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DIFFRACTION AND �
�p� ��D. S
hildkne
ht, M. TentyukovFakultät für Physik, Universität BielefeldUniversitätsstraÿe 25, 33615 Bielefeld, GermanyM. KurodaDepartment of Physi
s, Meiji-Gakuin University, Yokohama 244, Japanand B. SurrowBrookhaven National Laboratory, Upton, NY 11973-5000, USA(Re
eived June 24, 2002)The empiri
al s
aling law, wherein the total photo-absorption 
ross se
-tion depends on the single variable � = (Q2 +m20)=�2(W 2), provides em-piri
al eviden
e for saturation in the sense of �
�p(W 2; Q2)=�
p(W 2) ! 1for W 2 ! 1 at �xed Q2. The total photo-absorption 
ross se
tion is re-lated to elasti
 di�ra
tion in terms of a sum rule. The ex
ess of di�ra
tiveprodu
tion over the elasti
 
omponent is due to inelasti
 di�ra
tion that
ontains the produ
tion of hadroni
 states of higher spins. Motivated bythe di�ra
tive mass spe
trum, the Generalized Ve
tor Dominan
e/ColorDipole Pi
ture (GVD/CDP) is extended to su

essfully des
ribe the DISdata in the full region of x � 0:1, allQ2 � 0, where the di�ra
tive two-gluonex
hange me
hanism dominates.PACS numbers: 13.60.Hb, 13.90.+iIn the present talk, I wish to 
on
entrate on the relation between thetotal photo-absorption 
ross se
tion, �
�p(W 2; Q2), at low x �= Q2=W 2 � 0:1and di�ra
tive produ
tion, 
�p! Xp [1℄.� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.�� Supported by the BMBF, Contra
t 05 HT9BBA2.(3431)
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hildkne
ht et al.The experimental data [2�6℄ on �
�p(W 2; Q2) at x � 0:1 and all Q2 � 0,in
luding photoprodu
tion (Q2 = 0), lie on a single 
urve [7℄�
�p �W 2; Q2� = �
�p � �W 2; Q2� ; (1)if plotted against the low-x s
aling variable� �W 2; Q2� = Q2 +m20�2 (W 2) ; (2)where �2(W 2) is a slowly in
reasing fun
tion of W 2 and m20 �= 0:16GeV2.Compare Fig. 1 for a plot of �
�p(W 2; Q2) against �. The fun
tion �2(W 2)may be represented, alternatively, by a power law or by a logarithm�2 �W 2� = ( C1 �W 2 +W 20 �C2 ;C 01 ln�W 2W 20 + C 02� : (3)We refer to Refs. [7, 8℄ for the numeri
al values of the �t parameters in�2(W 2).
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Fig. 1. The experimental data [2�6℄ for the total photo-absorption 
ross se
tion,�
�p(W 2; Q2) as a fun
tion of �(W 2; Q2) 
ompared with the predi
tions from theGVD/CDP.The empiri
al model-independent �nding (1) is interpreted in the gener-alized ve
tor dominan
e/
olor dipole pi
ture [7, 8℄ that rests on the generi
stru
ture of the two-gluon ex
hange virtual photon forward Compton s
at-tering amplitude. Evaluation of this amplitude in the x ! 0 limit andtransition to transverse position spa
e implies [9℄:
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�T;L p �W 2;Q2�=Z dzZ d2r? X�;�0=�1 ��� (�;�0)T;L �~r?; z;Q2� ���2�(q�q)p �~r 2? ; z;W 2� ;(4)where the Fourier representation of the 
olor�dipole 
ross se
tion�(q�q)p �~r 2? ; z;W 2� = Z d2l?~�(q�q)p �~l 2? ; z;W 2��1� e�i~l?~r?�= �(1)8<: 14~r 2? h~l 2? iW 2;z ; for ~r 2? h~l 2? iW 2;z ! 0;1 ; for ~r 2? h~l 2? iW 2;z !1; (5)
ontains �
olor transparen
y� in the limit of ~r 2? h~l 2? iW 2;z ! 0, as well ashadroni
 unitarity, provided�(1) � � Z d~l 2? ~� �~l 2? ; z;W 2� (6)has de
ent high-energy behavior. The average or e�e
tive gluon transversemomentum, h~l 2? iW 2;z, in (5) is given byh~l 2? iW 2;z � R d~l 2?~l 2? ~�(q�q)p �~l 2? ; z;W 2�R dl2?~�(q�q)p �~l 2? ; z;W 2� : (7)It is a 
hara
teristi
 feature of the x ! 0 limit of the two-gluon ex
hangeamplitude that the representation (4) fa
torizes into the produ
t of the pho-ton wave fun
tion, j j2, that des
ribes the photon 
oupling to the q�q stateand its propagation, and the 
olor�dipole 
ross se
tion, �(q�q)p, that des
ribesthe forward s
attering of the 
olor dipole from the proton. The s
atteringis �diagonal� in the variables ~r; z, sin
e these variables remain �xed duringthe s
attering pro
ess.The empiri
al s
aling law (1) is embodied in the representation (4) byrequiring the dipole 
ross se
tion (5) to depend on the produ
t ~r 2 ��2(W 2).This implies that h~l 2? iW 2;z be proportional to �2(W 2). In the GVD/CDP, weapproximate the distribution in the gluon transverse momentum ~l 2 in (5) bya Æ-fun
tion situated at the e�e
tive gluon transverse momentum h~l 2? iW 2;z~�(q�q)p �~l 2? ; z(1 � z);W 2� = �(1) 1� Æ �~l 2? � �2 �W 2� z(1 � z)� : (8)The proportionality fa
tor z(1 � z) in (8) is a model assumption that im-proves the high-Q2 behavior. With (5) and (8), and the Fourier representa-tion of the wave fun
tion inserted, the expression for the 
ross se
tion (4)
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ht et al.may be evaluated analyti
ally in momentum spa
e [7℄. We only note theapproximate �nal expression�
�p �W 2; Q2� = �Re+e�3� �(1)8><>: ln� 1�� ; for � ! m20�2 (W 2) ;12�; for � � 1: (9)and refer to Ref. [7℄ for details.A

ording to (9), at any �xed value of Q2, for su�
iently largeW , a soft,logarithmi
 energy dependen
e is rea
hed for �
�p. The GVD/CDP thatrests on the generi
 stru
ture of the two-gluon ex
hange from QCD, and
ontains hadroni
 unitarity and s
aling in �, leads to the important 
on
lu-sion that limW2!1Q2=
onst �
�p �W 2; Q2��
p(W 2) = 1 : (10)The behavior (9) may be 
alled �saturation�. Sin
e the low x (HERA) data,a

ording to Fig. 1, show eviden
e for the behavior (9) that implies (10), wemay indeed 
on
lude that HERA yields eviden
e for �saturation�. Needlessto stress, future tests of s
aling in �, by in
reasingW as mu
h as possible, are
learly desirable to provide further eviden
e for the validity of the remarkable
on
lusion (10) that puts virtual and real photoprodu
tion on equal footingat any �xed Q2 in the limit of in�nite energy.We turn to di�ra
tive produ
tion. The diagonal form (4) of �
�T;Lp, orrather of the virtual forward Compton s
attering amplitude, develops its fullpower when 
onsidering di�ra
tive produ
tion, 
�p ! Xp. The two-gluonex
hange generi
 stru
ture for x! 0 implies [10℄d�
�T;Lp!Xp(W 2; Q2; t)dt �����t=0= 116� 1Z0 dz Z d2r? X�;�0=�1 ��� (�;�0)T;L �r?; z;Q2� ���2�2(q�q)p �~r 2? ; z;W 2� : (11)Note the 
lose analogy of (11) to the simple �0 dominan
e formula for pho-toprodu
tion [11℄ d�dt �����t=0 �
p! �0p� = 116� ��
2� �2�0p : (12)Upon transition to the momentum�spa
e representation in (11) and afterintegration over all variables with the ex
eption of the massM of the outgo-ing state X, one obtains the mass spe
trum, d�
�T;Lp!Xp=dtdM2 for forward
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tion that depends on W 2; Q2 and M2. A 
omparison of this massspe
trum with the integrand of the total 
ross se
tion in (4) (obtained upontransition to momentum spa
e and appropriate integration with the ex
ep-tion of one �nal integration over M2), allows one to rewrite (4) as a sumrule that reads [1℄�
�p(W 2; Q2) = p16�r�Re+e�3��Zm20 dM2 MQ2 +M2 24vuut d�
�TdtdM2 �����t=0 +r Q2M2vuut d�
�LdtdM2 �����t=0 35 : (13)The sum rule represents the total photo-absorption 
ross se
tion in terms ofdi�ra
tive forward produ
tion. It is amusing to note that (13) is the virtualphoton analog of the photoprodu
tion sum rule [11℄�
p �W 2� = XV=�0;!;�;:::p16�r��
2V vuutd�
p!V0dt �����t=0 : (14)based on �0; !; � dominan
e. Note, however, that (13) is a stri
t 
onsequen
eof the generi
 two-gluon ex
hange stru
ture evaluated in the x ! 0 limitthat forms the basis of the GVD/CDP1.It is evident, even though apparently always ignored, that the di�ra
tiveprodu
tion 
ross se
tion (11) des
ribes elasti
 and only elasti
 di�ra
tion,where �elasti
� is meant to denote di�ra
tive produ
tion of hadroni
 statesXthat 
arry photon quantum numbers. Otherwise, the 
olor dipole 
rossse
tion under the integral in (11) 
ould never be identi
al to the one in (4),and (13) 
ould never follow from (4) and (11).�Inelasti
� di�ra
tion, namely di�ra
tive produ
tion of states with spinsdi�erent from the proje
tile spin, subje
t to the restri
tion of natural parityex
hange, is a well-known phenomenon in hadron physi
s [13℄. Eviden
e forinelasti
 di�ra
tion in DIS is provided by the de
rease [14℄ of the averagethrust angle (�alignment�) with in
reasing mass of the produ
ed state X.This observation implies produ
tion of hadroni
 states X that do not ex
lu-sively 
arry photon quantum numbers.It is, a

ordingly, not surprising that the elasti
 di�ra
tion obtained from(11) with the parameters employed for �
�p underestimates the measured
ross se
tion 
onsiderably, in parti
ular for high values of the massM of thestate X. Compare Fig. 2 taken from Ref. [1℄.1 The sum rule (13) is also obtained from GVD arguments by themselves [12℄.
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Fig. 2. The 
ross se
tion for elasti
 di�ra
tive produ
tion (GVD/CDP) as a fun
-tion of Q2 
ompared with ZEUS data from Ref. [15℄.Theoreti
al approa
hes [16�19℄ to the des
ription of high-mass di�ra
tiveprodu
tion frequently introdu
e a quark�antiquark�gluon (q�qg) 
omponentin the in
oming photon. As this 
omponent is usually ignored [16�18℄ inthe treatment of the total 
ross se
tion, I am afraid, there is the dangerof an in
onsisten
y, due to a violation of the opti
al theorem. A 
onsistentin
lusion of the q�qg 
omponent in elasti
 di�ra
tion is 
ontained in Ref. [19℄,while an attempt for a 
onsistent and uni�ed treatment of inelasti
 andelasti
 di�ra
tion and the total 
ross se
tion, is provided in Ref. [20℄.I return to the analysis of the total 
ross se
tion. The above dis
ussionof di�ra
tion, in parti
ular the sum rule (13), suggests to introdu
e an upperlimit [1℄ in the integration over dM2 in �
�p(W 2; Q2). At �nite energy W ,the di�ra
tively produ
ed mass spe
trum is undoubtedly bounded by anupper limit that in
reases with energy. In our previous analysis [7, 8℄, weignored su
h an upper limit, sin
e the 
ontribution of high masses seemedto be suppressed anyway. We have examined the e�e
t of a 
ut-o�, m21, inthe momentum spa
e version of (4) or, equivalently, in (13). Puttingm21 = (22GeV)2 = 484GeV2 ; (15)that is the mass of the largest bin in the ZEUS data [14℄, we obtain anex
ellent des
ription of all data with x � 0:1, all Q2 � 0, as shown inFig. 1. Putting m21 = 1 overestimates the 
ross se
tion �
�p signi�
antlyfor � � 10, while values of m21 smaller than the upper bound (15) yieldresults below the experimental ones at large �. It is gratifying that the
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�p 3437simple pro
edure of introdu
ing a 
ut-o�2 that (approximately) 
oin
ideswith the upper limit for di�ra
tive produ
tion extends the GVD/CDP tothe full region of x � 0:1, all Q2 � 0, where di�ra
tion dominates the virtualCompton forward s
attering amplitude.
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Fig. 3. The longitudinal part of the photo-absorption 
ross se
tion as a fun
tion of� 
ompared with H1 data.In Fig. 3 we show the predi
tion [21℄ of the GVD/CDP for the longitu-dinal 
ross se
tion in 
omparison with data from an H1 analysis [22℄.In 
on
lusion:(i) S
aling, �
�p = �
�p(�), in � yields �
�p=�
p ! 1 for W 2 ! 1 at�xed Q2 and provides eviden
e for saturation.(ii) Sum rules relate the elasti
 
omponent in di�ra
tive produ
tion to thetotal 
ross se
tion, the terminology GVD/CDP being appropriate forlow-x DIS.(iii) The ex
ess of di�ra
tive produ
tion over the elasti
 (q�q) 
omponent ispresumably due to higher spin 
omponents, and a

ordingly(iv) any theory of di�ra
tion has to dis
riminate between an inelasti
 andan elasti
 
omponent and must be examined with respe
t to its 
om-patability with the total 
ross se
tion, �
�p.
2 The simple 
ut-o� pro
edure leads to a small violation of s
aling in � for � � 50(
ompare Fig. 1) that may presumably be avoided by a re�ned treatment.



3438 D. S
hildkne
ht et al.REFERENCES[1℄ M. Kuroda, D. S
hildkne
ht, Di�ra
tive produ
tion and the total 
ross se
tionin deep inelasti
 s
attering, in preparation.[2℄ ZEUS 96/97: S. Chekanov et al., ZEUS Collaboration, DESY-01-014, submit-ted to Eur. Phys. J. C; M. Derri
k et al., Z. Phys. C72, 399 (1996); ZEUSSVTX 95: J. Breitweg et al., ZEUS Collaboration, Eur. Phys. J C7, 609(1999); ZEUS BPC 95f: J. Breitweg et al., ZEUS Collaboration, Phys. Lett.B407, 432 (1997); ZEUS BPT 97: J. Breitweg et al., ZEUS Collaboration,Phys. Lett. B487, 53 (2000).[3℄ H1 SVTX 95: C. Adlo� et al., H1 Collaboration, Nu
l. Phys. B497, 3 (1997);H1 96/97: C. Adlo� et al., H1 Collaboration, a

epted by Eur. Phys. J. C;H1 97: C. Adlo� et al., H1 Collaboration, Eur. Phys. J. C13, 609 (2000).[4℄ E665 Collaboration, M.R. Adams et al., Phys. Rev. D54, 3006 (1996).[5℄ NMC Collaboration, A. Arneodo et al., Nu
l. Phys. B483, 3 (1997).[6℄ BCDMS Collaboration, A.C. Benvenuti et al., Phys. Lett. B223, 485 (1989).[7℄ D. S
hildkne
ht, presented at Di�ra
tion 2000, Cetraro (Italy), September2000, Nu
l. Phys., B Pro
. Suppl. 99, 121 (2001); D. S
hildkne
ht, B. Surrow,M. Tentyukov, Phys. Lett. B499, 116 (2001); G. Cveti
, D. S
hildkne
ht,B. Surrow , M. Tentyukov, Eur. Phys. J. C20, 77 (2001).[8℄ D. S
hildkne
ht, B. Surrow, M. Tentyukov,Mod. Phys. Lett.A16, 1929 (2001).[9℄ N.N. Nikolaev, B.G. Zakharov, Z. Phys. C49, 607 (1991).[10℄ N.N. Nikolaev, B.G. Zakharov, Z. Phys. C53, 331 (1992).[11℄ L. Stodolsky, Phys. Rev. Lett. 18, 135 (1967); H. Joos, Phys. Lett. B24, 103(1967).[12℄ D. S
hildkne
ht, H. Spiesberger, A
ta Phys. Pol. B29, 1261 (1998).[13℄ L. Stodolsky, Phys. Rev. Lett. 18, 973 (1967).[14℄ ZEUS Collaboration, DESY 01-097[15℄ ZEUS Collaboration, J. Breitweg et al., Eur. Phys. J. C6, 43 (1999).[16℄ K. Gole
-Biernat, M. Wüstho�, Phys. Rev. D60, 114023 (1999).[17℄ J.R. Forshaw, G.R. Kerley, G. Shaw, hep-ph/9910251 (1999).[18℄ J. Bartels, J. Ellis, H. Kowalski, M. Wüstho�, hep-ph/9803497.[19℄ N.N. Nikolaev, B.G. Zakharov, Z. Phys. C64, 631 (1994).[20℄ A. Bialas, R. Pes
hanski, Ch. Royon, Phys. Rev. D57, 6899 (1998);A. Bialas, R. Pes
hanski, Phys. Lett. B387, 405 (1996); A. Bialas, R. Pes
han-ski, Phys. Lett. B378, 302 (1996).[21℄ D. S
hildkne
ht, M. Tentyukov, hep-ph/0203028.[22℄ H1 Collab., C. Adlo� et al., hep-ex/0012053; N. Gogitidze, hep-ph/0201047.


