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Introduction

Scattering A+ B — A’ + B’ in the Regge kinematical region s — oo, t fixed

BFKL approach: convolution of the Green’s
function of two interacting Reggeized gluons
and of the impact factors of the colliding par-
ticles.

Valid both in
LLA (resummation of all terms («;In(s))")
NLA (resummation of all terms «;(a;1n(s))").

e The Green’s function is determined through the BFKL equation.

The kernel of the BFKL equation is completely known in the NLA for the

forward (¢t = 0) case.
[V.S. Fadin, L.N. Lipatov (1998)]
[G. Camici, M. Ciafaloni (1998)]

In the non-forward case it is completely known for the octet color repre-
sentation, relevant for the “bootstrap”.

Recently, also the last missing piece for the singlet representation has been

determined, that from Reggeon-Reggeon — gluon-gluon.
[V.S. Fadin and R. Fiore (2005)]

e Impact factors have been calculated in the NLA for
colliding partons [V.S. Fadin, R. Fiore, M.I. Kotsky, A.P. (2000)]
forward jet production [J. Bartels, D. Colferai, G.P. Vacca (2003)]



Among the colorless impact factors, the most important is certainly the v* — ~*

impact factor. Its calculation is rather complicated and so far only partial
results 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 impact factor for the v* — V transition, V = p°, w, ¢, is considered.
The large photon virtuality Q? provides the hard scale for the application of
perturbative QCD.

The calculation is simpler than for the v* — +* case and a closed analytical
expression can be achieved in the NLA.

Theoretical interest:

for the first time the amplitude of a physical process, v*v* — VV, can be
written completely within perturbative QCD and with NLA accuracy
(for the LLA case, see [B. Pire, L. Szymanowsky, S. Wallon (2004)])

— possibility to understand the role and the optimal choice of energy scales
in the BFKL approach;

— comparison between different approaches, such as BFKL and DGLAP.

Phenomenological interest:

first step toward the application of the BFKL approach to the description of

® v'p — Vp, carried out at HERA;

e v'v* = VV or vy — V.J/¥, which can be studied at high-energy e"e~ and
ey colliders.



The v* — V impact factor

BFKL approach for the amplitude of the process AB — A’'B’
A, B, A', B' colorless particles

Vs — oo, fixed momentum transfer A ~ A
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D =4 + 2¢ (for both UV and IR divergences), sy energy scale parameter

The Green’s function obeys the (generalized) BFKL equation
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In this kinematics the impact factor can be calculated in the collinear factor-

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 helicity amplitude is v; — V.

Factorization, both in LLA and in NLA, in the convolution (here, ®,:_,y, is the
unprojected impact factor)

dre, o
qD’yi—)VL(aa 50) = _];J/v—v / dz TH(Za &, S0, UF, MR) ¢||(Za :uF)
CQ 0
(72
fvﬁQOOMeV, OZI@

Ty hard-scattering amplitude, perturbative series in as(ug), u% ~ Q?, ¢*

¢||(2) meson twist-2 distribution amplitude
1
(O[T (0)7" T (y)[Vi(p1)) o0 = fy P [dze ™9 ¢ (2, )
0

(path-ordered gauge factor between quark operators implied)

The distribution amplitude has the meaning of probability amplitude to find a
meson in a state with minimal number of constituents — quark and antiquark
— when they are separated by small transverse distances, r;, ~ 1/ug

p2 ~ @Q?, g? factorization scale

2z, Z =1 — z longitudinal momentum fractions carried by quark and antiquark
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The distribution amplitude defined by

1
(O (0" W ()| VE(p1))y2 0 = Fr P [dz e gy (2, up)
0

is a non-perturbative function, but its dependence on ur is perturbative

2 Ao (2, pr)

F dp

1
/sz o1 (2, pr)dz'
0

_ 1
Local limit y — 0, ¥4*¥ conserved current — [ dz ¢|(z, ur) renorm-invariant;
0

1
[ dz ¢|(z, pr) = 1 is our convention for fy.
0

Evolution kernel known up to the second order:

Vi(z,2') = aS(ﬂF)V(l)(z, 2') + (ozs(up)) V(Q)(z, 2+

2m 2T
1—2z z
1
V(z,2) = Cp [ (1—|—Z_Z,>9(z—z)—|—;<1+Z,_Z>9(Z’_z) .

Cancellation of divergences:

Ty calculated for bare ag and meson distribution amplitude qbﬁo)(z)
— UV and IR divergences, common parameter ¢

UV divergences disappear after coupling constant renormalization (MS)
[ os(ur) , (1 AN
s = 1 1
as = as(pr) [ + Ar — b0 ( +In (,u J

11N, 2n;
3 3

1 1
5(): , 7:—+’)/E—111(47T)
g 19

IR divergences
soft: cancel in the sum of “virtual” and “real” parts of radiative corrections

collinear: absorbed into the definition of the distribution amplitude (MS)

) = o) = 2 (L (1)) [0, 0



Impact factor in the LLA

dk
Py = —i oy — Disck Ay rovir

@m)'8'(p+q—p1 — @) Aprovr = [ d'we” e, (V(p) R J4, (2)| R)

Jh = —e,Uy"U

Diagram (a):
(271')454(19 +q—p1— q’)A(ﬁ)R_,VR, = —eq(z'g)2 / dizdiydty,e PP —ilay)+ild'y)

| — ]52

x (£1°),; eu(V (1) T Fi(xw ()T (y) 22 0(y) () ’%f( >] 0)

Translational invariance, color neutrality of the meson, Fierz identity

— (V(p1) [T, (2) W (y)[0) = @V (p1)[T, (2 — y)T%(0)[0)

= e V)T~ B O0) + )

Other Fierz structures:

e even number of v’s — chiral-odd quark-pair — no contribution (chirality
conserved in massless limit)

® 7,7; — twist-3 (important for transverse VM production, suppressed by

my /Q)
[P. Ball, V.M. Braun, Y. Koike and K. Tanaka (1998)]
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9?0 d*lydilad* (z — y)

(a) _ A i (o
Avrovr = ~ g T (I — Iy — g)e P+ E=v)
h v L P u] _
o . V(z — v .
X Sp [ﬁ/l% +i€e s 13 +ie s Y (VL (p1) ¥ (z — y)7,¥(0)]0)

Leading power asymptotics from the region (z — y)? — 0, where

1
(Vi (1) [ ()79 (0)[0),2s0 = frpll [ dze™ PV (2)
0

a € 5ec )
— A(y*)R—WLR’ = qg fV /d 2¢) (2 )/d4ll54(P12 —p—h)

| 11 @ h—d ¥ |
8 Sp[¢l%+ies(ll—q)2+ies IJ'

The hard-scattering amplitude is calculated for on-shell quark and antiquark
momenta, p;z and p;Zz.

The k-channel discontinuity comes only from the antiquark cut

1
—DK =6((lh—¢q)*) =9 —p—q)}) =6(Zk — 2q*
s Diseu i = 8((h = 9)%) = 8((pz = p — 0)") = (3K = 27
@  _ eqg” frro® (ep1) 1al
=V — o IN Q2 / Z¢||(Z)
¢ 0
only longitudinal photon polarization er, = %p—l— 2%02 — 2%02

Taking into account also diagrams (b), (c), (d), one gets

-2

a q

T(O)zozs =« o= —
H ( s &4y Oa:uFa:uR) SCY Zz’ Q2

By collinear factorization, some fermion lines are effectively put on mass-shell;
in practice

two-particle states — one-particle state

three-particle states — two-particle states
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Impact factor in the NLA

qq intermediate state qqg intermediate state

TI(}) — 7D 4 7ladg)

Quark-antiquark intermediate state

r

p p p

q q q
0 _ - 1 1 22N
Viad — 2e49Q(1%)ij22 <q~12 T Q%2 - 72+ Q222> Ui (q1) (?)aﬁ Uﬂ(‘h)

[I.F. Ginzburg, D.Yu. Ivanov (1996)]
[V.S. Fadin, D.Yu. Ivanov, M.I. Kotsky (2002)]
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JBr - T

[V.S. Fadin, D.Yu. Ivanov, M.I. Kotsky (2002)]

Tv(lb) = “box diagrams”

TV(}@ — “other contributions”



T‘(/q(j) — T‘(/hj) + T‘(/IQ) + TV

(1e)

13

T =Ty + Ty + Tj
T, = T T, =1 + 1

(1e)

T3 — T‘(/IQ) + T‘(/IQ)

The imaginary parts in 7y, ’ and Tvqb) cancel after the sum.



Quark-antiquark-gluon intermediate state

. Zp —Epl

O Jorom oy
| —zp1 | 2Py
| | J

FVqug FVqug + FVqu’g

14

q
—Zp1
’ ;jj\iﬁ‘ + AVV\E\??zzpl 4
q q /
q
Viaas) 942]{7‘:5%@2) ({22 <T ) + 23 ?ﬁﬂ % ﬁl)ﬁa o(2z) dz

=2
29p1 + 92 P2 +qo1 momentum of cut antiquark
29 S
k2 P2
z3p1 + —— + k1 momentum of cut gluon
Z3 S
2(e%%
( )pg +ef, ek=0 polarization of cut gluon
Z3 S

- 2 — G & L[k &) ..
T = ((z(j2 =i )? — ‘(j?> (tatc )]Z + E ( + ﬂ) (t° ta)ji
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Lyiagg = —2¢€4 g’ Qﬁ’a(zpl) ([2 <€a(fq5 - H{I )) + 23 (Zy+ 75) ﬁﬁ} ?)aﬂj(q?) ;

‘jQ 1 cqa
_ — tt)~'

a2z ()2 ( L
) Q@ +150 2223)

|

)

7o Zp—»g |1 1
q — JE— N N
(2 — 20 @ Q2+ T +Z 4 E
1 k &
+ o ()i »
e e
- Z(fg — 22(7 1 1 (jg 1
Tq— = (tcta)ij = — _ _ +
(e — 20 \ @2+ L Q@+ L+ BB @2y L Qhas
& z (£1¢); E 1 1
QQ + 32222 Q222923 z Q2 + ZZQZQ Q?
N ( L@ @ 1
2 k2z 9 | G3Z 2 s ()2
Q 243 Q2 + ;223 Q + 22223 Q + 2’222’2 Q Z2Z2

[V.S. Fadin, D.Yu. Ivanov, M.I. Kotsky (2002)]

After convolution and summation over Dirac and color indices of the cut an-

tiquark and gluon, we get

qu fVQ dZ3 2+2€_)
_ 27T 3+2€/ ¢|| dZO/ o d Q(SA — li)
[T (23(22 — 1) = 222 + (1 + £)23)|

{(qu)(%zg +(14)22) + (

The divergence for z3 — 0 is cured by the 6(sy — k)
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The contribution to the impact factor from ¢gg intermediate state can be sep-
arated in two terms:

T(eq9) — T, + T

T, = “divergent part for z3 — 0 + sj-counterterm”

min

Ts = “remaining part (here z§"" can be put equal to 0)”

Final result for the NLA impact factor

g°T[1 — €] (@°/u*)
(47)2+=

N

Ty = T [7(2) +7(2)]

%(2):% §+(1—22)E05—52) 1n<1—|—20—2z>_(a+_22)1n(20—|—1>
e |2 4ezz 2ce—14+2z 4ezz 2¢c—1
2z 2 o J 2¢e

Double poles in ¢ which appeared in intermediate steps canceled in the sum.

Renormalization:

A Ty ) = 25 [+ m (4]

AN Ty(2) = —asé'er) E +In (ﬁ)] /1du TO (W) VO (y, 2)

The effect of renormalization is given by the replacements

@—)BOIH(Q—;) , &%CFIH(Q—;).
€ HER £ HF

Ti 3.t = astin) 2 {1+ S0 ) 4+
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The v*v* — VV amplitude

Y (q1)v*(q2) = p(p1)p(p2) s> Q5> Mjep

s = (p1 +p2)?, photon virtualities: ¢¢ = —Q?, ¢35 = —Q3

e Longitudinally polarized vector mesons are produced by longitudinally po-
larized photons; other helicity amplitudes power suppressed by ~ m,/Q1 2;

e forward scattering, i.e. zero transverse momenta of the produced p mesons.

In the BFKL approach with NLA accuracy

s dq L gL Y
Img (A) - (271')2/ %21(1)1(611)/—*—22(1)2((—’2)6 o <_> GW(QLQQ)

®1(q1), P2(q2) impact factors for the v*(¢1) — p(p1), v*(¢2) — p(p2) transitions.

The Green’s function obeys the BFKL equation
(G — @) = wGuld, @) — [ AT (G,9) Guld, @)

Transverse momentum notation:

(@l@) =02(G — @) (AB) = (Alk)(k|B) = [ d*kA(k)B(k)

1= (w—K)G, — Gy = (w—K)™!
> > > ch
K =a,K'+a’K", G, = =
s

With NLA accuracy

A

G = (w— O_ésffo)_l 4 (w— O_ésf(o)q <@§K1> (w— &SKO)—I +0 l<&§f(1>21



. _ 5 4re
D15(9) = oy D1y |C13(@) + G, C13(T?) Dy = - alV Nr
NeQ12
Cl 2( ) 0/ g2+ ZEQQ ¢||(Z)
For the asymptotic distribution amplitude ¢|(z, ur) = 62(1 — 2),
.
O (o ) Zgalie @ 20“]
C (oz Q2) 6« S no—
Basis of eigenfunctions of the LLA kernel,
. . .
K =x)w), @) =200~ (5 +iv) =6 (5~ iv)
1 _oyiv-1 d?q | oy iv—iv'—1
<ﬂ”>:m/§(q ) <V'\V>:/ﬁ(q ) = (v =)
Action of the full NLA kernel on the LLA eigenfunctions:
SN = 9 (1) Bo 2
RI) = alumx@)ly) +a2(un) (x0) + o) i) ) )
+ @) S () (i) )
) == (20) - ) - i) + X0
1 [7r2 —4 3
_ _ = —6C(3) — 1" .
X(V) 4 [ 3 X(V) C( ) X (V) COSh(ﬂ'V)
72 sinh(7v) ng\ 11+ 1202
3 1 4
2 v cosh?(7v) ( - ( Ng’) 16(1 + 1/2)) i ¢(V)]
1 2 T
cos Vln [7r . W . In(1 —¢)
- L § Lis(z) = — [dt "

0

X' (v) = dx(v)/dv X'(v) = dx(v)/dv?

19
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Im, (A) S +/°°dy ( s >ds(uR)X(u) ozg(uR)Cl(V)C?(V)

D1D2 (27‘(’)2_00

C(l) 14 Cgl) 14
1+, (1r) ( cll((y)) n c2<(y)))

01(1/)
— S _ BO 10 -dln(@l/)
+a2(u) n (2 (x<v>+8NCx<v> ~X(0) + 5 i 4 2In()
lv) representation for impact factors:
C(O) q*Q +00 C(O) (72 +00
e = [ avet) aw
o\ iv—3 o\ —iv—3
[ e 0oy (@) [ 0oy (@)
aW) = [ 47 @) av) = [ #7670

o) - (@) TG k] 6r
c v)=
1,2 V2 T3+ 2iv]cosh(mv)

o1 (V)es(v) = — (Q?)i” 0 73(1 + 4v?) sinh(mv)

T Qi@ \Q3) 320 (1 + v2) cosh®(7v)
dln(24%) | | 3 3
(e)_y [¢(3 +2i0) + (3 — 2iv) — ¢ (5 4 21/) 3 (5 - w) 1 (Q1Q2)]

(1) (1) 2
a'(v) &'(v) _ n[50 y Bo [n( KR ) o
i =1 (Ql 2> () + 2N, [l @1Q2 T3

n ¢(3+2w)+¢(3—2w)—¢<g+w>—¢<;—w>
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Numerical results: Q? = Q3 = Q?

1. Naive validity range of the BFKL approach: 1= &,(Q?)In (é)

Y =In (Q—)

Q[GeV]



2. sp-dependence of the LLA amplitude

0.5

I
w

1/(D,D,)* Im A/s [GeV ]
o
N

o
[

0.0 ©

o
~

s,~dependence; LLA BFKL, Q °=5 GeV’, uZR:Q2

Y=log(s/Q 2)

22



3. ur-dependence of the LLA amplitude

H,—dependence; LLA BFKL, Q°=5 GeV’, s,=10 Q°

o
N
\

1/(D,D,)* Im Als [GeV ]
o
il

0.0

Y=log(s/Q 2)

23



4. perturbative vs full result of the LLA amplitude

LLA BFKL vs pert. expansion; Q°=5 GeV’, s,=10 Q" HZR:Q2

0125 LA O L L B B T L B {——— T
011 -
—— LLA BFKL
O.lOg LO
0.09 - 1st order
NI — 2nd order
> 0'08§ —— 3rd order
v :
O, 0.07 4th order
(Y —— b5th order
< 0.06 -
E
x 005 -
o
= 003
0.02 -
0.01 _
Ooot\\\\
1 2 3 4 5 6

Y=log(s/Q 2)
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5. NLA vs LLA amplitude “without” IF corrections

—D11D2ImS.A [GeV™2] vs Y at Q* = 24 GeV?, 55 = Q*

0. 008+

0. 006
LLA

0. 004

0. 002

NLA - no | F

-0. 002}

Here and in the following, “without” or “no” IF corrections means with ¢; and
¢s put equal to zero.

6. NLA “without” IF corrections: sy;-dependence

g LmsA [GeV™? vs Y at Q° = 24 GeV?

0. 006

0. 004

0. 002

-0. 002}




7. complete NLA amplitude: large negative corrections!

—D11D2Ims.,4 [GeV™2] vs Y at Q* = 24 GeV?, 55 = Q*

0 NLA - no | F |
-0.01;
-0. 02
-0.03
-0. 04
1 2 3 4 5 6
Y

8. ur-dependence of the NLA amplitude

ﬁlms./l [GeV 2] vs Y at Q> =24 GeV?, 57 = Q>

ur=10 ¥

ur=Q¢

-0. 02

, ur=CQ /2
-0. 04
-0. 06
-0. 08/

-0.1
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“Honest” NLA approximation:

1 Zm,A 1

_ =~ 2
D1D2 S N (271')2a (MR)

X [bo + a,(pg) by (Y + d1> + a,(pg)? by <Y2 + d2Y> + .. }

S
YEID@

No sp-dependence!
E.g. Q?> =24 GeV?

bp = 0.711099 by = 1.44133 by =1.69837 b3 =1.37758 by = 0.864446
b; = 0.44041  bg = 0.189497 b; = 0.0704701 bg = 0.0231031

dy = —3.71085 dy = —11.3057 ds = —23.3879 dy = —39.1123
ds = —59.2071 dg = —83.0365 dy = —111.151 dg = —143.06

-0.05
-0.1;
-0.15;

-0.2

Possible cures? BLM, PMS, ...7

There are indications that a large, “unnatural” value for the renormalization
scale ur should be used (ur = 0(10)Q).
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Conclusions (I)

e Up to power suppressed corrections, both in LLA and in NLA, the v* -V
impact factor factorizes into the convolution of a perturbatively calculable
hard-scattering amplitude 7y and a meson twist-2 distribution amplitude.
Ty has been determined in the NLA by calculating cut diagrams with
effectively no more than two-particle intermediate states.

e As it should be, cancellation occurred of the soft infrared divergences
between the “real” and the “virtual” parts of the radiative corrections.

Collinear infrared divergences have been absorbed into the definition of
the distribution amplitude.

e A close analytical expression for the impact factor has been obtained.

Conclusions (II)

e After convolution with the Green’s function of two interacting Reggeized
gluons, the complete amplitude for the v*v* — V'V process can be written
entirely within perturbative QCD in the NLA.

e The corrections coming from the NLA impact factors are large.

e The sy-dependence disappears in the “honest” NLA approximation; it sur-
vives and is large in the exponentiated form of the amplitude.

e In the “honest” NLA approximation the perturbative series is affected by
large and negative NLO coefficients, which may be possibly dumped by a
suitable choice of the renormalization scheme.



