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The numerical calculation of the full NLO photon impact factor and its implementation into a

physical cross section are the remaining steps which are required for testing the NLO BFKL

resummation against data of, for example,γ∗γ∗ collisions. We have performed the numerical in-

tegration over phase space for the virtual corrections to the NLO photon impact factor: along with

the previously calculated real corrections, this completes the computation of the NLO corrections.

We present first numerical results. The NLO corrections for the photon impact factor are sizeable

and negative.
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1. Introduction

γ∗γ∗ collisions are an excellent probe of BFKL dynamics because they do not involve any
non-perturbative target. The off-shell photons fluctuate into colour dipoles that can further interact
strongly. If the transverse size of the dipoles is small (high virtuality), then any soft effects are
suppressed. One can tune at will the virtualities of the projectiles,Q2

1 andQ2
2, such that perturbation

theory will be applicable. Data from LEP [1] for virtual photon photon total cross section suggest
indeed a steep rise with the scattering energy but not as steep as it is suggested by LO BFKL.
Actually, the data are more in favour of a rise with a power of∼ 0.3 comparing to theωBFKL ≈ 0.5.
One is bound to wonder what the corrections beyond the LO are,and whether they alone could
lower the intercept closer to the experimental value.

Regge factorisation implies that the total cross section will be a convolution between a process
dependent part and a process independent part accounting for the energy dependence. The latter is
the BFKL Green’s functionfω , namely the amplitude for the interaction between the two reggeized
gluons exchanged in thet-channel, whereas the former consists of the so calledimpact factors:
the coupling of the Green’s function to the external projectiles. In our case ofγ∗γ∗ → hadrons
scattering, we deal with the virtual photon impact factors.Higher order corrections in the process
under consideration can enter in two ways, either through the impact factors or through the Green’s
function.

The calculation of the NLO corrections to the BFKL kernel [2,3] proved the corrections
to be very large and negative, lowering the BFKL Pomeron intercept down to even to negative
values. Various studies [4] have shown that it is needed to take into account renormalisation group
constraints, and collinear contributions to the BFKL kernel have to be resumed consistently. In
such an improved approximation the behaviour of the intercept is tamed, and its value is about 0.3,
compatible with the data.

However, as already mentioned, these are only one part of thecorrections to theσ γ∗γ∗
tot . The

NLO corrections to the Born impact factor have to be computedas well for a complete analysis if
one wants really to test the NLO BFKL Pomeron against experimental data.

2. The NLO Corrections

The NLO corrections to the photon impact factor is a long project divided into distinct steps1.
Firstly, analytic results were obtained for the one loop corrections to the coupling of the reggeized
gluon to theγ∗ → qq̄ vertex. The process used for that purpose wasγ∗ + q → qq̄ + q [6]. The
next step was the calculation of the cross section of the processγ∗ + q → qq̄g + q with a large
rapidity gap between the fragmentation systemqq̄g and the other quark. From this calculation,
the real corrections of the virtual photon impact factor in the next-to leading order were obtained
[7, 8]. The cancellation of infrared divergencies when combining the real and virtual parts was
demonstrated in Ref. [8], while the renormalisation of the ultraviolet divergencies took place in
Ref. [6]. The latest step so far, involved analytic manipulation and numerical integration over
phase space for the real corrections [9]. The final step whichwill be presented in this contribution
is the numerical integration over phase space for the virtual corrections which, for the case of

1A different approach has been outlined in Ref. [5]
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longitudinaly polarized photons, completes the full numerical calculation of the NLO impact factor.
The phase space integration involves integration over the fraction of the longitudinal momentum
carried by the quark in the dipole,α , and over the transverse momentum that runs along the fermion
loop,k. The total cross section forγ∗γ∗ scattering is given by:

σγ∗γ∗ =
1
s

ImTγ∗γ∗(s, t = 0)

=

∫

dD−2r
(2π)D−2

∫

dD−2r ′

(2π)D−2 ΦA(Q2
1, r ,s0)ΦB(Q2

2, r
′,s0)

f (s, r , r ′,s0)

r2r ′2
, (2.1)

where f (s, r , r ′,s0) is the gluon Green’s function:

f (s, r , r ′,s0) =

∫

dω
2π i

(

s
s0

)ω
fω(r , r ′) . (2.2)

In the following we will suppress theQ2 dependence of the impact factors. We can express the
total NLO corrections (O(α3

s )) to the photonic cross section as:

σ (1)
γ∗γ∗ =

1
s

ImT(1)
γ∗γ∗(s, t = 0)

=

∫

dD−2r
(2π)D−2 Φ(1)

A (r ,s0)
1
r4 Φ(0)

B (r)+

∫

dD−2r
(2π)D−2 Φ(0)

A (r)
1
r4 Φ(1)

B (r ,s0)

+
∫

dD−2r
(2π)D−2 Φ(0)

A (r) ln(
s
s0

)2ω(1)(r2)
1
r4Φ(0)

B (r)

+
∫

dD−2r
(2π)D−2

dD−2r ′

(2π)D−2 Φ(0)
A (r)

1
r4Kreal(r , r ′)

1
r ′4

φ (0)
B (r ′) ln(

s
s0

). (2.3)

where the Born impact factor is

Φ(0)
γ∗ =

∫

dkdα I2(α ,k), (2.4)

and the full NLO corrections,Φ(1)
γ∗ are:

Φ(1)
γ∗ = Φ(1,virtual )

γ∗

∣

∣

∣

finite
−

2Φ(0)
γ∗

(4π)2

{

β0 ln
r2

µ2 +CF ln(r2)

}

+

∫ 1

0
dα

∫

dk
(4π)2 I2(α ,k)

{

CA
[

ln2α(1−α)s0− ln2 M2]

+CA

[

−2ln(r2) ln(
s0

r2 )
]

+2CF

[

8−3lnα(1−α)Λ2 + ln2M2 + ln2 α
1−α

]}

+CA Φ(1,real)
γ∗

∣

∣

∣

finite

CA

+CF Φ(1,real)
γ∗

∣

∣

∣

finite

CF

. (2.5)

The energy scales0, which in the BFKL equation scales the arguments of the logarithms, appears
naturally in the real NLO corrections to the impact factor asan energy cutoff: gluons with rapidities
aboves0 belong in the fragmentation region of the photon. Thus, in the NLO fixed order calculation
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Figure 1: α ↔ 1−α symmetry.φ(α) is theα-unintegrated impact factor.

of the γ∗γ∗ total cross section,s0 enters through both the impact factor and the LO BFKL kernel.
However, at the end, the total cross section, at fixed order, has to be independent of it.Λ is a cutoff
parameter which has been introduced to separate the collinear singularities of the real diagrams;
our numerical result has to be independent ofΛ. The very first term in Eq. (2.5) accounts for
the finite pieces of the amplitudes from the virtual diagrams, convoluted with the Born ampitude
and integrated overα andk. In other words, to perform the phase space integration we need to
convolute the amplitude from the one loop virtual corrections to theγ∗g→ qq̄ vertex with the Born
one, sum over helicities and colour indices and finally integrate over the loop momentum. For that
purpose we have written a MATHEMATICA program that generates the code that serves as the
integrand for the loop momentum integration. The numericalintegration was performed using the
Monte Carlo routine VEGAS. For the following sections, we will redefine the first four lines in
Eq. (2.5) as virtual corrections whereas the fifth line accounts for what in the following we will call
real corrections.

3. The Result: Checks and Plots

The photon impact factor at Born level has certain properties which also have to be present in
the NLO corrections. Before we present first numerical results of the NLO corrections we mention
a few checks that we have run through to ensure the numerical consistence of our results.

α ↔ 1−α symmetry
The photon impact factor is symmetric under the exchange quark antiquark, and the integrand
(before theα-integration, but after the integration overk) is symmetric underα ↔ 1− α and
vanishes asα → 0, α → 1 (Fig. 1).

Φ(1)
γ∗ |r→0 ∼ r2

The NLO impact factor at ther → 0 limit has to vanish liker2 (modulo logarithms). We can safely
state that all parts of the corrections vanish asr → 0, although our numerical accuracy of the virtual
part does not yet allow to determine its exact functional form.

Scale invariance
The impact factor exhibits a scaling property, namely it is not a function ofQ2 andr2 independently

4
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Figure 2: The part of the totalγ∗γ∗ cross section that depends ons0, plotted as a function ofs0/Q2.

Figure 3: Virtual, real and total NLO corrections to the photon impactfactor fors0 = r2.

but rather a function of their ratio, it is also therefore dimensionless. Dividing Eq. (2.5) into two
parts (first four lines and the fifth one), and redefining what we call real and what virtual corrections
had an aditional motivation. The two parts exhibit individually the scaling property. We have
numerically verified the validity of this scaling property for the virtual corrections.

s0-independence of the NLO fixed orderσ γ∗γ∗
tot

Here we numerically check whether, in Eq. (2.5), the sum of all those pieces which explicitely or
implicitly depend ons0 are, at the end of the day, independent of it. That is indeed the case as we
see in Fig. 2, demonstrating thes0-independence of the NLO fixed orderσ γ∗γ∗

tot .
Numerical results for the NLO corrections

We finally present plots for the NLO corrections2 and for the full NLO impact factor, chosing the
energy scale eithers0 = r2 (Figs. 3 and 4) or fixeds0 = 10 GeV2 (Figs. 5 and 6). We have chosen
to useQ2 = 15 GeV2 as the scale that sets the running of the couplingαs. As we can see from the
figures, the real corrections are large and negative. This isbecause they do not correspond to the

2We thank A. Kyrieleis for providing us with the data for the curves of the real corrections [9].
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Figure 4: The full NLO impact factor fors0 = r2.

Figure 5: Virtual, real and total NLO corrections to the photon impactfactor fors0 = 10 GeV2.

5 10 15 20

r2

�����������
Q2

0.03

0.06

F

Figure 6: The full NLO impact factor fors0 = 10 GeV2.
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whole phase space. The central region is subtracted. On the other hand, the virtual part is also large
but comes with a positive sign. The combination of the two is finally negative and large, bringing
the NLO impact factor, for fixed scales0, even to negative values. This illustrates that the shape
of the full NLO impact factor depends critically on the choice of s0. If we select a fixed value for
s0, then the corrections grow whens0 becomes smaller. A large fixeds0, on the other hand, has
exactly the opposite effect. A final answer will be obtained once we compute the convolution of
the NLO impact factor with the NLO gluon Green’s function [10]. Another factor that affects the
functional form of the NLO corrections is the choice of the scale that regulates the running ofαs.
A recent NLO analysis for the electroproduction of two lightvector mesons [11] demonstrates the
importance of that point.

4. Conclusions

We have presented first numerical results of the full NLO corrections to the photon impact
factor. As expected, the corrections are sizeable and negative, and they tend to decrease the value
of the impact factors.

We are thus ready to proceed to the next step, namely to convolute it with the NLO BFKL
Green’s function and produce estimates for the total cross section of the scattering of virtual pho-
tons. Our results for the photon impact factor can also be used to compute, in NLO accuracy, the
cross section for the production of forward jets in deep inelasticepscattering.
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