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The v*~* — V V forward amplitude

Introduction and Motivations

Scattering A + B — A’ 4 B’ in the Regge kinematical region s — oo, t fixed
@ BFKL approach: convolution of the Green’s A p A
[

function of two interacting Reggeized gluons %’H}

and of the impact factors of the colliding
particles.

@ Valid both in
LLA (resummation of all terms (as In(s))") )
NLA (resummation of all terms as(as In(s))"). B 222

@ The Green’s function is determined through the BFKL equation.
[Ya.Ya. Balitsky, V.S. Fadin, E.A. Kuraev, L.N. Lipatov (1975)]

@ 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)]
@ ... and for the non-forward (t # 0) case [V.S. Fadin, R. Fiore (2005)]
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The v*~* — V V forward amplitude

@ Impact factors have been calculated in the NLA for

colliding partons [V.S. Fadin, R. Fiore, M.I. Kotsky, A.P. (2000)]
[M. Ciafaloni and G. Rodrigo (2000)]
forward jet production [J. Bartels, D. Colferai, G.P. Vacca (2003)]

@ Colorless NLA impact factors

@ " — ~", close to completion
[J. Bartels, D. Colferai, S. Gieseke, A. Kyrieleis (2002)]
[V.S. Fadin, D.Yu. lvanov, M.l. Kotsky (2003)]
[J. Bartels, A. Kyrieleis (2004)]
e v — V,withV = p° w, ¢, forward case
[D.Yu. lvanov, M.I. Kotsky, A. P. (2004)]
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The v*~* — V V forward amplitude

The (forward) v*+* — V V amplitude is the first amplitude of a physical process
completely calculable within perturbative QCD in the NLA.

(For the Born non-forward case, see [B. Pire, L. Szymanowsky, S. Wallon (2004)];
for the LLA case and for an estimated NLA result, see [R. Enberg, B. Pire,
L. Szymanowsky, S. Wallon (2005)])

@ Theoretical importance:

e possibility to understand the role and the optimal choice of energy
scales in the BFKL approach
@ comparison between different approaches (BFKL vs. DGLAP, etc.)

@ Phenomenological interest:

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

e v*p — Vp, at HERA

° y*y* =V V ory*y — VJ/V, at high-energy e"e~ and e~ colliders
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Kinematics and BFKI
Th

of the BFKL amplitude

Kinematics and BFKL amplitude

Y (P (P") = V(P1)V(P2)

Pi=p5=0, 2(p1p2) =s
(p1 and p, Sudakov vectors)

virtual photon momenta:

2 2
ppr— Bpy,  ppr— 2p

s> Qf, > Nacp

@ Longitudinally polarized vector mesons are produced by longitudinally polarized
photons; other helicity amplitudes power suppressed by ~ m,/Q; »;
[D.Yu. Ivanov, M.1. Kotsky, A. P. (2004)]

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

Ims(A)= (zi)z/ ¢1(Q1,50)/ 42 (G2, S0) 6/ o (i)wew(qlﬁz)

§—ioco
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The v*~* — V V forward amplitude

* — V impact factor

ations of the BFKL amplitude

1 =2
@ Leading order (photon virtuality Q2):  C(O(§?) = [dz = f 757 011(Z, 1F)
0

1
@ Next-to-leading order: C(1)(q?) = 23— 0z = ZZQZ [r(z) + (1 — 2)I¢y(Z, 1)
0

(z)

#(z, ) is the twist-2 meson distribution amplitude — qbﬂs(z) =6z(1-2)
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impact factor
Representations of the BFKL amplitude

Representations of the BFKL amplitude

Tms (A oo as(pr)x(v)
/ du( ) 02(r)C1 (¥)Ca(v)

1+ as(pr) (Cl

ci(v)
+afumm () (50) + ) {—x<u>+ oMt +2ln(ué)m

— 2= C:E_O)(az) (az)il/_% - 2= Céo)(GZ) (62)—iu—%
_/d q ﬂiz)ﬂ_i\/é CZ(V)—/d q (62) ﬂ_\/é

(analogously forc (1/) and c( )( )

s () = 2stimite xw) =20(1) —w (3 +iv) v (-

If only the “allowed” terms in the NLA are kept, (as In(s))") and as(as In(s))", the
dependence on sg and ug disappears.
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“ — V V forward amplitude

@ Series representation for the amplitude

gigj Sl ﬁo‘s(”)z {bo + gc‘vs(uR)” bn (m (%)
s antsommn ()]
e LLA
le)an = / dI/Cl(l/)CZ(l/)Xnn(!y)
o NLA -

dn="complicated v-integral, containing the NLA impact factors in
the v-representation, cilg and the NLA BFKL kernel eigenvalues”
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BFKL amplitude
impact factor
Representations of the BFKL amplitude

@ Exponentiated form of the amplitude

Tms(A) s . (s EsERXEER) (X x([x()+ §])
el = f V(f) aZ(ur)er(v)ea(v)
D1D2 (27T)2 So

—oo

W)y W) s\ 8 dIn(2d)
1+a 9 W% WL segem () 2o S O LD
|2t ) (4 2 ) 4 a2y n () ) (120 2
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Evidence for large NLA corrections

“Pure” BFKL regime

Qi=Q2=0Q “pure” BFKL regime

LLA: b, coefficients (Q-independent)

bo = 17.0664 by = 34.5920 b, = 40.7609 bz = 33.0618 b, = 20.7467
bs = 10.5698 bg = 4.54792 by = 1.69128 bg = 0.554475

NLA: dn(so, ur) coefficients (sp = Q? = u2, nf = 5)

d; = —3.71087 d, = —11.3057 ds = —23.3879 ds = —39.1123
ds = —59.207 dg = —83.0365 d; = —111.151 dg = —143.06

NLA: d/™(so, ur) coefficients (s; = Q2 = %, impact factor contribution)

d™ = -3.71087 d)™ = -8.4361 dy®=-131984 d,"’ = -18.0971
dg"® = -23.0235 dg""=-27.9877 d;"° =-32.9676 d'mp = —37.9618

@ Large NLA corrections!

@ Optimization of the perturbative expansion needed!
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Evidence for large NLA corrections
PMS method

Pure” BFKL regime FAC method

PMS method

@ Principle of minimal sensitivity (PMS) [P.M. Stevenson (1981)]:
require the minimal sensitivity to the change of both sy and ug.

@ Strategy: for each fixed s calculate the amplitude for varying sg at fixed ug and
viceversa, up to finding the optimal values for which the amplitude is least
sensitive to variations of them.

@ In practice, there are wide regions in sy and ur where the amplitude is very
weekly dependent on sg and ug.
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Evidence for large NLA corrections
PMS method
FAC method
BLM method

“Pure” BFKL regime

Comparison 1 an approach k on collinear imprc

PMS method - Series representation

Q% ImsA 1 2 < .
= b "b Y —Yo)"+dn(So, Y —Yo)"
DD, s (zﬁ)zas(“R) 0+n§1aS(MR) n | ( 0)"+dn(so, ur)( o)
S So 0.07 LLA, Y0=2.2, Hz=10Q
Y=In|— Yo=Ih| =
n(Q2> 0 n<Q2> 0.06
0.05
0.04
Q% ZImsA 0.03
5.5, s VSY o [
0.01 / Born, uz=100
Q?%=24 GeV?,n; =5 s - . . oy
Lessons

@ The Born approximation does not give necessarily the estimate from below

@ The optimal values for ug are “unnaturally” larger than Q
(new scale or nature of the BFKL series?).
[D.Yu. Ivanov, A. P. (2005)]
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Evidence for large NLA corrections
PMS method
FAC method

“Pure” BFKL regime

exp. rep’n
0.06
2 0.05
Q% ImsA vs Y
D1 Dy s .04
0.03
2_ 2 series rep’n
Q=24 GeV4, nf =5 0.02
0.01
Y

@ Rough agreement with the PMS method applied to the series representation.

@ The optimal value for ug is slightly smaller than in the previous case.
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Evidence for large NLA corrections
PN

FAC method

BLM method

Comparison approacl on collinear impro

“Pure” BFKL regime

FAC method

@ Fast apparent convergence (FAC) [G. Grunberg (1980)]:
require that the NLO corrections identically vanish.

@ Strategy: for each fixed Y calculate determine the line of Yo and ug values for
which the NLO corrections cancel; then, the optimal values of Y, and ug along
this line are chosen according to “minimum sensitivity”.
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Evidence for large NLA corrections
PM d

FAC method

(=]H) ho

“Pure” BFKL regime

Compe ith an approach based on collinear impro

FAC method - Series representation

Q2 ImsA 1

a5+ s (un) o (VYo (0. )Y o))

2
D1D2 S (271') 1
0.05 PMS
Q2 ImsA 0.04
5D, s vs Y
0.03
FAC
Q2=24 GeV2, n; =5 0-02
0.01
Y
2 4 6 8 10

@ Despite the very different strategy, FAC and PMS give quite consistent results
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Pure” BFKL regime FAC method

BLM meth:

Compariso h an approach based on collinear impro

FAC method - Exponentiated representation

+oo _ 10
Zms (A s s\ @s(er)x()+32(1R) (V)+8N X0 [=x()+ ]
Zms (Ania) _ / ( ) ( > ad(pr)er(v)ea(v)

D1D2 - (271')27 g
Dy Wy din(2)
x {”‘_"5(“” (cél((u)) * Cczz((y))> + &(ke)in (%) X (Idj() +2'”(“§)>}

+o00 _
Zms (ALia) _ s / d ( s )("S(#R)X(V)
DD,  (2m)? v So

al(ur)er(v)cz2(v)

Ims (Anta) = Zms (Apia) + {Ims (AnLa) — Ims (ALLA):|

0.05
PMS - series rep’n
0.04 2 ImSA
LDlDZ s VvsY

0.03
0.02 P 2 _

FAC - exp. rep’n Q=24 GeV4, nf =5
0.01

Y
2 4 6 8 10
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rge NLA corrections

“Pure” BFKL regime

ith an approach based on collinear improvement

BLM method

@ [S.J. Brodsky, G.P. Lepage, P.B. Mackenzie (1983)] optimization method:
perform a finite renormalization to a physical scheme and then choose the
renormalization scale in order to remove the 3p-dependent part.

Strategy (applied to the amplitude in the series representation only):

@ finite renormalization to the MOM-scheme (£=0)

«
as — as {1 + Tmom (€ = 0)78]

Twom (€ = 0) = TEZy + Thiom

Nc 17 2
Tiom = 5 ! Toom = —% [1+ gl} | ~ 2.3439

@ Y, and ug chosen in order to make the term proportional to 3y in the resulting
amplitude vanish (the By-dependence in the series representation of the
amplitude is hidden into the dn coefficients)

@ optimal values for Y, and pg determined according to “minimum sensitivity”
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Evidence for large NLA corrections

n 0
FAC method

“Pure” BFKL regime

BLM method
Comparison with an approach based on collinear improvement

0.06
BLM (MOM, &£=0)
2 0.05
Q% ImsA

D1D, ) vsY 0.04
0.03

Q2=24GeV?,n; =5 0.02
0.01

Y

@ Drawback: for each given Y, Y “wants” to be as large as Y .
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BLM method
Comparison with an approach based on collinear improvement

“Pure” BFKL regime

Comparison with an approach based on collinear
Improvement

[R. Enberg, B. Pire, L. Szymanowsky, S. Wallon (2005)] made an estimate of NLA
effects for the same amplitude, using the following ingredients:

@ LO impact factors for the v* — V transition;

@ BLM scale fixing for the running of the coupling in the prefactor of the amplitude;
the BLM scale is found using the amplitude with NLO v* — V impact factors and
two-gluon exchange;

@ RG-resummed BFKL kernel; the resummation is performed on the LLA BFKL

kernel at fixed coupling
[V.A. Khoze, A.D. Martin, M.G. Ryskin, W.J. Stirling (2004)]
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Evidence for large NLA corrections

metho
FAC method

“Pure” BFKL regime

BLM met
Comparison with an approach based on collinear improvement

0.1
J ) 0.05
(e H —_
dt i in pb - GeV 0.02
1l
0.01
0.005
2— 2 —
Q=16 GeV* —, ns =4 0,002
0.001
0 260 400 600 800 ToooVs [GeV]
200
100
50 2 2
20 «— Q=4 GeV4, ns =3
10
5
) Courtesy R. Enberg for the

1 curves in red.
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“Collinear factorization” regime

“Collinear factorization” regime

v*(Q1)7y*(Q2) — V V for strongly ordered photon virtualities, Qf > Q%

» . o ) i n n—1
gig; Irns _ (277)2 aS(,uR)ZX |:b0+z OCS(I/’/R) bn <|n (%) +dn(50~,NR)|n <Si> >:| )

n=1 0
b “+oo n( )
Q1<n?2 _ZO dVCl(V)Cz(V)Xn!V
1 g% v 973(1 4 4v2) sinh(7v)
%) =54, <Q§> 32 (1 + 12) cosh® (wv)

x(v) = 2¥(1) — ¢ (% +iu) — (% - iu>

dn(so, #R) is a (much) more complicate v-integral, involving the NLA impact factors
and the NLA BFKL eigenvalues in the v-representation
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“Collinear factorization” regime

@ Leading-twist approximation: close the v-integration contour in the upper plane
and take only the residue at the pole v =i /2.

@ LLA: near the pole, v = '§ + A

2\ 1A B .
mmmwz(ﬁ) §(§+i+%+“ﬁ>
2 1

X(8) = 1 +0(a?)

2/02)iA Ne1/2 /2
Residuea—g ((Ql/Q2)> = inflw
A" (n—1)!
b, = 2% Q2 n1 9L2 — 3L(n + 1) + 34n(n + 1) o2
3 Q ni(n + 1)!

L = log(Q%/Q3)

D.Yu. lvanov, A. Papa Electroproduction of two light vector mesons in NLO BFKL



“Collinear factorization” regime

In the NLA the problem arises from the very complicated expression for the impact
factors (Cy 2(G?) below are the 2-page-long expressions):

2\ —2+iA
(1) _/ 25 ¢ / 2 (q )
c = [d“q C d<q
1 (V) q 1 (q 7r\/§
near the pole (v = 5 + A); only the small- q2 limit of C( )(ﬂz) needed

Analogously,

oy —iv—3 oy —1—iA
(1) / 2z ~(1)z2 (q ) / 22 ~(1)z2 (q )
c = [d“q C =/ d“qg C ~ 7
2 @) 4% @) ™2 4% @) ™2

near the pole (v =  + A); only the large-G 2 limit for Cél)(ﬁz) needed
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“Collinear factorization” regime

2 f—
bnanZﬂ'% 1 Ln+1 3/ n(n“+n+2) n 3 +E+lln g n(n—1)
Q; (nh)2 8N n+1 n+1\4N2 " 4 ' 4 N3 2(n +1)
3n so 1lln(n—1)n;  fo Q?
+ Iog +L"|-nlog — — ———*—+ -— | =3n(n+1)log —-
(n+1) Q1 Q? 12 N® 4N e

N n(n — 21) 1 N QJFHJFWZ 51
2 6 3 2 24N2

L = log(Q%/Q3)

@ Terms with as(ug )" 2L"*2 canceled out, as it should be
@ The same procedure can be applied to the case of the v*~* total cross section
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Conclusions

@ Closed analytical expression found for the y*~* — V V forward amplitude in the
Regge limit of QCD with next-to-leading order accuracy.

@ For equal photons’ virtualities, i.e. in the BFKL regime

@ the next-to-leading order corrections are large and of opposite sign with
respect to the leading order contribution.

@ the PMS optimization method allows to get stable results for the amplitude;
the optimal value of the renormalization scale ug turns out to be much
larger than the kinematical scale of the problem; this could be a
manifestation of the nature of the BFKL series.

@ the energy dependence of the amplitude is reasonably stable under change
of representation (exponentiated vs series) or of optimization method (FAC,
BLM).

@ there is discrepancy in the differential cross section at t, with the
determination by [R. Enberg et al. (2005)].

@ For strongly ordered photons’ virtualities, the structure of the amplitude is
compatible with the leading-twist collinear factorization.
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Conclusions

The Green’s function

S+ioco

25
Ims(A):(zi)z/d Lo 1(C|1,So)/ 42 q2750)/ 27“( ) Gu (01, G2)
§—ioco
J d?GK (G, ) G (4, G2)

BFKL equation: 62(gy — Go) = w Gy (G1, G2) —

Transverse momentum notation: ¢ |§;) = ¢j|qj)
(AlB) = (AR)[B) = [ dkAR)B(E)

(@1]da) = 6)(d1 — G2)
i=( R)é — Gw:(wa)fl
_ asNc
Qg = —
K

With NLA accuracy
Gu = (w — ask®) ! 4+ (w— ask )2 (-Zkl) (w—ask% 1+ 0 {( 1) }

f— ~ - _S as
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Conclusions

Basis of eigenfunctions of the LLA kernel: {|v)}

ROJv) = x()I) Xw) =20(1) = (§+iv) v (3 -iv)
o1, iv—13 S d2q [ p\iv—iv'-1 B ,
<Q|V>*W7\/§(Q> <V‘V>*/277r2(Q> =d(v -7
Action of the full NLA kernel on the LLA eigenfunctions:
N _ - Bo
R = s ) + &2m) (X0 + 20 GR) ) )
Cc
_2 »BO e
—_ |7
+ alm) giox) (150 ) 10
Wy = - 20 (xzw - ix’(u)) +x(v)
8N¢ 3
~ 1[#2 -4 ,, 3 72 sinh(7r ) ne ) 11+ 1202
X(v)=—— x(v) —6¢(3) — X" (v) — 3+ |1+ 3 70 | T4e()
4 3 cosh(wv) 2w coshé(wv) Ng /| 16(1 + ve)

cos(u In(x)) 2 i
d(v) = 2/ PR {— L|2(x)}
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Conclusions

Series representation

Q1Q2Zms A 1 2 o - n S !
DD, s (mpostw) {b°+n§las(“R) o (In <50>
n—1
+ dn(soﬁliR)ln(sz()) )}
LLA
b _ [ "(v)
n X v
%0, = / dvcy(v)ca(v) pr
by = E%TF(?g(s) —6) Born (2-gluon exchange limit)

[B. Pire, L. Szymanowsky, S. Wallon (2004)]
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Conclusions

NLA

_ So Bo Pn_1 I n(n —1)
=00 (570, ) * <(”“) by In<Q1Q2> 2
i)

Q1Q2 / dv (n+ 1)f(v)cy(v)ea (v )(hl)!)

+oo
L i) [Py e w) (v)
by ([@ e (), { ) ey T
f(v) = g (34 2iv) +¥(3 — 2iv) 1/)<§+|1/> 71/)<27i1/>
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