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THE 
�p TOTAL CROSS SECTION AT LOW x� ��D. S
hildkne
htFakultät für Physik, Universität BielefeldUniversitätsstrasse 25, 33615 Bielefeld, Germany(Re
eived O
tober 17, 2001)The s
aling in �
�p (W 2; Q2) 
ross se
tions (forQ2=W 2 � 1) in terms ofthe s
aling variable � = �Q2 +m20� =�2 �W 2� is interpreted in the Gener-alized Ve
tor Dominan
e/Color-Dipole Pi
ture (GVD/CDP). The quantity�2 �W 2� is identi�ed as the average gluon transverse momentumabsorbed by the q�q state, h~l 2? i=(1=6)�2 �W 2�. At anyQ2, forW 2!1, the
ross se
tions for virtual and real photons be
ome universal, �
�p �W 2; Q2�=�
p �W 2� ! 1. The gluon density 
orresponding to the 
olor-dipole 
rossse
tion in the appropriate limit is found to be 
onsistent with the resultsfrom QCD �ts.PACS numbers: 12.38.�t, 12.40.�y, 13.60.�rTwo important observations [1℄ were made on Deep Inelasti
 S
attering(DIS) at low values of the Bjørken s
aling variable xBj �= Q2=W 2 � 1, sin
eHERA started running in 1993:(i) The di�ra
tive produ
tion of high-mass states (of massesMX.30GeV)at an appre
iable rate relative to the total virtual-photon�proton 
rossse
tion, �
�p(W 2; Q2). The spheri
ity and thrust analysis [1, 2℄ ofthe di�ra
tively produ
ed states revealed (approximate) agreement inshape with the �nal state found in e+e� annihilation at ps = MX .This observation of high-mass di�ra
tive produ
tion 
on�rms the 
on-
eptual basis of Generalized Ve
tor Dominan
e (GVD) [3, 4℄ that ex-tends the role of the low-lying ve
tor mesons in photoprodu
tion [5℄to DIS at arbitrary Q2, provided xBj � 1.� Presented at the XXV International S
hool of Theoreti
al Physi
s �Parti
les andAstrophysi
s � Standard Models and Beyond�, Ustro«, Poland, September 10�16,2001.�� Supported by BMBF under Contra
t 05HT9PBA2.(3745)
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hildkne
ht(ii) An in
rease of �
�p(W 2; Q2) with in
reasing energy 
onsiderably stron-ger [6℄ than the smooth �soft-pomeron� behavior known from photo-produ
tion and hadron�hadron s
attering.We have re
ently shown [7℄ that the data for total photon�proton 
rossse
tions, in
luding virtual as well as real photons, show a s
aling behavior.In good approximation, �
�p(W 2; Q2) = �
�p(�) ; (1)with � = Q2 +m20�2 (W 2) ; (2)(
ompare �gure 1). The s
ale �2 �W 2�, of dimension GeV2, turned out tobe an in
reasing fun
tion of the 
�p energy, W 2, and may be represented bya power law or a logarithmi
 fun
tion of W 2�2 �W 2� = 8<: 
1(W 2 +W 20 )
2 ;
01 ln�W 2W 020 + 
02� : (3)
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Fig. 1. The experimental data for �
�p(W 2; Q2) for x ' Q2=W 2 � 0:1, in
ludingQ2 = 0, versus the s
aling variable � = (Q2 +m20)=�2 �W 2�.



The 
�p Total Cross Se
tion at Low x 3747In a model-independent �t to the experimental data, the threshold mass,m20 < m2�, and the two parameters 
2(
02) and W 20 (W 020 ) were found to begiven by m20 = 0:125 � 0:027GeV2; 
2 = 0:28 � 0:06; W 20 = 439 � 94GeV2with �2=ndf =1:15, and m20=0:12 � 0:04GeV2; 
02=3:5 � 0:6; W 0 20 =1535� 582GeV2; with �2=ndf =1:18. The overall normalization, 
1(
01) in (3) isirrelevant for the s
aling behavior.For the interpretation of the s
aling law (1), we turn to the generalizedve
tor dominan
e/
olor-dipole pi
ture (GVD/CDP) [7, 8℄, of deep-inelasti
s
attering at low x � 1. It rests on 
�(q�q) transitions from e+e� annihi-lation, forward s
attering of the (q�q) states of mass Mq�q via (the generi
stru
ture of) two-gluon ex
hange [9℄ and transition to spa
e-like Q2 viapropagators of the (q�q) states of mass Mq�q. In the transverse-position-spa
erepresentation [10℄, we have�
�p(W 2; Q2) = Z dz Z d2r?��� ���2 �r2?Q2z(1 � z); Q2z(1� z); z�� �(q�q)p �r2?; z(1 � z);W 2� : (4)We refer to [10℄ for the expli
it representation of the square of the photonwave fun
tion, j j2. The Ansatz (4) for the total 
ross se
tion must beread in 
onjun
tion with the Fourier representation of the 
olor�dipole 
rossse
tion,�(q�q)p�r2?; z(1�z);W 2�=Z d2l?~�(q�q)p �~l 2? ; z(1�z);W 2��1�e�i~l?�~r?� : (5)The fun
tion ~� (q�q)p(~l 2? ; z(1 � z);W 2) des
ribes the gluon�gluon-proton�proton vertex fun
tion. Upon insertion of (5) into (4), together with theFourier representation of the photon wave fun
tion, one indeed re
overs [8℄the expression for �
�p that displays the x! 0 generi
 stru
ture of two-gluonex
hange1: The resulting expression for �
�p is 
hara
terized by the di�er-en
e of a diagonal and an o�-diagonal term with respe
t to the transversemomenta (or masses) of the q�q states the in
oming and outgoing photonvirtually disso
iates into.From (5), the 
olor�dipole 
ross se
tion, in the two limiting 
ases ofvanishing and in�nite interquark separation, be
omes, respe
tively,�(q�q)p �r2?; z(1 � z);W 2� = �(1)( 14 r2?h~l 2? iW 2;z; for r2? ! 0;1; for r2? !1: (6)1 It is pre
isely the identi
al stru
ture [8℄ that justi�es the GVD/CDP (4), (5) fromQCD.
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hildkne
htThe proportionality to r2? for small interquark separation is known as �
olortransparen
y� [10℄. For large interquark separation the 
olor�dipole 
rossse
tion should behave as an ordinary hadroni
 one. A

ordingly,�(1) = � Z d~l 2? ~��l2?; z(1� z);W 2� ; (7)must be independent of the 
on�guration variable z and has to ful�ll therestri
tions from unitarity on its energy dependen
e. The average gluontransverse momentum h~l 2? iW 2;z in (6), is de�ned byh~l 2? iW 2;z = R d~l 2?~l 2? ~�(q�q)p �~l 2? ; z(1 � z);W 2�R d~l 2? ~�(q�q)p �~l 2? ; z(1 � z);W 2� : (8)Repla
ing the integration variable r2? in (4) by the dimensionless variableu � r2?�2 �W 2� z(1� z) ; (9)the photon wave fun
tion be
omes a fun
tion j j2 �u(Q2=�2); (Q2=�2); z�.The requirement of s
aling (1), in parti
ular for Q2 � m20, implies that the
olor�dipole 
ross se
tion in (4) be a fun
tion of u,�(q�q)p �r2?; z(1� z);W 2� = �(q�q)p(u) : (10)Taking into a

ount (6), with (10), we �ndh~l 2? iW 2;z = �2 �W 2� z(1� z) ; (11)and upon averaging over z h~l 2? iW 2 = 16�2 �W 2� : (12)The quantity �2 �W 2� in the s
aling variable (2) is, a

ordingly, identi�edas the average gluon transverse momentum, apart from the fa
tor 1/6 dueto the averaging over z.Inserting h~l 2iW 2;z from (11) into (6), we have�q�qp = �(1)( 14r2?�2 �W 2� z(1 � z); for �2r2? ! 0;1; for �2r2? !1: (13)The dependen
e of the photon wave fun
tion in (4) on r2?Q2 requires smallr2? at large Q2 in order to develop appre
iable strength; for large Q2, ther2? ! 0 behavior in (13), with its asso
iated strong W dependen
e, be
omesrelevant until, �nally, for su�
iently large W , the soft W dependen
e of�(1) will be rea
hed.



The 
�p Total Cross Se
tion at Low x 3749Thus, by interpreting the empiri
ally established s
aling, �
�p = �
�p(�),in the GVD/CDP, we have obtained the dependen
e of the 
olor�dipole 
rossse
tion on the dimensionless variable u in (10) and, 
onsequently, with (13),qualitatively, the dependen
e on � as shown in �gure 1. Conversely, assuminga fun
tional form for the 
olor�dipole 
ross se
tion a

ording to (10), onere
overs the s
aling behavior (1).In [7℄, we have shown that approximating the distribution in the gluonmomentum transfer by its average value, (11)~�(q�q)p = �(1) 1�Æ �~l 2? � �2 �W 2� z(1� z)� ; (14)allows one to analyti
ally evaluate the expression for �
�p in (4) in momen-tum spa
e. The threshold mass m0 . m� enters via the lower limit of theintegration over the masses appearing in the propagators of the ingoing andoutgoing q�q states. For details we refer to [7℄, and only note the approximateresult�
�p(�) ' 2�3��(1)8><>: ln(1j�); for � ! �min = m20�2(W 2) ;1j2� = 12 �2(W 2)Q2 ; for � � 1 : (15)Note that for any �xed value of Q2, with W 2 ! 1, the soft logarithmi
dependen
e as a fun
tion of ��1 is rea
hed. We arrive at the important
on
lusion that in the W 2 ! 1 limit virtual and real photons be
omeequivalent [11℄ limW2!1Q2�xed �
�p(W 2; Q2)�
p (W 2) = 1 : (16)Even though 
onvergen
e towards unity is extremely slow(
ompare �gure 2),su
h that it may be di�
ult to be ever veri�ed experimentally, the univer-sality of real and virtual photons 
ontained in (16) is remarkable. It isan outgrowth of the HERA results whi
h are 
onsistent with the s
alinglaw (1) with � from (2) and �2 �W 2� from (3). Note that the alterna-tive of �2 = 
onst. that implies Bjørken s
aling of the stru
ture fun
tionF2 � Q2�
�p for su�
iently large Q2, leads to a result entirely di�erentfrom (16),limW2!1Q2�xed �
�p(W 2; Q2)�
p (W 2) = �22Q2 ln �2m20 (assuming � = 
onst:); (17)i.e. a suppression of the virtual-photon 
ross se
tion by a power of Q2.
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Fig. 2. The virtual-photon�proton 
ross se
tion, �
�p(W 2; Q2), in
luding Q2 = 0photoprodu
tion, as a fun
tion of W 2 for �xed Q2. The �gure demonstrates theasymptoti
 behavior, �
�p(W 2; Q2)=�
p �W 2�! 1 forW 2 !1, that follows fromthe s
aling in � 
ontained in the GVD/CDP.In �gure 3, we show �2 �W 2� as obtained from the �t [7℄ of �
�p tothe experimental data. The �gure shows the result of �ts based on thepower law and the logarithm in (3), as well as the results of a point-like �t,�2(W 2i ). Using (12), one �nds that the average gluon transverse momentumin
reases from h~l 2? i ' 0:5 GeV2 to h~l 2? i ' 1:25GeV2 for W from W ' 30GeV to W ' 300GeV. In �gure 4, we show the agreement between theoryand experiment for �
�p as a fun
tion of �. For further details we refer toRef. [7℄.So far we have ex
lusively 
on
entrated on a representation of �
�p interms of the 
olor�dipole 
ross se
tion, �(q�q)p(~r 2? ;W 2; z(1 � z)). For su�-
iently large Q2 and non-asymptoti
 W 2, su
h that the �2 �W 2� ~r 2? ! 0limit in (13) is valid, one may alternatively parameterize the gluon intera
-tion with the proton target in terms of the gluon density of the proton. The
orresponding formula has indeed been worked out in [12℄. It reads�(q�q)p(r2?; x;Q2) = �23 r2?xg(x;Q2)�s(Q2) : (18)
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htIdentifying (18) with the �2 �W 2� r2? ! 0 form of �(q�q)p from (13), uponaveraging over z(1� z) as in (12)��(q�q)p �r2?;W 2� = �(1) 124 r2?�2 �W 2� ; (19)we dedu
e xg �x;Q2��s �Q2� = 18�2�(1)�2�Q2x � : (20)The fun
tional behavior of �2 �W 2� = �2 �Q2=x� responsible for the ~r 2? ! 0dependen
e of the 
olor�dipole 
ross se
tion thus determines (or providesa model for) the gluon density. We note that the result (18) is also ob-tained [11℄ by assuming gluon dominan
e at low x in DGLAP evolution [13℄,thus extra
ting the gluon distribution by taking the logarithmi
 derivative ofthe expression for the stru
ture fun
tion F2 
orresponding to �
�p for � � 1in (15). This expli
itly demonstrates the 
onsisten
y of the interpretationof the GVD/CDP in terms of the gluon density.In �gure 5 we show the gluon density obtained from (20) upon insertingthe appropriate values of �s(Q2) from the PDG [14℄. There is a remarkable
onsisten
y between our results in �gure 5 and the results for the gluondensity obtained in QCD �ts by the H1 and ZEUS 
ollaborations. Morespe
i�
ally, it is gratifying that the results in �gure 5 are 
onsistent with theones of the H1 and ZEUS 
ollaborations [15℄ based on the LO analysis [13℄
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luding Q2 = 0 photoprodu
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The 
�p Total Cross Se
tion at Low x 3753also used in our extra
tion of the gluon density. A 
omparison with theresults of the more sophisti
ated NLO�QCD �t [16℄ reveals 
onsisten
y with�gure 5 for x �= 10�4. For x �= 10�2, the NLO�QCD �t lies below the LOanalysis and, 
onsequently, it lies somewhat below our results in �gure 5.The essential di�eren
es between the GVD/CDP presented here and re-lated approa
hes [17,18℄ were brie�y tou
hed in [7℄. As additional distin
tivefeature, we note our aforementioned straightforward 
onne
tion between theGVD/CDP and the gluon density of the proton. A further remark 
on
ernsthe s
aling behavior of �
�p. From the above dis
ussion, it is 
lear thats
aling in Q2=�2 �W 2�, assuming Q2 � m20 for simpli
ity, is intimately 
on-ne
ted with the 
olor�dipole approa
h. It is a 
onsequen
e of the r 2? �2 �W 2�dependen
e of the 
olor-dipole 
ross se
tion in (9). A di�erent Ansatz forthe 
olor-dipole 
ross se
tion, su
h as the one in Ref. [18℄ that 
ontains anr 2? =R20(x) dependen
e, a

ordingly, is bound to also imply a s
aling behav-ior for �
�p, whi
h is expe
ted to be based on a di�erent s
aling variable.In [18℄ the s
aling variable � was found. For Q2 6= 0, the data in thepresently explored kinemati
 domain do not dis
riminate between s
alingin � and s
aling in � . It is the very existen
e of s
aling that supports the
olor�dipole Ansatz for DIS at low x. The variable � , however, does notallow one to 
onsistently in
lude Q2 = 0 photoprodu
tion.In summary, we have shown that the HERA data on DIS in the low-xdi�ra
tion region, in
luding Q2 = 0 photoprodu
tion, �nd a natural inter-pretation in the GVD/CDP that rests on the generi
 stru
ture of two-gluonex
hange from QCD. The gluon density that in the appropriate limit 
orre-sponds to the 
olor-dipole 
ross se
tion is 
onsistent with the results fromQCD �ts. The 
ross se
tions for real and virtual photons on protons be
omeidenti
al in the limit of in�nite energy.It is a pleasure to thank G. Cveti
, B. Surrow, M. Tentyukov for a fruitful
ollaboration that led to the results reported here. The stimulating atmo-sphere at the workshop and the warm hospitality by our Polish friends and
olleagues in Ustro« are gratefully a
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