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3Introdu
tionS
attering A+B �! A0 +B0 in the Regge kinemati
al region s!1, t �xedBFKL approa
h: 
onvolution of the Green'sfun
tion of two intera
ting Reggeized gluonsand of the impa
t fa
tors of the 
olliding par-ti
les.Valid both inLLA (resummation of all terms (�s ln(s))n)NLA (resummation of all terms �s(�s ln(s))n).
A A0�A!A0

G
B B0�B!B0

� The Green's fun
tion is determined through the BFKL equation.The kernel of the BFKL equation is 
ompletely known in the NLA for theforward (t = 0) 
ase. [V.S. Fadin, L.N. Lipatov (1998)℄[G. Cami
i, M. Ciafaloni (1998)℄In the non-forward 
ase it is 
ompletely known for the o
tet 
olor repre-sentation, relevant for the \bootstrap".Re
ently, also the last missing pie
e for the singlet representation has beendetermined, that from Reggeon-Reggeon ! gluon-gluon.[V.S. Fadin and R. Fiore (2005)℄� Impa
t fa
tors have been 
al
ulated in the NLA for
olliding partons [V.S. Fadin, R. Fiore, M.I. Kotsky, A.P. (2000)℄forward jet produ
tion [J. Bartels, D. Colferai, G.P. Va

a (2003)℄



4Among the 
olorless impa
t fa
tors, the most important is 
ertainly the 
� ! 
�impa
t fa
tor. Its 
al
ulation is rather 
ompli
ated and so far only partialresults are available. [J. Bartels, D. Colferai, S. Gieseke, A. Kyrieleis (2002)℄[V.S. Fadin, D.Yu. Ivanov, M.I. Kotsky (2003)℄[J. Bartels, A. Kyrieleis (2004)℄Here, the impa
t fa
tor for the 
� ! V transition, V = �0, !, �, is 
onsidered.The large photon virtuality Q2 provides the hard s
ale for the appli
ation ofperturbative QCD.The 
al
ulation is simpler than for the 
� ! 
� 
ase and a 
losed analyti
alexpression 
an be a
hieved in the NLA.Theoreti
al interest:for the �rst time the amplitude of a physi
al pro
ess, 
�
� ! V V , 
an bewritten 
ompletely within perturbative QCD and with NLA a

ura
y(for the LLA 
ase, see [B. Pire, L. Szymanowsky, S. Wallon (2004)℄)�! possibility to understand the role and the optimal 
hoi
e of energy s
alesin the BFKL approa
h;�! 
omparison between di�erent approa
hes, su
h as BFKL and DGLAP.Phenomenologi
al interest:�rst step toward the appli
ation of the BFKL approa
h to the des
ription of� 
�p! V p, 
arried out at HERA;� 
�
� ! V V or 
�
 ! V J=	, whi
h 
an be studied at high-energy e+e� ande
 
olliders.



5The 
� ! V impa
t fa
torBFKL approa
h for the amplitude of the pro
ess AB ! A0B0A;B;A0; B0 
olorless parti
lesps!1, �xed momentum transfer � � �?pA pA0�A!A0q1 q1 ��
q2 q2 ��G

pB pB0�B!B0
Ims (A)A0B0AB = s(2�)D�2 Z dD�2q1~q 21 (~q1 � ~�)2 Z dD�2q2~q 22 (~q2 � ~�)2��A!A0(~q1; ~�; s0) Z Æ+i1Æ�i1 d!2�i " ss0!!G!(~q1; ~q2; ~�)#�B!B0(�~q2;�~�; s0);D = 4 + 2" (for both UV and IR divergen
es), s0 energy s
ale parameterThe Green's fun
tion obeys the (generalized) BFKL equation!G!(~q1; ~q2; ~�) = ~q 21 (~q1 � ~�)2Æ(D�2)(~q1 � ~q2) + Z dD�2k~k2(~k � ~�)2K(~q1; ~k; ~�)G!(~k; ~q2; ~�)K singlet kernel in the NLA



6
pA pA0q1, 
 q1 � q, 
0

�A!A0(~q1; ~�; s0) = Æ

0qN2
 � 1 2664 s0~q 21 ! 12!(�~q 21 ) 0� s0(~q1 � ~�)21A12!(�(~q1�~�)2)
�Xffg Z d�2��(s� � �)d�f�
Affg ��
0A0ffg��375�12 Z dD�2k~k2(~k � ~�)2�BornA!A0(~k; ~�; s0)KBornr (~k; ~q1; ~�) ln0� s2�s0(~k � ~q1)21A!(t) Reggeized gluon traje
tory in the LLA; s� !1�
�!V , V = �0; !; �; forward 
ase (~� = 0)
L(p)

q; 
 q0; 
0
zp1��zp1�k(z) �L(p1)

�Sudakov ve
tors: p1, p2, p21 = p22 = 0, 2(p1p2) = sp = p1 � Q2s p2q = �+Q2 + ~q 2s p2 + q? ; q2 = q2? = �~q 2q0 = �+ ~q 2s p2 + q? ;~q 2, Q2 � any hadroni
 s
ale; negle
ted power suppressed 
ontributions



7In this kinemati
s the impa
t fa
tor 
an be 
al
ulated in the 
ollinear fa
tor-ization framework. [V.L. Chernyak, A.R. Zhitnitsky (1977, 1980)℄[V.L. Chernyak, V.G. Serbo, A.R. Zhitnitsky (1977, 1980)℄[G.P. Lepage and S.J. Brodsky (1979, 1980)℄[S.J. Brodsky, G.P. Lepage, A.A. Zaidi (1981)℄[A.V. Efremov, A.V. Radyushkin (1980)℄The dominant heli
ity amplitude is 
�L ! VL.Fa
torization, both in LLA and in NLA, in the 
onvolution (here, �
�L!VL is theunproje
ted impa
t fa
tor)�
�L!VL(�; s0) = �4�eqfV Æ

0N
Q 1Z0 dz TH(z; �; s0; �F ; �R)�k(z; �F )fV ' 200MeV ; � = ~q 2Q2TH hard-s
attering amplitude, perturbative series in �S(�R), �2R � Q2; ~q 2�k(z) meson twist-2 distribution amplitudeh0j�	(0)
�	(y)jVL(p1)iy2!0 = fV p�1 1Z0 dz e�iz(p1y) �k(z; �F )(path-ordered gauge fa
tor between quark operators implied)The distribution amplitude has the meaning of probability amplitude to �nd ameson in a state with minimal number of 
onstituents { quark and antiquark{ when they are separated by small transverse distan
es, r? � 1=�F�2F � Q2; ~q 2 fa
torization s
alez, �z � 1� z longitudinal momentum fra
tions 
arried by quark and antiquarkj�0i = 1p2 �j�uui � j �ddi� j!i = 1p2 �j�uui+ j �ddi� j�i = j�ssieq �! ep2 e3p2 �e3



8The distribution amplitude de�ned byh0j�	(0)
�	(y)jVL(p1)iy2!0 = fV p�1 1Z0 dz e�iz(p1y) �k(z; �F )is a non-perturbative fun
tion, but its dependen
e on �F is perturbative�2F d�k(z; �F )d�2F = 1Z0 V (z; z0)�k(z0; �F )dz0 :Lo
al limit y ! 0, �	
�	 
onserved 
urrent �! 1R0 dz �k(z; �F ) renorm-invariant;1R0 dz �k(z; �F ) = 1 is our 
onvention for fV .Evolution kernel known up to the se
ond order:V (z; z0) = �s(�F )2� V (1)(z; z0) + 0��s(�F )2� 1A2 V (2)(z; z0) + : : :
V (1)(z; z0) = CF " 1� z1� z0  1 + 1z � z0! �(z � z0) + zz0  1 + 1z0 � z! �(z0 � z)#+[f(z; z0)℄+ � f(z; z0)� Æ(z � z0) Z 10 dt f(t; z)Can
ellation of divergen
es:TH 
al
ulated for bare �S and meson distribution amplitude �(0)k (z)�! UV and IR divergen
es, 
ommon parameter "UV divergen
es disappear after 
oupling 
onstant renormalization (MS)�s = �s(�R) 241 + �s(�R)4� �0 0� 1̂" + ln0��2R�2 1A1A35�0 = 11N
3 � 2nf3 ; 1̂" = 1" + 
E � ln(4�)IR divergen
essoft: 
an
el in the sum of \virtual" and \real" parts of radiative 
orre
tions
ollinear: absorbed into the de�nition of the distribution amplitude (MS)�(0)k (z)! �k(z; �F )� �s(�F )2� 0� 1̂" + ln0��2F�2 1A1A 1Z0 V (1)(z; z0)�k(z0; �F )dz0



9Impa
t fa
tor in the LLA�
�!V = �i Z d�2� Dis
�A
�R!V R0 ;(2�)4Æ4(p+ q � p1 � q0)A
�R!V R0 = Z d4x e�i(px)e�hV (p1)R0jJ�em(x)jRiJ�em = �eq �	
�	p q q0 p1V (a) (b)
(
) (d)Diagram (a):(2�)4Æ4(p+ q � p1 � q0)A(a)
�R!V R0 = �eq(ig)2 Z d4xd4yd4y1e�i(px)�i(qy1)+i(q0y)� �t
t
0�ij e�hV (p1)jT 24	i(x)
� 	(x)	(y1) 6p2s 	(y1)	(y) 6p2s 	j(y)35 j0iTranslational invarian
e, 
olor neutrality of the meson, Fierz identity�! hV (p1)j	i�(x)	j�(y)j0i = ei(p1y)hV (p1)j	i�(x� y)	j�(0)j0i= ei(p1y) ÆijN
 14 n(
�)��hV (p1)j	(x� y)
�	(0)j0i+ : : :o ;Other Fierz stru
tures:� even number of 
's �! 
hiral-odd quark-pair �! no 
ontribution (
hirality
onserved in massless limit)� 
�
5 �! twist-3 (important for transverse VM produ
tion, suppressed bymV =Q) [P. Ball, V.M. Braun, Y. Koike and K. Tanaka (1998)℄
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A(a)
�R!VLR0 = �eqg2Æ

08N
 Z d4l1d4l2d4(x� y)(2�)4 Æ4(l1 � l2 � q)e�i((p+l1)(x�y))� Sp " 6e 6 l1l21 + i� 6p2s 6 l2l22 + i� 6p2s 
�# hVL(p1)j	(x� y)
�	(0)j0i :Leading power asymptoti
s from the region (x� y)2 ! 0, wherehVL(p1)j	(y)
�	(0)j0iy2!0 = fV p�1 1Z0 dz eiz(p1y)�k(z)�! A(a)
�R!VLR0 = �eqg2fV Æ

08N
 1Z0 dz�k(z) Z d4l1Æ4(p1z � p� l1)� Sp 24 6e 6 l1l21 + i� 6p2s 6 l1� 6q(l1 � q)2 + i� 6p2s 6p135 :The hard-s
attering amplitude is 
al
ulated for on-shell quark and antiquarkmomenta, p1z and p1�z.The �-
hannel dis
ontinuity 
omes only from the antiquark 
uti2�Dis
� 1(l1 � q)2 + i� = Æ((l1 � q)2) = Æ((p1z � p� q)2) = Æ(�z�� z~q 2)

�(a)
�L!VL = �eqg2fV Æ

0(ep1)2N
Q2 1Z0 dz �k(z)only longitudinal photon polarization eL = 1Qp+ 2Qs p2 ! 2Qs p2Taking into a

ount also diagrams (b), (
), (d), one getsT (0)H (z; �; s0; �F ; �R) = �S ��+ z�z ; � = ~q 2Q2By 
ollinear fa
torization, some fermion lines are e�e
tively put on mass-shell;in pra
ti
e two-parti
le states �! one-parti
le statethree-parti
le states �! two-parti
le states



11Impa
t fa
tor in the NLA
p
q (0 + 1) (0 + 1) q0

zp1��zp1
q�q intermediate state

p
q (0) (0) q0

zp1��zp1
q�qg intermediate stateT (1)H = T (q�q) + T (q�qg)

Quark-antiquark intermediate state
p
q (1) (0) q0

zp1��zp1T (q�q)
�
+ p

q (0) (1) q0
zp1��zp1T (q�q)V

(0)p
q = p

q + p
q

�(0)
�Lq�q = 2eqgQ(t
)ijz�z  1~q 21 +Q2z�z � 1~q 22 +Q2z�z! �ui�(q1)  6p2s !�� vj�(q2)[I.F. Ginzburg, D.Yu. Ivanov (1996)℄[V.S. Fadin, D.Yu. Ivanov, M.I. Kotsky (2002)℄



12(0) zp1��zp1q0
= zp1��zp1q0 + ��zp1zp1q0��(0)VLq�q�� = gfV4N
 (t
0)ji �k(z) dz 24�vj�(q0 + p1�z)  6p2s 6p1!�� +  6p1 6p2s !��ui�(p1z + q0)35

(1)p
q = (1 a) + (1 b)

(1 b)p
q = +

[V.S. Fadin, D.Yu. Ivanov, M.I. Kotsky (2002)℄
T (q�q)
� = T (1a)
� + T (1b)
�T (1b)
� = \box diagrams"T (1a)
� = \other 
ontributions"
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(1) zp1��zp1q0

= (1) + (1) + (1 
)

(1 
) zp1��zp1q0
= + +
+ +

T (q�q)V = T (1�q)V + T (1q)V + T (1
)V
T (q�q) = T1 + T2 + T3T1 = T (1a)
� T2 = T (1
)V + T (1b)
� T3 = T (1�q)V + T (1q)VThe imaginary parts in T (1
)V and T (1b)
� 
an
el after the sum.



14Quark-antiquark-gluon intermediate state
p
q (0) (0) q0

zp1��zp1 + p
q (0) (0) q0

��zp1zp1
�VLq�qg = �qVLq�qg + ��qVLq�qg

(0) q0��zp1
= ��zp1 q0 + ��zp1q0 + ��zp1

q0��qVLq�qg�� = �g2fV4N
 �vj�(q2)  �2�z �~T~e a�+ z3 6e a?6T � 6p2s 6p1!�� �k(z) dzq2 = z2p1 + ~q 22z2 p2s + q2? momentum of 
ut antiquarkk = z3p1 + ~k2z3 p2s + k? momentum of 
ut gluonea = 2(~e a~k)z3 s p2 + ea? ; eak = 0 polarization of 
ut gluon
~T = 0� �z~q2 � z2~q(�z~q2 � z2~q )2 � ~q2�z~q 22 1A (tat
0)ji + 1�z 0B� ~k~k2 + ~q2~q 22 1CA (t
0ta)ji
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�
�Lq�qg = �2 eq g2Q �ui�(zp1)  �2 �~e a(~Tq�z � ~T�qz)�+ z3 (6Tq+ 6T�q) 6e a?� 6p2s !��vj�(q2) ;~Tq = 0BB� �z~q2 � z2~q(�z~q2 � z2~q)2 0BB� 1Q2 � 1Q2 + ~q 2z + ~q 22z2 + ~k2z3 1CCA� ~q2Q2 + ~q 22 �zz2z3 1Q2z2z31CCA (t
ta)ij+ 1Q2z2z3 0BB� ~kQ2 + ~k2�zz2z3 + ~q2Q2 + ~q 22 �zz2z3 1CCA (tat
)ij ;~T�q = (t
ta)ij 0BB� z~q2 � �z2~q(z~q2 � �z2~q)2 0BB� 1Q2 + ~q 22z2�z2 � 1Q2 + ~q 2z + ~q 22z2 + ~k2z3 1CCA+ ~q2Q2 + ~q 22z2�z2 1Q2zz2�z2� ~q2Q2 + ~q 22 �zz2z3 �zQ2zz2z31CA+ (tat
)ijz 0B� ~k~k2 0B� 1Q2 + ~q 22z2�z2 � 1Q21CA+ �zQ2z2z3 0BB� ~kQ2 + ~k2�zz2z3 + ~q2Q2 + ~q 22 �zz2z3 1CCA� ~q2Q2 + ~q 22z2�z2 1Q2z2�z21CCA ;[V.S. Fadin, D.Yu. Ivanov, M.I. Kotsky (2002)℄After 
onvolution and summation over Dira
 and 
olor indi
es of the 
ut an-tiquark and gluon, we get� eqg4fVQN
(2�)3+2" 1Z0 �k(z) dz �zZ0 dz3z3 d2+2"~q2 �(s� � �)�(~Tq ~T )(2�zz2 + (1 + ")z23) + (~T�q ~T )(z3(2z � 1)� 2z�z + (1 + ")z23)�The divergen
e for z3 ! 0 is 
ured by the �(s� � �):� = ~k2z3 + ~q 22z2 � ~q 2�! zmin3 = ~k2s�



16The 
ontribution to the impa
t fa
tor from q�qg intermediate state 
an be sep-arated in two terms: T (q�qg) = T4 + T5T4 = \divergent part for z3 ! 0 + s�-
ounterterm"T5 = \remaining part (here zmin3 
an be put equal to 0)"Final result for the NLA impa
t fa
torT (1)H = g2�[1� "℄ �Q2=�2�"(4�)2+" T (0)H [ ~�(z) + ~�(�z) ℄
~� (z) = CF" 2432 + (1� 2 z) (� � �zz)4 
 �z z ln 1 + 2 
� 2 z2 
� 1 + 2 z!� (� + �zz)4 
 �z z ln  2 
+ 12 
� 1!� (� � �zz)2 �z z ln  � + �zz� !35� �02 " + : : : ; 
 = q� + 1=4Double poles in " whi
h appeared in intermediate steps 
an
eled in the sum.Renormalization: ��s TH(z) = �s(�R)4� �0 24 1̂" + ln0��2R�2 1A35 T (0)H (z) ;

�
oll TH(z) = ��s(�F )2� 24 1̂" + ln0��2F�2 1A35 1Z0 du T (0)H (u)V (1)(u; z) ;The e�e
t of renormalization is given by the repla
ements�0" ! �0 ln0�Q2�2R1A ; CF" ! CF ln0�Q2�2F 1A :
TH(z; �; s0; �F ; �R)j�!0 = �S(�R) ��+ z�z 8<:1 + �s(�R)4� [�(z) + �(�z)℄9=;
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�(z) = CF ln�Q2�2F ��32 + (1� 2 z) (�� �zz)4 
 �z z ln�1 + 2 
� 2 z2 
� 1 + 2 z�� (�+ �zz)4 
 �z z ln�2 
+ 12 
� 1�� (�� �zz)2 �z z ln��+ �zz� ��� �02 ln�Q2�2R�+ nf ��59 + ln�3 �+ CF �� ln2 �2 � 3 ln��+ �zzz �+ 4 ln2�
� z + 12�� 2 ln�
� 12� ln�
+ 12�+ (�+ �zz)2� �z z �ln�+ 2 
 ln�2 
+ 12 
� 1��� (1� 2 z) (�+ �zz)2 
 �z z ln(1 + 2 
� 2 z)� (�+ �zz)2 �z z ln��+ �zz� �+ (�+ �zz)�z (�+ z) ln��+ �zz� z �+ (�+ �zz)2 
 �z z ��26 + ln 4 ln�+ 12 ln�1 + 2 
2 
� 1�+ 2 ln 
 ln�2 
� 14 �� ln2(2 
+ 1)� ln2 
+ 14 ln2�2 
+ 12 
� 1�� 2Li2�2 
� 14 
 �� Li2� 21 + 2 
��+ (�+ �zz)2 �z z � ln2 �2� 2 ln�
� 12� ln�
+ 12�+ ln2 � z��� ln2��+ �zzz �+ 2Li2� 2 z1� 2 
�+ 2Li2� 2 z1 + 2 
��� (1� 2 z) (�� �zz)2 
 �z z �ln� z4�+ 1� ln�2�+ (1� 2 
) z2�+ (1 + 2 
) z�� ln(4�+ 1) ln�2 
+ 12 
� 1�+ 2Li2�1� 2 
� 2 z1 + 2 
� 2 z�� Li2� 2 z1� 2 
�+ Li2 � 2 z1 + 2 
���+N
 �ln �s0=Q2� ln� (�+ �zz)2z2� �+ 209 � ln�3 + 12 ln2 � �zz�+12 ln2��+ �zz� �� 2 ln��+ zz � ln��+ �zz� z �� ln2��+ �zzz �+ 3 ln z ln��+ �zz� z �+2 ln2 z � (�+ �zz)2� �z z  z ln��z �+pz (4�+ z) ln z +pz (4�+ z)�z +pz (4�+ z)!!+ Li2� 2 z1� 2 
�+ Li2� 2 z1 + 2 
�+ 2Li2�� z2�+ �zz�� 2Li2 �� z��+ 3Li2 �� �zz� ��+ 1N
 "52 +��+ �zz�z z � 32� ln�+ 12 ln 4�(2 
� 1)2! ln�2 
+ 12 
� 1�+ 12 ln2 �1 + 2 
� 2 z2 
� 1 + 2 z�+ 
 (1� 2 z) (�+ �zz)�z2 z2 ln(1 + 2 
� 2 z) + (1� 2 z) (�+ �zz)�z2z ln� z�+ �zz�+ Li2� 2 z1 + 2 
�+ ln z ln��+ �zz� �+ (�+ �zz)4 �z2z2 �2 
 ln�2 
+ 12 
� 1�� ln��+ �zz� ��+ Li2� 2 z1� 2 
�� ��2 + � z � �z z3�2 �z z3 �2 ln�
� z + 12� ln�
+ z � 12�� 2 ln�
� 12� ln�
+ 12�+ ln�2 
+ 12 
� 1� ln�2�+ (1 + 2 
) z2�+ (1� 2 
) z�� ln � �z2 z2(�+ �zz)2! ln��+ �zz� �+2 ln��+ z� � ln� � z�+ �zz�� 2Li2 �� z��+ 4Li2� 2 z1� 2 
�+ 4Li2� 2 z1 + 2 
�� 2Li2 �� �zz� �+ 2Li2�� z2�+ �zz���
 =p�+ 1=4



18The 
�
� ! V V amplitude

�(q1)
�(q2)! �(p1)�(p2) ; s� Q21;2 � �2QCDs = (p1 + p2)2, photon virtualities: q21 = �Q21, q22 = �Q22� Longitudinally polarized ve
tor mesons are produ
ed by longitudinally po-larized photons; other heli
ity amplitudes power suppressed by � m�=Q1;2;� forward s
attering, i.e. zero transverse momenta of the produ
ed �mesons.In the BFKL approa
h with NLA a

ura
yIms (A) = s(2�)2 Z d2~q1~q 21 �1(~q1) Z d2~q2~q 22 �2(~q2) Æ+i1ZÆ�i1 d!2�i  ss0!!G!(~q1; ~q2)�1(~q1), �2(~q2) impa
t fa
tors for the 
�(q1)! �(p1), 
�(q2)! �(p2) transitions.The Green's fun
tion obeys the BFKL equationÆ2(~q1 � ~q2) = !G!(~q1; ~q2)� Z d2~q K(~q1; ~q)G!(~q; ~q2)Transverse momentum notation: ~̂q j~qii = ~qij~qiih~q1j~q2i = Æ(2)(~q1 � ~q2) hAjBi = hAj~kih~kjBi = Z d2kA(~k)B(~k)1̂ = (! � K̂)Ĝ! �! Ĝ! = (! � K̂)�1

K̂ = ��sK̂0 + ��2sK̂1 ; ��s = �sN
�With NLA a

ura
yĜ! = (! � ��sK̂0)�1 + (! � ��sK̂0)�1 ���2sK̂1� (! � ��sK̂0)�1 +O "���2sK̂1�2#
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�1;2(~q) = �sD1;2 �C(0)1;2(~q 2) + ��sC(1)1;2(~q 2)� D1;2 = �4�eqfVN
Q1;2qN2
 � 1

C(0)1;2(~q 2) = 1Z0 dz ~q 2~q 2 + z�zQ21;2�k(z)For the asymptoti
 distribution amplitude �k(z; �F ) = 6z(1� z),C(0) 0�� = ~q 2Q21A = 6� "1� �
 ln 2
+ 12
� 1#Basis of eigenfun
tions of the LLA kernel,K̂0j�i = �(�)j�i ; �(�) = 2 (1)�   12 + i�!�   12 � i�!h~qj�i = 1�p2 �~q 2�i�� 12 h� 0j�i = Z d2~q2�2 �~q 2�i��i�0�1 = Æ(� � � 0)A
tion of the full NLA kernel on the LLA eigenfun
tions:K̂j�i = ��s(�R)�(�)j�i+ ��2s(�R)  �(1)(�) + �04N
�(�) ln(�2R)! j�i+ ��2s(�R) �04N
�(�)  i ���! j�i�(1)(�) = � �08N
  �2(�)� 103 �(�)� i�0(�)!+ ��(�)
��(�) = �14 24�2 � 43 �(�)� 6�(3)� �00(�)� �3
osh(��)+ �2 sinh(��)2 � 
osh2(��) 0�3 + 0�1 + nfN3
 1A 11 + 12�216(1 + �2)1A+ 4�(�)35

�(�) = 2 1Z0 dx 
os(� ln(x))(1 + x)px 24�26 � Li2(x)35 Li2(x) = � xZ0 dt ln(1� t)t�0(�) = d�(�)=d� �00(�) = d2�(�)=d�2
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Ims (A)D1D2 = s(2�)2 +1Z�1 d�  ss0!��s(�R)�(�) �2s(�R)
1(�)
2(�) 2641 + ��s(�R)0B�
(1)1 (�)
1(�) + 
(1)2 (�)
2(�) 1CA+��2s(�R) ln ss0!0B���(�) + �08N
�(�) 264��(�) + 103 + id ln(
1(�)
2(�))d� + 2 ln(�2R)3751CA375j�i representation for impa
t fa
tors:C(0)1 (~q 2)~q 2 = +1Z�1 d � 0 
1(� 0)h� 0j~qi C(0)2 (~q 2)~q 2 = +1Z�1 d � 
2(�) h~qj�i


1(�) = Z d2~q C(0)1 (~q 2)�~q 2�i�� 32�p2 
2(�) = Z d2~q C(0)2 (~q 2)�~q 2��i�� 32�p2
1;2(�) = �Q21;2��i�� 12p2 �2[32 � i�℄�[3� 2i�℄ 6�
osh(��)
1(�)
2(�) = 1Q1Q2 0�Q21Q221Ai� 9 �3(1 + 4�2) sinh(��)32 � (1 + �2) 
osh3(��)id ln(
1(�)
2(�))d� = 2 " (3 + 2i�) +  (3� 2i�)�   32 + i�!�   32 � i�!� ln (Q1Q2)#C(1)(~q 2) = 1R0 dz ~q 2~q 2+z�zQ2�k(z)� �14 ln � s0Q2� ln � (�+z�z)4�2z2�z2 �+ �04N
 �ln ��2RQ2�+ 53 � ln(�)�+ : : :�
(1)1;2(�) = ~
(1)1;2(�) + �
(1)1;2(�)~
(1)1 (�)
1(�) + ~
(1)2 (�)
2(�) = ln s0Q1Q2!�(�) + �02N
 24ln0� �2RQ1Q21A+ 53+  (3 + 2i�) +  (3� 2i�)�   32 + i�!�   32 � i�!#



21Numeri
al results: Q21 = Q22 � Q2
1. Naive validity range of the BFKL approa
h: 1 = ��s(Q2) ln � sQ2�Y � ln � sQ2�
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222. s0-dependen
e of the LLA amplitude
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233. �R-dependen
e of the LLA amplitude
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244. perturbative vs full result of the LLA amplitude
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255. NLA vs LLA amplitude \without" IF 
orre
tions1D1D2ImsA [GeV�2℄ vs Y at Q2 = 24 GeV2, s0 = Q2
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Here and in the following, \without" or \no" IF 
orre
tions means with ~
1 and~
2 put equal to zero.6. NLA \without" IF 
orre
tions: s0-dependen
e1D1D2ImsA [GeV�2℄ vs Y at Q2 = 24 GeV2
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267. 
omplete NLA amplitude: large negative 
orre
tions!1D1D2ImsA [GeV�2℄ vs Y at Q2 = 24 GeV2, s0 = Q2
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8. �R-dependen
e of the NLA amplitude1D1D2ImsA [GeV�2℄ vs Y at Q2 = 24 GeV2, s0 = Q2
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27\Honest" NLA approximation:1D1D2 ImsAs = 1(2�)2 ��s(�R)2� �b0 + ��s(�R) b1 �Y + d1�+ ��s(�R)2 b2 �Y 2 + d2Y �+ : : :�Y � ln sQ2No s0-dependen
e!E.g. Q2 = 24 GeV2b0 = 0:711099 b1 = 1:44133 b2 = 1:69837 b3 = 1:37758 b4 = 0:864446b5 = 0:44041 b6 = 0:189497 b7 = 0:0704701 b8 = 0:0231031d1 = �3:71085 d2 = �11:3057 d3 = �23:3879 d4 = �39:1123d5 = �59:2071 d6 = �83:0365 d7 = �111:151 d8 = �143:06
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Possible 
ures? BLM, PMS, ...?There are indi
ations that a large, \unnatural" value for the renormalizations
ale �R should be used (�R = O(10)Q).



28Con
lusions (I)� Up to power suppressed 
orre
tions, both in LLA and in NLA, the 
� ! Vimpa
t fa
tor fa
torizes into the 
onvolution of a perturbatively 
al
ulablehard-s
attering amplitude TH and a meson twist-2 distribution amplitude.TH has been determined in the NLA by 
al
ulating 
ut diagrams withe�e
tively no more than two-parti
le intermediate states.� As it should be, 
an
ellation o

urred of the soft infrared divergen
esbetween the \real" and the \virtual" parts of the radiative 
orre
tions.Collinear infrared divergen
es have been absorbed into the de�nition ofthe distribution amplitude.� A 
lose analyti
al expression for the impa
t fa
tor has been obtained.Con
lusions (II)� After 
onvolution with the Green's fun
tion of two intera
ting Reggeizedgluons, the 
omplete amplitude for the 
�
� ! V V pro
ess 
an be writtenentirely within perturbative QCD in the NLA.� The 
orre
tions 
oming from the NLA impa
t fa
tors are large.� The s0-dependen
e disappears in the \honest" NLA approximation; it sur-vives and is large in the exponentiated form of the amplitude.� In the \honest" NLA approximation the perturbative series is a�e
ted bylarge and negative NLO 
oeÆ
ients, whi
h may be possibly dumped by asuitable 
hoi
e of the renormalization s
heme.


