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INSTANTONS AND SATURATIONIN THE COLOUR DIPOLE PICTURE�F. S
hrempp and A. UtermannDESY, Notkestraÿe 85, 22603 Hamburg, Germany(Re
eived July 4, 2002)We pursue the intriguing possibility that larger-size instantons build updi�ra
tive s
attering, with the marked instanton-size s
ale h�i � 0:5 fmbeing re�e
ted in the 
onspi
uous �geometrization� of soft QCD. As anexpli
it illustration, the known instanton 
ontribution to DIS is transformedinto the intuitive 
olour dipole pi
ture. With the help of latti
e results,the q�q-dipole size r is 
arefully in
reased towards hadroni
 dimensions.Unlike pQCD, one now observes a 
ompetition between two 
ru
ial lengths
ales: the dipole size r and the size � of the ba
kground instanton thatis sharply lo
alized around h�i � 0:5 fm. For r & h�i, the dipole 
rossse
tion indeed saturates towards a geometri
al limit, proportional to thearea � h�i2, subtended by the instanton.PACS numbers: 12.38.Aw, 13.60.HbQCD instantons [1℄ are non-perturbative �u
tuations of the gluon �elds,with a size distribution sharply lo
alized around h�i � 0:5 fm a

ordingto latti
e simulations [2℄ (Fig. 1(left)). They are well known to indu
e,
hirality-violating pro
esses, absent in 
onventional perturbation theory [3℄.Deep-inelasti
 s
attering (DIS) at HERA has been shown to o�er a uniqueopportunity [4℄ for dis
overing su
h pro
esses indu
ed by small instantons (I)through a sizeable rate [5�7℄ and a 
hara
teristi
 �nal-state signature [4,8,9℄.The intriguing but non-
on
lusive ex
ess of events, found re
ently in the �rstdedi
ated sear
h for instanton-indu
ed pro
esses in DIS at HERA [10℄, hasalso been reported at this meeting.The validity of I-perturbation theory inDIS iswarranted by some (generi
)hard momentum s
ale Q that ensures a dynami
al suppression [5℄ of 
on-tributions from larger size instantons with � & O(1=Q). Here, the abovementioned intrinsi
 instanton-size s
ale h�i � 0:5 fm is 
orrespondinglyunimportant.� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.(3633)
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Fig. 1. (Left) I+I-size distribution from the latti
e [2,7℄. Both the sharply de�nedI-size s
ale h�i � 0:5 fm and the parameter-free agreement with I-perturbationtheory for � . 0:35 fm are apparent. (Right) Trans
ription of the simplest I-indu
ed pro
ess (nf = 1; ng = 0) with variables x and t into the 
olour dipolepi
ture with the variables z and r.This paper, in 
ontrast, is devoted to the intriguing question about ther�le of larger-size instantons and the asso
iated intrinsi
 s
ale h�i � 0:5 fm,for de
reasing (Q2; xBj) towards the soft regime. We shall brie�y report ona detailed study [11℄ of the interesting possibility that larger-size instantonsmay well be asso
iated with a dominant part of soft high-energy s
attering,or even make up di�ra
tive s
attering altogether [12�15℄. We shall arguebelow that the intrinsi
 instanton s
ale h�i is re�e
ted in the 
onspi
uousgeometrization of soft QCD.There are two immediate qualitative reasons for this idea.First of all, instantons represent truely non-perturbative gluons that nat-urally bring in an intrinsi
 size s
ale h�i � 0:5 fm of hadroni
 dimension(Fig. 1(left)). The instanton-size s
ale happens to be surprisingly 
lose toa 
orresponding �di�ra
tive�-size s
ale, RP = Rp�0P=�0 � 0:5 fm, result-ing from simple dimensional res
aling along with a generi
 hadroni
 sizeR � 1 fm and the abnormally small Pomeron slope �0P � (1=4)�0 in termsof the normal, universal Regge slope �0.Se
ondly, we know already from I-perturbation theory that the instanton
ontribution tends to strongly in
rease towards the infrared regime [4,6,8,16℄.The me
hanism for the de
reasing instanton suppression with in
reasing en-ergy is known sin
e a long time [15, 17℄: Feeding in
reasing energy into thes
attering pro
ess makes the pi
ture shift from one of tunneling betweenva
ua (E � 0) to that of the a
tual 
reation of the sphaleron 
on�gura-tion [18℄ on top of the potential barrier of height [4℄ E = Msphaleron / 1�s�e�: .In a se
ond step, the a
tion is real and the sphaleron then de
ays into a multi-parton �nal state.
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olour dipole pi
ture [19℄ represents a 
onvenient and in-tuitive framework for investigating the transition from hard to soft physi
s(di�ra
tion) in DIS at small xBj. At the same time, this pi
ture is verywell suited for studying the 
ru
ial interplay between the q�q-dipole size rand the instanton size � in an expli
it and well-de�ned manner, as we shallsummarize next. The details may be found in Ref. [11℄.The large di�eren
e of the 
� ! qq�dipole formation and (qq)�P inter-a
tion times in the proton's rest frame at small xBj is at the root of thefamiliar fa
torized expression of the in
lusive photon�proton 
ross se
tions,�L;T(xBj; Q2) = 1Z0 dz Z d2r ���	L;T(z; r)���2 �dipole(r; : : :) ; (1)in terms of the modulus squared of the (light-
one) wave fun
tion of thevirtual photon, 
al
ulable in pQCD (Q̂ =pz(1� z)Q; r =j r j),���	L;T(z; r)��� 2 = e2q 6�4�2NL;T(z) Q̂ 2 K0;1 �Q̂r� 2 ; NL=4z(1�z) ;NT=z2 + (1�z)2 ; (2)and the dipole -P 
ross se
tion �dipole(r; : : :). The variables in Eq. (1) denotethe transverse (qq)-size r and the photon's longitudinal momentum fra
tionz 
arried by the quark. 	L;T(z; r) 
ontains the dependen
e on the 
�-heli
ity.Moreover, one derives [19, 20℄ and expe
ts, respe
tively,�dipole 8<: � � r 2; r2 . O � 1Q2� ; �
olour transparen
y� [19, 20℄;� 
onst:; r & 0:5 fm; �hadron-like, saturation�.The strategy is now to transform the known results on I-indu
ed pro
essesin DIS into this intuitive 
olour dipole pi
ture. Here, for reasons of spa
e,we restri
t the dis
ussion to the most transparent 
ase of the simplestI-indu
ed pro
ess [5℄, 
� g ) qR qR, for one �avor and no �nal-state gluons(Fig. 1(right)). The more realisti
 
ase with gluons and three light �avors,using the II-valley approximation, may be found in Ref. [11℄.The idea is to 
onsider �rst largeQ2 and appropriate 
uts on the variablesz and r, su
h that I-perturbation theory holds. By exploiting the latti
eresults on the instanton-size distribution (Fig. 1(left)), we shall then 
arefullyin
rease the q�q-dipole size r towards hadroni
 dimensions.
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alling the results from Ref. [5℄,�L;T �xBj; Q2� = 1ZxBj dxx �xBjx �G�xBjx ; �2�Z dtd�̂
�gL;T(x; t;Q2)dt ; (3)d�̂
�gLdt = �72 e2qQ2 ��s �x(1�x)ptu R(�t)�R(Q2)t+Q2 �(t$ u)�2 (4)and a similar expression for d�̂
�gT =d t.Eq. (4) involve the master integral R(Q) with dimensions of a length,R(Q) = 1Z0 d� D(�)�5(Q�)K1(Q�) : (5)The I-size distribution D(�) enters in Eq. (5) as a 
ru
ial building blo
kof the I-
al
ulus. For small � (probed at large Q) D(�) is 
al
ulable withinI-perturbation theory [3℄. For larger I-size � (as relevant for smaller Q)D(�) is known from latti
e simulations (Fig. 1(left)). A striking feature isthe strong peaking, when
e R(0) = 1R0 d� Dlatti
e(�)�5 � h�i.With an appropriate 
hange of variables (Fig. 1(right)) and a 2d-Fouriertransformation, Eq. (4) may indeed be 
ast into a 
olour dipole form,�L;T = 1ZxBj dxx Z dt d�̂
�gL;Tdt f: : :g ) Z dz Z d2r �j	L;Tj2�dipole�(I) : (6)Like in pQCD-
al
ulations [20℄, we invoke the familiar �leading log(1=xBj)�approximation, xBj=xG(xBj=x; �2) � xBjG(xBj; �2). In terms of the familiarpQCD wave fun
tion (2) of the photon, we then obtain e.g.,�j	Lj2 �dipole�(I) � ���	pQCDL (z; r)��� 2 1�s xBjG(xBj; �2) �812�0BB� 1Z0 d�D(�) �5 8>><>>:� ddr2 �2r2K1(Q̂pr2+�2=z)Q̂pr2+�2=z �K0(Q̂r) �(z $ 1�z)9>>=>>;1CCA2 : (7)As expe
ted, one expli
itly observes a 
ompetition between two 
ru
ial lengths
ales in Eq. (7): the size r of the q�q-dipole and the typi
al size of the
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kground instanton of about h�i � 0:5 fm. Like in pQCD, the asymmetri

on�guration, z � 1� z or 1� z � z, obviously dominates.The validity of stri
t I-perturbation theory, D(�) = DI�pert(�) in Eq. (5),requires the presen
e of a hard s
ale Q along with 
ertain 
uts. However, af-ter repla
ing D(�) by Dlatti
e(�) (Fig. 1(left)), these restri
tions are at leastno longer ne
essary for reasons of 
onvergen
e of the �-integral (5) et
., andone may tentatively in
rease the dipole size r towards hadroni
 dimensions.Next, we note in Eq. (7),� dd r2 0�2 r2K1 �Q̂pr2 + �2=z�Q̂pr2 + �2=z 1A � 8><>: �K1(Q�p1�z)Q�p1�z r2 z�2 ) 0;K0 �Q̂ r� r2 z�2 large: (8)Due to the strong peaking of Dlatti
e(�) around � � h�i, one �nds fromEqs. (7), (8) (z � 1 � z without restri
tion) for the limiting 
ases of in-terest r �j 	L;T j 2 �dipole�(I)r2 ) 0 O(1); but exponentially small for large Q̂;���	 pQCDL;T ��� 2 �(I)dipole withr2 & h�i2 : �(I)dipole = 1�s xBjG(xBj; �2) �812 �1R0 d�Dlatti
e(�) �5�2 : (9)
In 
on
lusion: As apparent in Eq. (9), the dipole 
ross se
tion indeedsaturates for large r2=�2 � r2=h�i2 towards a geometri
al limit, proportionalto the area �R(0)2 = � �R10 d�Dlatti
e(�) �5�2, subtended by the instan-ton. Clearly, without the 
ru
ial information about D(�) from the latti
e(Fig. 1(left)), the result would be in�nite. Note the inverse power of �s infront of �(I)dipole in Eq. (9), signaling its non-perturbative nature.REFERENCES[1℄ A. Belavin et.al., Phys. Lett. B59, 85 (1975).[2℄ D.A. Smith, M.J. Teper (UKQCD), Phys. Rev. D58, 014505 (1998).[3℄ G. 't Hooft, Phys. Rev. Lett. 37, 8 (1976); Phys. Rev. D14, 3432 (1976);Phys. Rev. D18, 2199 (1978); Erratum: Phys. Rev. 142, 357 (1986).[4℄ A. Ringwald, F. S
hrempp, Pro
eedings of Quarks '94, Ed. D.Yu. Grigorievet al., World S
ienti�
, Singapore, p. 170.
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