereb�Ø�"µ� » � ½ ¶²�² ½ � ¿ "µ� » � ½ ¶¾Ä¾ ½ � ¿ is thequarkcondensate.
Now onecanget this formula in a chiral quarkmodelof the Nambu–Jona–Lasinio (NJL)

typecalculatingthequark-loop diagrams depictedin Fig. 1. For this purposeit is necessaryto
usethelagrangian Ù�Ú Û+Ü of thequark-meson interaction obtainedin ourmodel[6]

Ù(ÝMÞ-ß�" ¶Á-�Rà��s!���á<âPã¡à x(äthc äå � Á�� á} x �U 
��  ³�æ/� ¶Á  b âvç&âPã-è ç ät�c äå Á\; (9)

where Áé"ê�R²Â; ¾ � denotesthefield operatorsof theconstituent ² and
¾

quarks,
äå "ê� å � ; å ~ ; åìë �

aretheisospinPauli matrices.In thismodel wehavethefollowing relationsbetweenthemeson-
quark coupling constants

à � " à�íî , ; à x " �} x ; (10)

whereà í "ï,�c¤ +# is the ð1ñòb\t decayconstantand�ó"ï�¨¹�"��1º is themassof a constituent
quark. Thefirst relationin (10) wasobtained for thefirst time in [6,18], andthesecondoneis
theGoldberger-Treimanrelation. On theotherhand, theconstantsà�� and à x arelinkedby the
relation

à x " î æ à � ; (11)

where

æ "  y� ,\� ~� ~ôÄõ ö
�

(12)

is the additional renormalizationof pion fields appearing after taking into account the t��µ§��
transitions, � ô-õ "÷ \c b-,�.ï�^c �-% GeV [7] is the massof the axial §Ô� -meson. We canconsider
(11) astheequation defining theconstituent quark mass� . This allows usto expressthemass
of theconstituent ² -quark through the § � -mesonmass� ô õ , thepiondecayconstant

} x
, andthe

coupling constantà í , namely

� ~ " � ~ô õ +b  y�  
� #\à ~í } ~x� ~ô õ (13)

andwe obtain�ø"�b-0-� MeV [6].6

6The equality ù�Ó Ë is formally possiblewhen Õûú õûüòý ; it correspondsto the absenceof þ S -mesonsin the
intermediatestate.
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The secondpart of Ù ÝRÞ&ß (9) appearsafter redefinitionof axial-vector fields by taking into
account the t���§s� transitions[6, 19]. This part of the lagrangian is necessaryto definethe
momentumdependenceof thescalarpion form factor. To reproducetheGMOR result(8) [5],
it is enough to usethe first part of Ù ÝMÞ&ß (9), becausein the low-energy approximation, where� ~ Ý ñÿ� , thesecondpartof Ù ÝMÞ&ß (9) vanishes.

Let uswrite theresultof thecalculationof thediagrams depictedin Fig. 1 [5]:

» t ¬ �X� �U½ ¶²T²{� ¶¾Ä¾ ½ t ¬ �X� �U¿ "�#\� æ��  
�¨8 ���	�R� � �1b\� ~ � ~ �R� � : 0\à ~�� ~� � ; (14)

wheretheintegrals� Þ �R� � in theEuclideanspacehave thefollowing form [6]

� Þ �R� ¹ � " %�Xb\t � u
¾ u ����R� ~ ��� ~ � Þ	� ��
 ~ ��� ~ � ; (15)

where
 is thecut-off parameteridentifiedin our chiral quark modelwith thescaleof sponta-
neousbreaking of thechiralsymmetry(SBCS).Usingtheexpressionsà ~� "±�X#
� ~ �M� � � ö

� = à ~í ³ ,
weobtainthevalue
µ"± \c b-� GeV[6].

In thechiral limit, where � ~� "�#\� ~ , thefirst andthethird termson theRHSof (14)cancel
in pairs. Then,usingthe relationfor the quarkcondensateb\Øµ" #\��� � �R� � [6] we obtainthe
resultthatcoincides with theGMOR result(8).

Thelatestanalysisof theexperimentaldatagivesarelatively largevaluefor thepion-nucleon! -term[4]. We show herehow onecanobtain this resultin our model usingthemorerealistic
valueof the ! -meson( � � �X#-�&�3�� ¡b-�-� � ) mass� � "�#-�-� MeV. Thisvaluewasobtainedin [8,9],
wherethesinglet-octetmixing of scalarisoscalarmesonsandthescalarglueball weretakeninto
account.

To estimatethe ! -termcorresponding to � � "ï#-�-� MeV we canuse(14), wherethecoeffi-
cient � ~� describing thecontent of ² - and

¾
-quarkcomponentsin thescalarstate� � �X#&�-���  ¡b-�-� �

should beintroducedinto thesecondtermon theRHScontaining the ! -mesonmass.In [8] the
value �h�«"��^c a-# wasobtained.As aresult,wehavethefollowing formulafor thematrixelement
defining the ! -term(seealso(7)) [5]

»U¼ �R� �U½ ¶²T²«� ¶¾�¾ ½ ¼ �R� �U¿ " à�� ´¡´à�� ¶² �R� � ²��M� � » � ½ ¶²T²�� ¶¾�¾ ½ � ¿ "
" à�� ´¡´à��  
�¨8 ���	�R� � �1b\� ~ � ~ �R� � : 0�� ~� à ~�� ~� ¶² �R� � ²��R� � ; (16)

where ²��R� � is the bispinor normalized by the condition ¶²Â�R� � ²��R� � " b���´ , à � ´¡´±" � ´ ³ } x
denotesthecoupling constantof the !��-� interactionon themassshellof theproton �M� ~ "·� ~´ � .
Using(16) andtheGMORrelation

� ~ x " b\Ø} ~x �R���+¹������+º � (17)

weobtainin ourchiralmodel 7

!5"��+��25476�c (18)

7We usedthefollowing value for theintegral � S Æ�����Í Ó �� � Ö�� � � ] Ê�� ]� �"! # �$ � % Ò Ë .
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Now let uscalculatethedependenceof thescalarpion form factoron theexternal momenta�v� and� ~ . Thefirst sourceof thisdependenceappearsaftertakinginto account thepossibilityofté�5§^� transitionsat theexternal pionlegs.Thesetransitionsaredescribedby thelasttermof the
lagrangian Ù ÝMÞ&ß (9). Thecontributionswereestimatedin ourwork [5] and, asa result,thefactorw �¯� ~x � appears on theRHSof (14)and(16)8:

w ��� ~x � "± y�  y�  æ � ~xb�� ~ æ "± \c �&b-,�; (19)

wherewe used� ~ � " � ~~ "�� ~x . Thesecondsourceof themomentumdependenceof thescalar
pion form factor is relatedto the momentum dependenceof the triangle quark diagram (see
Fig. 1). Thisdependencewasneglectedin ourpreviouscalculations. After takingit into account
weobtaintheexpression

� ª"&Â­ "·��á %�Xb\t � u
' ¾ u ��(�)  � �+*�/� *� � â ã

 � �+*� â ã  �÷�+*�/� *� ~ "
"�#\��8 � ~ �R� � ���P�<� ~ � ë �R� � :Ô"�#\��� ~ �R� �  
� %�� ~x0\t ~ } ~x æ c (20)

Hereweput �Ô�<� ~ "·� ~x , #
� ~ �M� � "¦à ö
~� , � ~ ³ à ~� " } ~x æ and� ë �R� � "¦%s�X%-b\t ~ � ~ � ö

� . Now we
canextract thesecondadditional factorontheRHSin (14)and(16) describing the� ~ -dependence

, �¯� ~x � "· �� %�� ~x0\t ~ } ~x æ "± �c �-, (21)

Finally, for thepion-nucleon
�

-termwe have� "·! w ��� ~x � , ��� ~x � "·!��5¸÷"ï0T  21476 (22)

As aconsequence,takinginto account the � ~ -dependenceleadsto thevalue

¸÷" � �¯� ~x � �ï! ½ ´ �.- � "�,�21476 (23)

Now let usbriefly analyzetheresults. In this paperwe have shown, asin [5], thatafter taking
into account the diagrams with the intermediate ! -mesononecanget agreement with the last
experimentaldata(see[4]) without usingthe hypothesisof the content of strangequarks in a
nucleon.Therefore, in theframework of thelinear ! -modelit is unnecessaryto usethis hypoth-
esis.Analysisof thetermsdesribing thedependenceon theexternalpion momentagivenin the
present paper shows that their contributionsarerelatively small andthenumerical valueof the�

-termmainly depends on the mass��� of the scalarmeson�����X#-�-���± ¡b-�-� � . The difference
betweenthe resultsobtained hereandin [5] is for the mostpart causedby differentvaluesof� � .

We alreadymentionedthat thereis a largediscrepancy in the experimentaldatafor the
�

-
termandfor themassandwidth of thescalar! -meson�����X#-�&���µ ¡b-�-� � . Becauseour modelis

8We notethat in our previouspaper [5] thereis a mistake in thecoefficient of the / ] -term. Actually, this coefficient
mustbetwo timeslarger.
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very sensitive to � � , moreprecisemeasurementsof thescalarmeson� � �X#-�-�@�� +b-�-� � masscan
yield important informationon the

�
-term.
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