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? DIS at very small x� 1 in the Breit frame:� the Lorentz-
ontra
ted ultrarelativisti
 nu
leus be
omes thinnerthat the longitudinal spatial lo
alization of soft partons:RA ! RAmNpN < � = 1kz = 1xpN :� a spatial overlap of partons withx �< xA = 1RAmNfrom all the nu
leons at the same impa
t parameter=) FUSION & NUCLEAR SHADOWING.
x << x

x>xΑ

Α

No shadowing

Shadowing

NNN, V.Zakharov 1975

� Nu
lear parton density (if it 
an be meaningfully de�ned!) isa nonlinear fun
tional of the free nu
leon parton density: thesame sea is shared by two & more parent nu
leons.� S
attering theory: shadowing as a manifestation of unitarity fordipole amplitudes:the major strategy in this talk.NNN 2



? DIS at very small x� 1 in the lab. frame:
� DIS 
an be viewed as an intera
tion of frozen multipartonFo
k states of the photon with the target nu
leon or nu
leus.Quantum me
hani
s of 
olor fa
torization (NNN, B.Zakharov '91)�T (x;Q2) = h
�j�(x; r)j
�i = Z 10 dz Z d2r	�
�(z; r)�(x; r)	
�(z; r)� z+ = z and z� = 1 � z �! energy & momentum partitionbetween q & �q; r = size & orientation of the 
olor dipole.� Conne
tion to the unintegrated gluon SF of the target &equivalen
e between 
olor dipole and k?-fa
torization:�(x; r) = 4�N
�S(r) Z d2�[1� exp(i�r)℄ � 1�4 � �GN� log �2� A 
onvenient de�nition:f(�) = 4�N
�0(x) � 1�4 � �GN(x;�)� log �2 ; Z d2�f(�) = 1
� �0(x) = �(x; r)����r!1� Color dipole BFKL equation (NNN,B.Zakharov, Zoller '94)��(x; r)� log 1x = K0 Z d2� r2�2(�� r)2 [�(x;�) + �(x;�� r)� �(x; r)℄K0 = 12�2N
�SNNN 3



h
�j�(r)j
�i sums 4 Feynman diagrams with the two-gluon towerin the t-
hannel
pp- κ

N N

γ∗ γ∗

κ gluongluon

+ +

+
-

{ }q q

? f(�) de�nes the Pomeron IP for a free nu
leon target
? f(�) and the �nal states:� Forward dijets: x
 = z+ + z� � 1� Forward jets have transverse momentum p or p� �� Jet-jet azimuthal de
orrelation momentum � = p+ + p�� k?-fa
torization for the jet-jet de
orrelation:d�Ndzd2p+d2� =�02 � �S(p2)(2�)2 f(�) ��h
�jz; p+i � h
�jz; p+ ��i��2= �S(p2)2�N
 � F(x;�2)�4 � ��h
�jz; p+i � h
�jz; p+ ��i��2 :? The jet-jet de
orrelation distribution is a linear fun
tional of theunintergrated gluon density of the target.NNN 4



? Di�ra
tive and truly inelasti
 DIS o� nu
lei:the dipole is 
oherent over the whole nu
leus for x �< xA:=) Glauber{Gribov formalism:�A(r) = 2Z d2b�A(b; r) = 2Z d2b[1� exp(�12�(r)T (b))℄
N N

γ*

g

p

NN

p

NN

p

NN

p

Unitarity cuts for DIS off free nucleons

AANN

p

NN
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Amplitude of diffractive DIS γ Α Compton amplitude*

p

A
A = A* /

A
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p

A

Coherent diffractive cut Incoherent diffractive cut

A A

p p

Single color excitation Multiple color excitation
Truly  inelastic  DIS:

AA
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AA

p

hard jets acquire p
from gluons

Diffractive DIS off nuclei defines collective nuclear glue

Nikolaev, Zakharov ’94

d�D(
�A)d2bdzd2p = 1(2�)2����h
�j�1� exp[�12�(r)T (b)℄� jpi����2� Nu
lear thi
kness T (b) = R dznA(b; z) sets a new s
ale.�A(b; r) = Z d2��(b;�)f1� exp[i�r℄g� Nu
lear 
ux of glue per unit area in the impa
t parameter spa
e�(b;�) = 1Xj=1 wj(b)f (j)(�)wj(b) = �jA(b)j! exp [��A(b)℄ ; �A(b) = 12�S(r)�0T (b)� wj is the probability to �nd j overlapping nu
leons at impa
tparameter b in a Lorentz-
ontra
ted nu
leus, f (j)is a 
olle
tiveglue of j overlapping nu
leons:f (j)(�) = Z jYi d2�if(�i)Æ(�� jXi �i); f (0)(�) � Æ(�)
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� Hard glue per bound nu
leon is not shadowed: ( NNN,S
h�afer,S
hwiete '00)fA(b;�) = �(b;�)�A(b)= f(�)"1 + 
22 � �S(�2)G(�2)�S(Q2A)G(Q2A) � Q2A(b)�2 # :� 
 = exponent of the large{�2 tail f(�) � �S(�2)=(�2)
� Width of the plateau ( saturation & higher twist s
ale)Q2A(b) � 4�2N
 �S(Q2A)G(Q2A)T (b) :(The saturation s
ale of Mueller '90)� Manifestly positive-valued nu
lear higher twist 
orre
tion withnu
lear antishadowing property. No dependen
e on softparameters. ( NNN,S
h�afer, S
hwiete '00)� Antishadowing is an origin of the Cronin e�e
t.� Plateau for softer 
olle
tive glue per unit area in the impa
tparameter plane:�(b;�) � 1� Q2A(b)(�2 +Q2A(b))2 ;� Nu
lear dilution of the 
olle
tive glue at small �2 � Q2A(b):�(b;�) / 1�A(b)
NNN 7



� Numeri
al evaluation for A1=3 = 6 gives the saturation s
alehQ2A(b)iAu � 0:8(GeV=
)2 :
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Dilution for soft, and broadening for hard, of the 
olle
tiveglue of j overlapping nu
leons f (j)(�) for DIS at x = 0:01.� The k?-fa
torization for the total DIS 
ross se
tion in terms ofthe same 
olle
tive glue:�
�A = Z d2bZ d2p(2�)2�S(p2)Z d2��(�)jh
�jpi � h
�jp� �ij2� Identi
al to the free nu
leon 
ase: �(�) () f(�), theex
hange by a single nu
lear Pomeron.
?? Any nu
lear k?-fa
torization in terms of �(�) ???? Any similarity between nu
lear and free-nu
leon Pomerons ??NNN 8



? Non-Abelian intranu
lear evolution
...

X

a
b

c
b

r

b-

b+

A
N N

γ*

N NN NN8 N8

8} or 1

1 1 8 8

} 1

8 or 1
b+
b-

b
1

� 'de
ay' of a virtual parti
le a! b
, with a weak, perturbativeab
-
oupling g: jaiphys = jai0 + g (r)jb
i0� Simple a
tion of S-matrix on bare partons. S
attering state:Sjaiphys = Sa(b)jai0 + gSb(b+)S
(b�) (r)jb
i0= Sa(b)jaiphys + g[Sb(b+)S
(b�)� Sa(b)℄ (r)jb
i� SbS
 , s
attering after and Sa , s
attering before the de
ay.Amplitude for inelasti
 ex
itation vanishes if SbS
 = Sa.� The nu
lear S-matrix SA(b) = QAj=1 SN(b � bj)( orderingalong the longitudinal path is understood)� 2-parti
le in
lusive spe
trum for a! b(p+)
(p�)b = zb+ + (1� z)b�d�dzd2p+d2p� = 1(2�)4 Z d2b+d2b�d2b0+d2b0�� exp[ip+(b+ � b0+) + ip�(b� � b�0)℄	(b+ � b�)	�(b0+ � b0�)fS(4)(b+; b�; b0+;b0�) + S(2)(b;b0)� S(3)(b+;b�; b0)� S(3)(b0+; b0�; b)g
NNN 9



� Appli
ation of 
losure on the nu
lear side in the square of theamplitude.
a b

c
+ - -

(3)
S

(3)
S

b

S
(4)

bccb

(2)
S aa a

c

cb
+ - -

a

abcS(4) des
ribes s
attering of a 4-body system of dipoles o�the target! evaluated in Glauber-Gribov approximation. The4-parton system is in an overall 
olor singlet state.Dipole states:jRRi = j(b�b)R 
 (
�
) �Rie.g. R = 1; 8 for b
 = q�q, R = 1; 8A; 8S; 10 + 10; 27 for b
 = gg.� ) S(4) is an element of the matrix Ŝ(4) =expf�12�4(b+0;b�0; b+;b�)T (b)g, whose eigenvalues 
an beexpressed through the free nu
leon 
olor dipole 
ross se
tion.� The 
olor-
oupled 
hannel aspe
t of intranu
lear dipolepropagation 
annot be absorbed in a universal unintegrated glueof the nu
leus. No k?-fa
torisation of two parti
le-spe
tra.� ) a whole density matrix of gluons in 
olor spa
e is 
alledupon.� Ex
eptional 
ase of forward quark jets in DIS: ba
k to �
�A�
�A = R d2b R d2p(2�)2�S(p2) R d2��(�)jh
�jpi � h
�jp� �ij2the single-quark p distribution is 
al
ulated through �(�) asif stru
k quarks have no FSI: an analogy between nu
lear andfree-nu
leon pomerons for 
ertain observables .(similar quasi-abelian spe
ial 
ases of single parti
le spe
tra: Kopeliovi
h et al. '99, Mueller'99 , Wiedemann '00, Kov
hegov '01)
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� The single parti
le spe
trum for g� ! Q �Qdi�erential version of NNN, Piller, Zakharov '94� On the free nu
leon target:d�dzd2p = 12(2�)2 Z d2rd2r0 exp[ip(r� r0)℄	(r)	�(r0)f�3(zr0; r) + �3(zr; r0)� �2;Q �Q(r� r0)� �2;gg(z(r� r0))g� Three{body 
ross se
tion (Nikolaev,Zakharov '94)
�3(�; r) = CA2CF h�2(�) + �2(r� �)� 1N2
 �2(r)i� F [�2℄� For the nu
lear 
ross se
tion substitute:

�2(r)! �2A(r) = 2Z d2b[1� exp(�12�2(r)T (b))℄
�3(r;�)! �3A(r;�) = 2Zd2b[1� exp(�12�3(r;�)T (b))℄� !! But: �3A(r;�) 6= F [�2A℄ !!=) if the de
aying parti
le a is not a passive state, k?{fa
torization is in general violated already for the single parti
lespe
trum.NNN 11



� Breakup of virtual photon into dijets 
�(Q2)! q(p+)�q(p�)in truly inelasti
 DIS� Coherent di�ra
tive DIS = 50 per 
ent of total for heavy nu
leus(NNN, Zakharov, Zoller '94). Di�ra
tive dijets are exa
tly ba
k-to-ba
k,� = p+ + p� � 1RA � 0� For hard dijets) linear dependen
e on the nu
lear unintegratedglue in terms of: �(�A(b);�) = exp(��A(b))Æ(2)(�) + �(�A(b);�)for grey nu
lei in
ludes a numeri
ally important no-res
atteringterm / Æ(2)(�)
q
qγ∗

∗
γ

q
q

s
r’

r

Breakup & Color Excitation

Octet dipole   S

2 singlet

dipoles 

β1−β� Nu
lear dijet spe
trum is a 
onvolution of � with the freenu
leon 
ross se
tion (�
 � CA=2CF ):d�ind2bdzd2p+d2� = T (b)� Z d2�Z 10 d��(2��
�A(b);� � �) d�Ndzd2p+d2� :� Dependen
e on � is di�erent from the k?-fa
torization forthe free nu
leon 
ase =) breaking of the k?-fa
torization fornu
lei !NNN 12



? Semihard dijets below the saturation s
ale: jp�j2 �< Q2A=) 
omplete azimuthal de
orrelation of dijets and a highlynonlinear dependen
e on the nu
lear unintegrated glue with noresemblan
e of the free-nu
leon formula.
� Simple 
losed form in the large-N
 approximation:d�ind2bdzdp�d� = 12(2�)2�S�0T (b)� Z 10 d� Z d2�3d2�f(�)��(��A(b);�� �3 � �)�(��A(b);�3)����� Z d2�1�((1� �)�A(b);�1)�h
�jz;p� + �1 + �3i � h
�jz; p� + �1 + �3 + �i	 ����2 :� What are the universality properties of su
h a nonlinear k?-fa
torization ?� The sli
e (1� �) in whi
h the dipole was in the 
olor-singletstate =) Initial State Intera
tion (distortion of the WF)� The sli
e � in whi
h the dipole is in the 
olor-o
tet state =)Final State Intera
tion (broadening) .? �((1 � �)�A(b);�); �(��A(b);�) 6= �(�A(b);�)����DIS? Dijets are des
ribed by a \four nu
lear Pomeron ex
hange".� Soft dijets, jp�j; j�j �< QA: a 
omplete disappearan
e of theazimuthal 
orrelationNNN 13



Small-x evolution of the nu
lear DIS 
ross se
tion and nu
learPomeron.? The free-nu
leon target:the e�e
t of the q�qg and higher Fo
k states 
an be reabsorbedin the linear BFKL evolution for the dipole 
ross se
tion or theunintegrated glue, with the photon treated as the q�q state.? Similar reabsorption is possible for nu
lei, but without a 
losed-form evolution equation !!?The �rst iteration of the log 1x evolution:���A(x; r)� log 1x = K0 Z d2� r2�2(�� r)2�2 Z d2b[�3A(b;�; r)� �2A(b; r)℄ = 2 Z d2b��A(x;b; r)� log 1x�3A(b;�; r) = 1 � S3A(b;�; r) = 1� exp[�12�3(�; r)T (b)℄
� Simpli�ed Glauber formulas in the large-N
 approximation:S3A(b;�; r) = S2A(b;� � r)S2A(b;�)�3A(b;�; r)� �2A(b; r) =�2A(�� r) + �2A(b;�)� �2A(b; r)� �2A(b;�� r)�2A(b;�)� ��A(x; b; r)=� log 1x is a nonlinear fun
tional of �2A, theidenti�
ation of �A(x; b; r) with �2A(x; b; r), and theextension of the �rst iteration to the 
losed-form nonlinearequation, would be utterly erroneous.NNN 14



The momentum-spa
e analysis is illuminating:
� De�ne nu
lear transparen
y for large dipoles:SA(b; �0) = exp[�12�0T (b)℄ = 1� R d2k�(k)� The �rst iteration for unintegrated nu
lear glue:���A(x; b;�)� log 1x = SA(b; �0)KBFKL 
 �(�)+K0 Z d2pd2k�(k)�K(�+ p;�+ k)�(p)�K(p; p��)� k)�(�)�= SA(b; �0)KBFKL 
 �(�) +KNonLinh�(�)i� Contains an absorption suppressed linear BFKL term.� For 
entral DIS o� heavy nu
lei SA ! 0. The evolution isentirely driven by the nonlinear term quadrati
 in �(k).� The 
onne
tion to the KBFKL:K(p; k) = (p� k)2p2k2KBFKL 
 f(�) =K0 Z d2p�2K(�;�� p)f(p) �K(p; p��)f(�)�
NNN 15



? Hard gluons, �2 > Q2A:KNonLinh�(�)i = �Z d2p�(p)� � KBFKL 
 �(�)���A(x;�)� log 1x = KBFKL 
 �(�) !!
� A remarkable re
overy of the linear BFKL evolution for hardgluons from the nonlinear 
omponent of the nu
lear X-se
tion.The related 
olor dipole derivation to all orders of DLLA byB.Zakharov (Zakharov '98).� An expe
ted result in view of unshadowed hard 
olle
tive glue:�(�) = �(b)f(�).? Heavy nu
leus, soft gluons , �2 � Q2A:��A(x; b;�)� log 1x = �2C�K0�(x; b; 0)
� C � 1, depends on the form of the 
olle
tive nu
lear glue.� Be
ause �(x; b; 0) � 1=Q2A(b), this entails an expandingplateau with the rising saturation s
aleQ2A(b) =) Q2A(b) �1 + 2C�K0 log 1x�� The full-
edged nonlinear evolution for �2 � Q2A.NNN 16



? Di�ra
tive DIS: still a marginal �< 10% of total DIS atHERA, but 50% for heavy nu
lei (NNN,Zakharov,Zoller '94). A manifestlynonlinear observable. First a free nu
leon target:� 
� ! q�q: ex
itation of low di�ra
tive masses, M2 � Q2:d�Ddt ����t=0 = 116�h
�(qq)j�2(x; r)j
�(qq)i� 
� ! q�qg: ex
itation of high di�ra
tive masses, M2 � Q2,� = xxIP = Q2Q2 +M2 � 1
M2 d�DdM2dt����t=0 = �� log 1� d�Ddt ����t=0= 116�h
�(q�qg)j��3(xIP;�; r)� �(xIP; r)�2j
�(q�qg)i� Color dipole fa
torization representation & de�nition ofunintegrated di�ra
tive glue:d�Ddt ����t=0 = �0(xIP)16� h
�(qq)j�D(r)j
�(qq)i�D(r) = �0(xIP) Z d2�fD(�)[1� exp(i�r)℄� The q�q ex
itation: the manifestly nonlinearf2D(�) = 2f(�)� f 
 f(�) = 2f(�)� f (2)(�)NNN 17



? Di�ra
tion as in
lusive DIS o� a pomeron: the q�qg ex
itationde�nes a gluon density in the valen
e gg state of the di�ra
tivePomeron.? Also a de�nition of the triple-pomeron vertex A3IP.? The di�ra
tive glue fD(�; b;�) is related to the di�ra
tivePomeron IPD in pre
isely the same way as f(�) to the PomeronIP of in
lusive DIS.
2

log(1/β)

log(1/x  )
P

rapidities

D

�fD(�; b;�)� log 1� = KBFKL 
 f2D(�)+2K0 Z d2pd2k��2K(�+ p;�+ p+ k)+K(�+ p;�+ k)�f(p)f(k)+�K(�+ p;�+ k)�K(p; p� k)�f(�)f(k)�K(p; p� k)f(� � k)f(k)�= KBFKL 
 f2D(�) +K(D)NonLinhf(�)i� Large �2: the 
ontribution from K(D)NonLin vanishes fasterthan the usual perturbative 1=�4.NNN 18



� The DLLA regime of large �2: the linear BFKL 
ontributionmat
hes the DLLA to DGLAPKBFKL 
 f2D(�)�����DLLA = 2K0�4 Z �2 d2p p2f2D(p)� The standard 
ase: R�2 d2p p2 f(p) / G(�2) / log�2.� Di�ra
tion is a spe
ial 
ase: f2D(�) is not positive-de�ned,satis�es the sum ruleZ d2p p2f2D(p) = 0:Hard di�ra
tive glue fD(�;�) has a vanishing leading twist
omponent / 1=�4. Re
all valen
e quarks in the nu
leonbefore DGLAP evolution.� The e�e
t of depletion of f (2)(p) at small p2 is 
ompensatedfor by higher twist e�e
ts at large p2.� The related absen
e of log 1r2 in �D(r) has been noti
ed earlierin the 
olor dipole DLLA treatment of high-mass di�ra
tion(NNN,Zakharov '93).� ? The single-parti
le in
lusive spe
trum of di�ra
tive gluonsfrom 
� ! q�qg ex
itation (NNN' 99):dNgd2pg / G2(xIP; p2g)p4g
γ∗

gluonP ∆
pg

A naive treatment of the Pomeron 
as a particle suggests:

and is at best misleading

∆p
g

=

NNN 19



? High-mass di�ra
tive DIS o� heavy nu
lei: SA = 0.
���D(�;b;�)� log 1� = 2K0"Z d2��(�)#Z d2pd2kd2q�(k)�(q)�(K(� + p+ k;� + q + k)�(p)�K(p; p� k� q)�(�� q)+K0 Z d2pd2k�(2)(k)(K(p; p� k� q)�(2)(�)�K(p;p� k��)�(2)(p))

D

A A

Reinterpretation with certain

reservations: the pomeron in

nuclear high-mass diffraction 

evolves from four nuclear 

pomerons� High mass di�ra
tion o� heavy nu
lei 
an not be des
ribed bythe same triple pomeron 
oupling as in the free nu
leon 
ase.� Color dipole representation for the low-mass di�ra
tion o�nu
lei is identi
al to that for a free nu
leon target:f2D(�)=)�2D(�)= 2�(�)� �
 �(�) = 2�(�)� �(2)(�)
NNN 20



� Heavy nu
lei, hard di�ra
tive glue: �2 > Q2A.���D(�; b;�)� log 1� ' K0 Z d2pd2kK(�� p;�� k)��2�(p)�(k) � �(2)(p)�(2)(k)�' KBFKL 
 �2D(�)
� Coin
ides with the free nu
leon 
ase subje
t tof(�)() �(�)
� The sum rule R d2p�2D(p) = 0 holds for nu
lei too: entailsa vanishing leading twist 
omponent, / 1=�4, of nu
leardi�ra
tive unintegrated glue.� Experien
e with 
olor dipole DLLA for di�ra
tion : DGLAPproperties of hard di�ra
tive glue will be re
overed to higherorders of evolution (NNN, Zakharov '93).? Soft gluons, �2 > Q2A:���D(�; b; 0)� log 1� = 2��BD�(b; 0) + CD�(2)(b; 0)�
BD; CD � 1 are model-dependent fa
tors.
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Con
lusions
� Saturation() opa
ity of heavy nu
lei to large 
olor dipoles.� Expansion of nu
lear unintegrated glue in terms of 
olle
tiveglue of overlapping nu
leons in the Lorentz-
ontra
tedultrarelativisti
 nu
leus.� A framework for the non-abelian aspe
ts of intranu
learevolution of 
olor dipoles/multiparton systems.� Colle
tive nu
lear glue (nu
lear Pomeron) is a useful 
on
ept,but 
olor 
oupled 
hannels destroy k? fa
torization for two-parti
le spe
tra, and for 
ertain single-parti
le spe
tra .� Nonlinear k?-fa
torization for forward dijet produ
tion o�nu
lei in terms of the 
olle
tive nu
lear glue: a semblan
eof the four nu
lear Pomeron ex
hange.� Complete �rst step of log 1x; log 1� evolution for nu
lear DISand di�ra
tion. No 
losed-form evolution for (nu
lear Pomeron)be
ause of broken k?-fa
torization.� Re
overy of linear BFKL evolution for hard 
olle
tive nu
leargluons (nu
lear Pomeron) beyond the saturation s
ale even forstrongly absorbing nu
lei.� Re
overy of linear BFKL evolution for unintegrated di�ra
tivegluon density (di�ra
tive Pomeron) in the hard regime.� Unusual sign-inde�nite boundary 
ondition for di�ra
tiveunintegrated glue (di�ra
tive Pomeron).
NNN 22


