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Abstract

The inclusive production of jets in the central region of rapidity is studied
in kr—factorization at next—to-leading order (NLO) in QCD perturba-
tion theory. Calculations are performed in the Regge limit making use
of the NLO BFKL results. A jet cone definition is introduced and a
proper phase-space separation into multi-Regge and quasi-multi-Regge
kinematic regions is carried out. Two situations are discussed: scatter-
ing of highly virtual photons, which requires a symmetric energy scale to
separate the impact factors from the gluon Green’s function, and hadron—
hadron collisions, where a non-symmetric scale choice is needed.
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1 Introduction
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The understanding of the physics behind jet production in the context of per-
turbative QCD is an essential ingredient in phenomenological studies at present
and future colliders. At high energies the theoretical study of multijet events
becomes an increasingly important task. In the context of collinear factorization
the calculation of multijet production is complicated because of the large num-
ber of contributing diagrams. There is, however, a region of phase space where
it is indeed possible to describe the production of a large number of jets: the
Regge asymptotics (small-z region) of scattering amplitudes. This corresponds
to the case where the center—of-mass energy in the process under study, s, can
be considered asymptotically larger than any other participating scale. In this
limit the dominating diagrams are those with gluons being exchanged in the
t—channel. A perturbative analysis of these diagrams shows that it is possible




to resum contributions of the form (aylns)™ to all orders, with as being the
coupling constant for the strong interaction. This can be achieved by means of
the Balitsky—Fadin—Kuraev-Lipatov (BFKL) equation [IJ.

An essential ingredient in the BFKL approach is the concept of the Reggeized
gluon or Reggeon. In Regge asymptotics colour octet exchange can be effectively
described by a t—channel gluon with its propagator being modified by a mul-
tiplicative factor depending on a power of s. This power, also known as gluon
Regge trajectory, depends on the transverse momenta of the gluon and is not
infrared finite. However, when real emissions are included using gauge invariant
Reggeon—Reggeon—gluon couplings, the divergences cancel out. It is then possi-
ble to describe scattering amplitudes with any number of particles (jets) in the
final state. The (s Ins)" resummation is known as leading—order (LO) approx-
imation and provides a simple picture of the underlying physics. Nevertheless
it is not free of drawbacks, the main two being that, at LO, both a,s and the
factor scaling the energy s in the resummed logarithms, sq, are free parameters
not determined by the theory. These limitations can be removed if the accuracy
in the calculation is increased, and next—to-leading (NLO) terms of the form
as (aslns)” are taken into account [2]. When this is done, diagrams contribut-
ing to the running of the coupling have to be included, and also s¢ is not longer
undetermined. As an example, in the context of Mueller—Navelet jets, the in-
troduction of NLO effects in the kernel has been recently shown to have a large
phenomenological impact, in particular, for azimuthal angle decorrelations [3].

At LO every Reggeon-Reggeon-gluon vertex corresponds to one single gluon
emission, and the produced gluon can form a single jet. At NLO the situation
is more complicated since the emission vertex also contains Reggeon—Reggeon—
gluon—gluon and Reggeon—Reggeon—quark—antiquark contributions. In the present
work we are interested in the description of the inclusive production of one jet
in the BFKL formalism at NLO. This means that the relevant events are those
with only one jet produced in the central rapidity region of the detector. In
order to find the probability of production of a single jet it is necessary to intro-
duce a jet definition in the emission vertex. This is simple at LO, but at NLO we
should carefully study the possibility of a double emission in the same region of
rapidity, leading to the production of one or two jets. This will be the main goal
of the present paper. Our aim is to clearly separate the different contributions
to the cross section, and to explain in detail which scales are relevant. Particu-
lar attention is given to the separation of multi-Regge and quasi—-multi—Regge
kinematics. An earlier analysis has been presented in Ref. [4]. We have inde-
pendently repeated these calculations, and we have found several discrepancies
which will be explained in the text.

Our analysis will be done in two different cases: inclusive jet production in
the scattering of two photons with large and similar virtualities, and in hadron—
hadron collisions. In the former case the cross section has a factorized form
in terms of the photon impact factors and of the gluon Green’s function which
is valid in the Regge limit. In the latter case, since the momentum scale of
the hadron is substantially lower than the typical k7 entering the production
vertex, the gluon Green’s function for hadron-hadron collisions has a slightly



different BFKL kernel which, in particular, also incorporates some kr—evolution
from the nonperturbative, and model dependent, proton impact factor to the
perturbative jet production vertex. We provide analytic formule for these two
processes, and the numerical analysis is left for a future publication.

In the case of hadron—hadron scattering, our cross section formulae contains
an unintegrated gluon density which, in addition to the usual dependence on
the longitudinal momentum fraction typical of collinear factorization, carries an
explicit dependence on the transverse momentum k7. This scheme is known as
kr—factorization. So far, no systematic attempt has been made to generalize
this framework beyond LO accuracy. In the small-x region, where this type
of factorization has attracted particular interest, the BFKL framework offers
the possibility to formulate, in a systematic way, the generalization of the kp—
factorization to NLO. We therefore interpret our analysis also as a contribution
to the more general question of how to formulate the unintegrated gluon density
and the kr—factorization scheme at NLO: our results can be considered as the
small—z limit of a more general formulation.

After this short introduction, in Section 2 we define, closely following Ref. [5],
our notations for the description of a general cross section in the BFKL ap-
proach. We also introduce multi-Regge kinematics (MRK) and the iterative
structure of the cross sections at LO. In Section 3 we describe the basic ele-
ments contributing at NLO. The linearity of the BFKL equation remains the
same while the emission kernel now has several pieces such as virtual contribu-
tions to one gluon emission and double emissions. We describe them in some
detail, including a procedure to avoid double counting when the MRK is sep-
arated from the quasi-multi-Regge kinematics (QMRK). The discussion of in-
clusive jet production starts with a LO description in Section 4. Following this
introductory part, we present, in Section 5, a definition of the NLO jet vertex.
We separate the different regions of phase space in such a way that the can-
cellation of infrared divergences is explicit for the two cases above—mentioned:
inclusive jet production in v*+* and in hadron—hadron interactions. We will
also discuss the definition of a NLO unintegrated gluon distribution valid in the
small-z regime. To close we study in Section 6 the role of the scale separating
MRK from QMRK and show how, even with the jet definition, it is possible to
prove that the dependence on this scale is power suppressed. Finally, we draw
our Conclusions and suggest future lines of research.

2 General structure of BFKL cross sections

For the sake of clarity, in the present section we introduce the notation we
will follow in the rest of this study. BFKL cross sections present a factorized
structure in terms of a universal Green’s function, which carries the dependence
on s, and impact factors, which have to be calculated for each process of interest.
This factorization remains unchanged in the transition from LO to NLO. We
start by defining our normalizations at LO in the following.

Lets consider the case of the total cross section oap in the scattering of two



particles A and B. It is convenient to work with the Mellin transform

F(w,50) = /OO % (%) . (1)

acting on the center—-of-mass energy s. The dependence on the scaling fac-
tor so belongs to the NLO approximation since the LO calculation is formally
independent of sq.

If we denote the matrix element for the transition A+B — A+B+n produced
particles with momenta k; (i = 1,...,n) as Azg,,, and the corresponding
element of phase space as d®;5, ,, then we can write

1 oo
TAB = o5 Z/d¢A1'3+n|AA1§+nl2- (2)
n=0

As we mentioned in the Introduction we are interested in the Regge limit where
s is asymptotically larger than any other scale in the scattering process. In this
region the scattering amplitudes are dominated by the production of partons
widely separated in rapidity from each other. This particular configuration of
phase space is known as multi-Regge kinematics (MRK). In MRK produced par-
ticles are strongly ordered in rapidity but there is no ordering of the transverse
momenta which are only assumed not to be growing with energy.

We fix our notation in Fig.[T} ¢; correspond to the momenta of those particles
exchanged in the t—channel while the subenergies s;_1 ; = (k;—1 +k;)* are related
to the rapidity difference between consecutive s—channel partons. Euclidean
two—dimensional transverse momenta are denoted in bold. For future discussion
we use the Sudakov decomposition k; = a; pa + B; pp + ki, for the momenta of
emitted particles.

In MRK the center—of-mass energy for the incoming external particles can
be expressed in terms of the internal subenergies as

n+1 n n+1
~ o klg Si—1,i 3
11 G Gl T & <

where we have used the fact that in Regge kinematics s is much larger than —¢
and, therefore, ag >~ fny1 ~ 1, k§ ~ qf and k2, ~ q2,,. To write down the
measure of phase space we use dimensional regularization with D = 4 4 2¢, i.e.

ntl D—2
ds;—1; d° q;
ds d® ;4 =2 | | i 4
5 A¥ABn = AT St 281 (2m)P-1 )

The matrix element Az, of Eq. () can be written in MRK in the factorized
form

Aifin Sl s\ L (Spnr )"
TSZFA H—2< ) Y(qis Gi+1) q2—<—> e, (5)

iy q; SR n+1 SR
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Figure 1: Notation for particle production in MRK.

with T'p being the couplings of the Reggeon to the external particles, w; = w(g?)
the gluon Regge trajectory depending on the momentum carried by the Reggeon,
and v(¢;,qi+1) the gauge invariant effective Reggeon-Reggeon—gluon vertices.
At LO the scale sg is a free parameter.

Gathering all these elements together it is possible to write the Mellin trans-
form of Eq. (1)) as the sum

f(w,so) = Z]:(n)(waso)a (6)
n=0

with the contributions from the emission of n s—channel gluons being

—w

f(n)(waSO) _/ ﬁdD_2q' dsi—1,; [ si—1, 2w Si—1,i
@mP Z

Si—1,i SR /K2 1k2
— (2
w

y So D4(qr) [HKr(qiaqi+1)] %_ (7)

2
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The impact factors ® p and the real emission kernel for Reggeon—Reggeon into
a s—channel gluon K, can be written in terms of the square of the vertices I'p
and +, respectively. The kernel K, (q;,q;+1) is defined such that it includes

one gluon propagator on each side: (q?q? le)_1. The integration over s;_; ; in
Eq. (@) takes place from a finite sp to infinity. At LO terms of the form wIn k?
or w;In s can be neglected when the integrand is expanded in a;. Therefore,



at this accuracy, Eq. () gives

F (w, s0) T dP%q | @alan) [T ®p(qns1)
“amer =/ 5| T U@ =G5 ©

where the poles in the complex w—plane correspond to Reggeon propagators.
This simple structure is a consequence of the linearity of the integral equation for
the gluon Green’s function. We will see below that Eq. (8) holds very similarly
at NLO. This fact has been useful in the study of different NLO BFKL cross
sections using numerical techniques in recent years (see Ref. [6]).

After this brief introduction to the structure of BFKL cross sections and
its iterative expression we now turn to the NLO case. The factorization into
impact factors and Green’s function will remain, while the kernel and trajectory
will be more complex than at LO. We discuss these points in the next section.

3 Different contributions at NLO

To discuss the various contributions to NLO BFKL cross sections we follow
Ref. [5]. We comment in more detail those points which will turn out to be
more relevant for our later discussion of inclusive jet production. Our starting
point are Egs. (I) to @), which remain unchanged. Since at NLO the sg scale
is no longer a free parameter, we should modify Eq. (@) to read

n

AAE—}-n — FE:R;O,I) [H 1 ( Si—1,i > i,Y(SR;ifl.ivsR;iviJrl)(qi,qurl)

)
2s i1 4 \SRji-1,i
]. Sn n+1 “ntt (S
) Rin,n+1)
X > O FB . (9)
n+1 \SRin,n+1

The propagation of a Reggeized gluon with momentum ¢; in MRK takes place
between two emissions with momenta k;—; and k; (see Fig. D). Therefore, at
NLO, the term sg, which scales the invariant energy s;_i;, does depend on
these two consecutive emissions and, in general, will be written as sg;;—1,;. It
is important to note that the production amplitudes should be independent of
the energy scale chosen and, therefore,

“1 “nt1
2 2
FE:R;O,l) — I-\E:IR;O,l) SIR;O,I ’ I‘\SR;n,n+1) — I—\(;In;n,nJrl) SIR;nJH-l (10)
SR;0,1 SRin,n+1
for the particle-particle-Reggeon vertices and
ry(sR;i—l,inR;i,iJrl) (qu thl) — 'Y(SR;i—l,i7sR;i,i+1) (q“ qlJrl)
w; Wit1

2 2
SRyi—1,i SRyiit+1
X 7 i (11)
Ryi—1,i Riijit1l



for the Reggeon—Reggeon—gluon production vertices.

At NLO, besides the two—loop corrections to the gluon Regge trajectory,
there are four other contributions which affect the real emission vertex. The
first one consists of virtual corrections to the one gluon production vertex. The
second stems from the fact that in a chain of emissions widely separated in
rapidity two of them are allowed to be nearby in this variable, this is known
as quasi-multi-Regge kinematics (QMRK). A third source is obtained by per-
turbatively expanding the Reggeon propagators in Eq. (@) while keeping MRK
and every vertex at LO. A final fourth contribution is that of the production of
quark—antiquark pairs. The common feature of all of these new NLO elements
is that they generate an extra power in the coupling constant without building
up a corresponding logarithm of energy so that a, (aslns)” terms are taken
into account.

With the idea of introducing a jet definition later on, it is important to
understand the properties of the production vertex which we now describe in
some detail.

Lets start with the virtual corrections to the single-gluon emission vertex.
These are rather simple and correspond to Eq. (§) with the insertion of a single
kernel or impact factor with NLO virtual contributions (noted as (v)) while
leaving the rest of the expression at Born level (written as (B)). More explicitly:

(2m)2-D (w — 2w;)
y { 2 (@)

(n) ntl p_2
fvirtual(wﬂso) _ /lH d q; ]

i=1
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i=1 n+1
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- ] Y (qpy1)

n

(B)
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n @(B) n
< | TT K8 i) | 2219 L)
i=j+1 Ant1

Now we turn to the discussion of how to define QMRK. For this purpose
the introduction of an extra scale is mandatory in order to define a separation
in rapidity space between different emissions. As in Ref. [5] we call this new
scale sp. At LO MRK implies that all s;; = (k; + k;)? are larger than sy. In
rapidity space this means that their rapidity difference |y; — y;| is larger than
In \/ig_k? As we stated earlier, in QMRK one single pair of emissions is allowed

to be close in rapidity. When any of these two emissions is one of the external
particles A or B it contributes as a real correction to the corresponding impact
factor. If this is not the case it qualifies as a real correction to the kernel. This



is summarized in the following expression where we write real corrections to the
impact factors as (r):

Fommk (@, s0) B /lnﬂ dP—2q; ]

(2m)2—D = (W= 2w)

(B) n (r)
P ¢ n
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j=1 Li=1
n (B)
o n
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The modifications due to QMRK belonging to the kernel or to the impact factors
are, respectively, Kqumrk and @g), i.e.

T O(sn — 3
KQMRK(Qi:Qi-H) = /d RRURR_}%quZf(SA 8), (14)
i Ai41
(k) = \/@/d.éfpmpmgfrgga(“s). (15)

In both cases § denotes the invariant mass of the two emissions in QMRK. The
Heaviside functions are used to separate the regions of phase space where the
emissions are at a relative rapidity separation smaller than sj. It is within this
region where the LO emission kernel is modified. opg— g and opgr—, pc are the
total cross sections for two Reggeons into two gluons, and an external particle
and a Reggeon into an external particle and a gluon, respectively. I stands for
the invariant flux and N, for the number of colours.

For those sectors remaining in the MRK we use a Heaviside function to
keep s;_1,; > sa, in this way MRK is clearly separated from QMRK. We then
follow the same steps as at LO and use Eq. (@) with the modifications already
introduced in Eq. (@), i.e.

Fit (@, 50)
(271-)2 D

—w

n+2 ds s 2w; s

D—2 i—1,i i—1,i i—1,i
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After performing the integration over the s; 1 ; variables the following interest-
ing dependence on s arises:

—w

‘7:15/?&‘[? (w,so) _ / n+2 dD72q1‘ ( SA >2wi A
(2m)2-D i (W= 2w) \spii-1, /k2_ K2

w

S0 ‘I’ﬁgB) ((11)
2
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It is now convenient to go back to Eq. () and write the lower limit sy of
the Mellin transform as a generic product of two scales related to the external
impact factors, i.e. so = /50,4 50;5. By expanding in a5 the factors with powers
in w and w; it is then possible to identify the NLO terms:
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To combine this expression with that of the QMRK contribution we should
make a choice for sg. The most convenient one is sg;;,; = V/SRii SRij» where
for intermediate Reggeon propagation we use sg; = k7, and for the connection
with the external particles sg,0 = 50,4 and sg;p4+2 = so;p. We can then write

n n-+2 _ n+1
A (@, 50) _ / ﬁ dP2q; | P (q) f[/dm(q ) %) (qusn)
(2m)2-P = (W= 2w) qj i b Qo

S e 03| CE I
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19
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This corresponds to the LO result for F(**1) plus additional terms where the

w — 2w; factor cancels, in such a way that they can be combined with the LO
result, of F(™).

The quark contribution can be included in a straightforward manner since

between the quark—antiquark emissions there is no propagation of a Reggeized



gluon. In this way one can simply write

(n+1) n
Foq W %0) :/ [ T dP%q ] &' (1) 25 (ant1)
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The production kernel can be written as

n
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with opp_,oqg being the total cross section for two Reggeons producing the
quark—antiquark pair with an invariant mass §.

The combination of all the NLO contributions together generates the follow-
ing expression for the NLO cross section:

(o] 1 n+1 dD_2 ;
F(w,s0)ap = ZW/[H ﬁ]

n=0 i=1
y (I>A((h;SO;A) [ﬁ Kr(qiyqi+1)] ‘IDB(CInQJrUSO;B),(QQ)
a1 i—1 Ant1
where the NLO real emission kernel contains several terms:
Kr(Qi,div1) = (’Q(AB) + ’Q(ANLO)) (9, Ait1)
(ICan) +KY + Kaa + /CQQ) (qi> dit1)s (23)

with Kgg given by Eq. [2I). The two gluon production kernel Kgg is the
combination of Kqomrk of Eq. (1) and the MRK contribution in Eq. (I9). It
explicitly reads

IrrRORR—GG(5)O(sA — 8)
2m)P of qzerl

1 53
— dD_2~ ’C£=B) iy q K:7(~B) ~7 i = In < ~ - ~ > - (24
[ 772 K@@ K @ ) 5 1o (e —ga——as ) - (29

Kaa(qi,div1) = (N2 —1)/d§

Below we will show that when sy is taken to infinity the second term of this ex-
pression subtracts the logarithmic divergence of the first one. When computing
the total cross section it is natural to remove the dependence on the parameter
s in this way. For our jet production cross section, however, we prefer to retain
the dependence upon sy.
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For the impact factors a similar expression including virtual and MRK cor-
rections as in Eq. (I5) arises:

®p(qi;sop) = ‘}EDB) + ‘I’g) +VNE - 1/d'§IPR UPR((S) Oor = 9)

27) s
- [a"2a o @K G ) g o (¢> @)
2 (q1 — q)?s0;p

From this expression it is now clear why to choose the factorized form sy =
/30,4 S0;5: in this way each of the impact factors ®4 p carry its own Sop,4,B
term at NLO independently of the choice of scale in the other.

To conclude this section, for the sake of clarity, the different contributions
to the NLO BFKL kernel

CONTRIBUTION NUMBER OF EMISSIONS Figl2

MRK @ LO n (a)
Virtual n (b)
QMRK n+1 (c)
MRK @ NLO n+1 (d)
Quark—antiquark pair n+1 (e)

are pictorially represented in Fig. 2l

(a) (0) (©) (d) ()

Figure 2: Contributions to real emission kernel at LO (a) and NLO (b-e).

As a final remark we would like to indicate that the divergences present in the
gluon trajectories w; (see Ref. [2]) are all cancelled inside the inclusive terms.
We will see how the soft and collinear divergences of the production vertex are
either cancelled amongst its different components or are regularized by the jet
definition.

After having introduced the notation and highlighted the different con-
stituents of a BFKL production kernel at NLO, in the coming section we describe
how to calculate the inclusive production of jets in two different environments.
The first one is the case of the interaction between two small and perturba-
tive objects, highly virtual photons, and the second will be the collision of two
large and non—perturbative external particles such as the ones taking place at
hadron-hadron colliders.

11



4 Inclusive jet production at LO

As MRK relies on the transverse scales of the emissions and internal lines being
of the same order it is natural to think that processes characterized by two large
and similar transverse momenta are the ideal environment for BFKL dynamics
to show up. Moreover, as the resummation is based on perturbative degrees of
freedom, these large scales associated to the external particles should favor the
accuracy of the predictions. An ideal scenario is the interaction between two
photons with large virtualities Q7 , in the Regge limit s > [t| ~ Q7 ~ Q3. The
total cross section for this process has been investigated in a large number of
papers in recent years. Here we are interested in the inclusive production of
a single jet in the central region of rapidity in this process. We will consider
the case where the transverse momentum of the jet is of the same order as the
virtualities of the photons.

As a starting point we review single jet production at LO accuracy. As
usual the total cross section can be written as a convolution of the photon
impact factors with the gluon Green’s function, i.e.

Pk, [ &k, 0Fi0 gy s\
- dp(k L) £k k). (2
/27rk2/27rk2 ka) ®5(ks) /J_ioo omi (s()) fuo (ke Ky). (26)

A common choice for the energy scale is so = |k, | |kp| which naturally introduces
the rapidities y ; and yz of the emitted particles with momenta p ; and pg since

(i) — e*Wi—ys) (27)

S0

Let us remark that a change in this scale can be treated as a redefinition of
the impact factors and, if sq is chosen to depend only on k, or only on ky, the
kernel as well. This treatment lies beyond LO and will be discussed in the next
section. The gluon Green’s function f,, corresponds to the solution of the BFKL
equation

wh(ka,ks) = 02(ky — ky) + / Pk Kk, 1) £ (I Ky), (28)
K(ko, k) = 2w(k?) 62 (ks — k) + K, (kq, k), (29)

where the kernel K contains a term related to the Reggeized gluon propagator,
the trajectory w(k?), and the real emission kernel, K,.

For the inclusive production of a single jet we assign to it a rapidity ys
and a transverse momentum kjy, as shown in Fig. B In this way, if k; =
ajgpa + Bip + kjo the corresponding rapidity is yj; = %ln g—; Using its on—
shell condition we can write

k2 k2
7= ?JeprA + ?JeiprB +kyi. (30)
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Figure 3: Total cross section and inclusive one jet production in the BFKL
approach.

It is possible to single out one gluon emission by extracting its emission
probability from the BFKL kernel. The differential cross section in terms of the
jet variables can then be constructed in the following way:

do d’k, d? kb
= dp(k
2k sdy /27rk2/2 K2 ka) ®5(ks)
d+ico dw S w
X /dQQa/dQ(lb/ 2_ <£> fw(kaaQa)
S—ico 4T So

d+ico dw’ S w'
X V(qa,qb;kJ,yJ)/ —< B,J> for(—as, —kp)  (31)
0—100 2mi

5o

with the LO emission vertex being

V(da, ap; k7, y7) = KPP (ao, —ap) 0P (qq + ap — ki) . (32)

By selecting one emission to be exclusive we have factorized the gluon Green’s
function into two components. Each of them connects one of the external par-
ticles to the jet vertex. In the notation of Eq. (BIl) the energies of these blocks
are

sas =(pa+ %)2, sps =(pB + QQ)Q' (33)

In a symmetric situation, where the jet provides a hard scale as well as the
impact factors, a natural choice for the scales is similar to that in the total cross
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section
s0 =|ka| [k, so =k | |ks|- (34)

These choices can now be related to the relative rapidity between the jet and
the external particles. To set the ground for the NLO discussion of the next
section we introduce an additional integration over the rapidity n of the central
system:

do _ o >
Pk dy _/d q“/d qb/d"

A2k d+ioco dw
a(I) ka ——~ ewlya—m) wka a
><[/27Tkg all) [ S ()

—ioco 27TZ

ko d+ioco dw' ,
X l/ 5 Z“I)B(kb)/ = e (n_yB)fw’(_Qb:_kb)] (35)
7ka §

V(da, s, 75k, 47)

—ioco 27TZ
with the LO emission vertex being

V(das @y 15 k7, 97) = KB (o, —ap) 0P (a0 + ap — k) (0 — ). (36)

Eqs. B3) and (36) will be the starting point for the NLO jet production in the
symmetric configurations.

Let us now switch to the asymmetric case. In general we can write g, and
qdp as

Qo =aPa + BaPB + QoL @ =0wpa + BePB + Qb - (37)

The strong ordering in the rapidity of emissions translates into the conditions
Qg > ap and By > B,. This, together with momentum conservation ¢, + ¢ =
ky, leads us to ay = ag + ap X g, B7 = Ba + By = By and

SAJ :,BJS, SBJ =QJS. (38)

While the longitudinal momentum of ¢,(gs) is a linear combination of p4 and
pp we see that only its component along p4(pg) matters.

If the colliding external particles provide no perturbative scale as it is the
case in hadron—hadron collisions, then the jet is the only hard scale in the process
and we have to deal with an asymmetric situation. Thus the scales so and sj,
should be chosen as k% alone. At LO accuracy so is arbitrary and we are indeed
free to make this choice. Then the arguments of the gluon Green’s functions
can be written as

SAJ :i, SBJ :i‘ (39)
S0 Q so P
The description in terms of these longitudinal components is particularly useful
if one is interested in jet production in a hadronic environment. Here one can
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introduce the concept of unintegrated gluon density in the hadron. This rep-
resents the probability of resolving a gluon carrying a longitudinal momentum
fraction z from the incoming hadron, and with a certain transverse momentum
kr. With the help of Eq. (39) a LO unintegrated gluon distribution g can be
defined from Eq. (BI)) as

2 d+ioc0 )
gz, k) = / T4 5. (q) /5 ot (@ K). (40)

o 2T

Then we can rewrite Eq. (1)) as

do _ o o
Pk dy; _/ d q“/ dml/ d qb/ e
X g(x1,qa)g(x2, q)V (Ao, 1, @b, T2; K7, y7), (41)

with the LO jet vertex for the asymmetric situation being

V(Qa,l’h(Ib,ﬂ?%kJ,yJ) - ’Cg-B) (qaa _qb)

k2 k2
x 62 (qo+aqp—ky) 0 |z —/=Le¥ | 6 [ xo —/=Le ¥ ). (42)

S S

Having presented our framework for the LO case, in both v*y* and hadron—
hadron collisions, we now proceed to explain in detail what corrections are
needed to define our cross sections at NLO. Special attention should be put into
the treatment of those scales with do not enter the LO discussion but are crucial
at higher orders.

5 Inclusive jet production at NLO

A similar approach to that shown in Section 4 remains valid when jet production
is considered at NLO. The crucial step in this direction is to modify the LO jet
vertex of Eq. (36) and Eq. (@2) to include new configurations present at NLO. We
show how this is done in the following first subsection. In the second subsection
we implement this vertex in the symmetric v*v* case, and we repeat the steps
from Eq. ([Z8) to Eq. (B8), carefully describing the choice of energy scale at each
of the subchannels. In the third subsection hadron-hadron scattering is taken
into consideration, and we extend the concept of unintegrated gluon density of
Eq. {@Q) to NLO accuracy. Most importantly, it is shown that a correct choice
of intermediate energy scales in this case implies a modification of the impact
factors, the jet vertex, and the evolution kernel.

5.1 The NLO jet vertex

For those parts of the NLO kernel responsible for one gluon production we
proceed in exactly the same way as at LO. The treatment of those terms related

15



to two particle production is more complicated since for them it is necessary
to introduce a jet algorithm. In general terms, if the two emissions generated
by the kernel are nearby in phase space they will be considered as one single
jet, otherwise one of them will be identified as the jet whereas the other will
be absorbed as an untagged inclusive contribution. Hadronization effects in
the final state are neglected and we simply define a cone of radius Ry in the
rapidity—azimuthal angle space such that two particles form a single jet if Ry =
V(61 — ¢2)2 + (y1 — y2)? < Ro. As long as only two emissions are involved this
is equivalent to the kr—clustering algorithm.

To introduce the jet definition in the 2 — 2 components of the kernel it is
convenient to start by considering the gluon and quark matrix elements together:

(Kourx + Kgg) (Ao, —ap) = /dD72k2 /dy2
X ( | A2y (da, ap, ki, ko) [* 0(sa — s12) + [A2q(da, Qb,k1,k2)|2),(43)
with Asp being the two particle production amplitudes of which only the gluonic
one also contributes to MRK. This is why a step function is needed to separate
it from MRK. Momentum conservation implies that k; = q, + qp — ko.

The expression [@3)) is not complete as it stands since we should also include
the MRK contribution as it was previously done in Eq. (24)):

(Kaa + Koo) (aa, —ap) = / 4Pk, / dys 1B(qa, @b k1, ko)

Z/dD_2k2/dy2 { | Ay (da, b, ki1, ko) > O(sa — 512)

1 k?
- ’C(B) (qaa Qo — kl) IC(B) (qa -k, _qb) 6 (In 81; —y2 )0 |y2—In L
2 ks SA

+|A2q(qa7qb7k17k2)|2 } (44)

We are now ready to introduce the jet definition for the double emissions. The
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NLO versions of Eq. (80) and Eq. [@2) then read, respectively,
[v]

(a)
D—2 2 [v]
+ [ d ko dys |B(da, ap, ks — ko, k2)|” 0(Ro — Ri2) ®)

V(Qa, a5k, 95) = (’Cf«B) + ’Cﬁ”)) (Aas —ap)

D9 5 [v]
+2 [ d7 ks dys |B(qa, b, ki, k2)|" 0(Rs2 — Ro) ©’ (45)
(B) | r(v) ]
V(da, z1,qp, 725 k7,97) = (/Cr + Ky ) (da> —ap) @
[z]
+ /dD_2k2 dys |B(da, ap, ks — ko, ks)|> (Ro — R12)‘(b)
2]
+o / 42y dy [Blats oK) O R = Fo)| T (46)
In these two expressions we have introduced the notation
i 2) (a.b)
) =09 (qa+ap — k) d(n—y'""), (47)
(v]
" =5 (qa+qb—kJ—k2)5(n—y(“’)), (48)
2]
_ 5(2) _ _ (asb) _ (ab)
wn 0 (qe +ap — ky) 0 (a:l x; ) 1) (332 Xy ) , (49)
2]
_ 5(2) R T _ . )
“ =0 (qo +ap — ks k2)5(a:1 x )5(3:2 ) ) (50)

The various jet configurations demand different y and = configurations. These
are related to the properties of the produced jet in different ways depending on
the origin of the jet: if only one gluon was produced in MRK this corresponds
to the configuration (a) in the table below, if two particles in QMRK form a jet
then we have the case (b), and finally case (c) if the jet is produced out of one of
the partons in QMRK. The factor of 2 in the last term of Eq. ({#5) and Eq. (@8)
accounts for the possibility that either emitted particle can form the jet. Just
by kinematics we get the explicit expressions for the different x configurations
listed in the following table:

JET | y configurations x configurations
| y@ =y, o) = gl us o) = Lot e
WK | e | 0= e ) = G
()
c) }<X yl©) = %ln zgc) x@ = ‘k—\/"gley" + %ew al) = ‘k—\/Jg‘e_yJ + %e‘“

The variable ¥ is defined below in Eq. (B8). Due to the analogue treatment
of the emission vertex either expressed in terms of rapidities or longitudinal
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momentum fractions in the remaining of this section we will imply the same
analysis for both. In particular, we will not explicitly mention these arguments
when we come to Eqs. (68] [69).

The introduction of the jet definition divides the phase space into different
sectors. It is now needed to show that the final result is indeed free of any
infrared divergences. In the following we proceed to independently calculate
several contributions to the kernel to be able, in this way, to study its singularity
structure.

The NLO virtual correction to the one—gluon emission kernel, K(¥), was
originally calculated in Ref. [7, [8, [@]. Its expression reads

4, —2e 2\ € 2
@) (q —q) — It A (AN (L T
Ky (da, —ap) W1+EF(1_€)A2{2<M2 S+ 5 —2eCB)
A2 2 2
Pl 8 () ()
N € dq; —q; q; q;

+( _ﬂ” A? <1_A2(q3+q§—4qaqb>>l <q>
Ne) la; —qj 3(az — a3)” q;

A? 2 At (@ + qg) 2
Qo —qp)” + . @ +q; —44.q }
6qaqb( 2 6a2a2(q2 — q§)2( o T ’

with By = (11N, — 2ny)/3, ((n) = > ;o k" and A = q, + qp. g, can be
expressed in terms of the renormalized coupling constant g, in the MS renor-
malization scheme by the relation g2 = g2 N.T'(1 — €) (47)~>7¢. Note that the
expression for the virtual contribution given in [4] lacks the log squared.

Those pieces related to two—gluon production in QMRK can be rewritten in
terms of their corresponding matrix elements as

Kourk (da, —ap) = /dD’2k2/dy2 | Aszg (o, ap, ki, ka)|” O(s4 — 512)
2,,—2e n12 D—2
O guHTENG d” ks
n(zw)D“qui/u?f(QwD 7 [ du2 Agiuons (52 = 512), - (52)

and those related to quark—antiquark production are

Koo (@ —a) = / Pk, / dys | Asy (Ga, b, k1, ko)

2, —2e N2 D—2

gk N, dP—%k

- D+1 ; 2/ 2¢ D2 4 /dy2 quarks- (53)
7T(27T) .9 w (27T

We have calculated the corresponding amplitudes, using the Mandelstam invari-
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ants 3, t, and 4, and our results are

1 1 ’q?2 1/1-2 1 T 1 1
A N — 2 .2 - _ adp S
gluons qaqb{ e 1\ s Wi 1-ska) T neg
1l 1 1 1\ /1-2 z 1/%
—|l=Z(24 (=== k2 k2 - =+1
3 .§<+<t u)(x | x2>>+4<.§+>
1—-z1 r 1 2 1 1
X( 5 —2>—q—§< A+_A>
z ki 1-zki s\(1—-2)t =zt
2 2 2
qa; z k3|1 1—zki] 1
—2e (1 241 —| =
.§<{+1—xk%]t+[+ 12| @

D - 2{ ((kl - qa)2(k2: q)’ — k§k§>2

+
4 tu
1[(ke—q.)’ -5k E k; —q.) - L2k} E
_ = <( 2 Qa)A 1-a72 + 7) <( 14 )A z 1 _ T) ,(54)
4 U t 8
ny | dzq; L1 l—z 5 T 42
Aquarks = AN 55 2+ ;_5 z kl_ ].—.’L‘k2
_ ((k1 — 40)* (ks — qa)” — K3K3 ) ’
ti
(e -a) - 5K B ((ki-q)? -5k E
2 i § t 3
U, ((k1 — aa)? (ks — da)® = k%k§>2 _dadg | (55)
4N3 ti ti

These expressions are in agreement with the corresponding ones obtained in
Ref. [4]. The following notation has been used:

|k
— 56
X |k1| + |k2|€Ay ( )
A = (]. — .’L‘)kl - l‘k2, (57)
2 A2 2
— 4+ A2= % LA
5+ 20 =) + A7, (58)
E = 202z-1)q® +4A L1 e
B Lo o z(l—x)
2
— 22(1-2) ((2z — 1)A2 + 2AA) do (59)

z(l —x)AZ + A2’

We now study those terms which contribute to generate soft and collinear di-
vergences after integration over the two—particle phase space. They should be
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able to cancel the e poles of the virtual contributions in Eq. (&), i.e.

4, —2€ 2\ €
(v) _ Gkt 4 A 2 Bo 1
Kingutar (da, @) = mﬁ{ <F =2 + Noc( (60)

Here we identify those pieces responsible for the generation of these poles.

One of the divergent regions is defined by the two emissions with momenta
ki = ai1pa+ Bipe + k11 and ks = aspa + B2pB + k21 becoming collinear. This
means that, for a real parameter X\, k1 ~ Ako, i.e. k1 ~ ANkoy, a1 ~ Aas and
thus aski | — ar1ksy ~ 0. Since © = —2— this is equivalent to the condition

a1taz
A ~ 0. In the collinear region § = m(A—2) tends to zero and the dominant

11—z
contributions which are purely collinear are

2.2 2
ingular 9,9, 2 D-2F _
AZIU%?I: collinear - aE g 16 §_2 - A(l) + A(2)’ (61)
Asingular _ ny qiqg . ny E2- (62)
quarks collinear QNC ) 8Nc 52

The quark—antiquark production does not generate divergences when k; or ko
become soft, therefore we have that the only purely soft divergence is

singular
gluons

1 q2q? 1
=@ g =2t | = A5+ Ay — 24 63
sory ey <4m k2k? ' 4kIk3 e @ (63)

where we have used the property that, in the soft limit, the ¢4 product tends
to q2q?. We will see that these terms will be responsible for simple poles in €.
The double poles will be generated by the regions with simultaneous soft and
collinear divergences. They are only present in the gluon—gluon production case

and can be written as

Asingular — qzqz -z i x i
gluons soft&collinear 45 T k% 1—x k%
2.2 2 2
a1 1)L v B]1 [ 1-akd] 1
5y [q”((1_x)£+xa>+qa<[1+1—mk§ it el d) |

= A(s) + A(G). (64)

Focusing on the divergent structure it turns out that in the soft and collinear
region the first line of Eq. (64), A(s), has exactly the same limit as the second
line, A(g). This is very convenient since we can then simply write

. 22 (1—z 1 z 1
Asmgular N 9.9 -+ — | =2A. 65
gluons soft&collinear 25 T k% * -z k% ® ( )

The MRK contribution of Eq. (44) has the form Ayrx = —4A4(4) and when
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added to all the other singular terms we get the expression

/dD72k2/dy2 |Bs(qa7qb7k27k1)|2 =

—2e T2 D—2
g N d k2 ingular incular
7T(2;)D+1q;qg/ 2¢(2r)D—1 /dy2 A;ugol:lsa O(sa — s12) + Azufﬁ(:} (66)
with

singular _ singular
Agluons 0(81\ 812) Aquarks

_A%2 D-2F  ga
S 516 &2 2kkI 23

2 2
qq; (1—-z 1 x 1
— — O(sr —
( x k§+1—xk% (54 = 512)

Gluon|con, Gluon|eou, Gluon|soft Gluon|soft&coll
2 .2 2
ny 4,9 = N E (67)
2N. 5% 8N3 §2

—_— ——
Quark|eolny Quark|corl,

We have labeled the different terms to study how each of them produces the €
poles. We will do this in Section 6.

With the singularity structure well identified we now come back to Eqs. (@8]
[6)) and show how they are free of any divergences. Only if the divergent terms
belong to the same configuration this cancellation can be shown analytically.
With this in mind we add the singular parts of the two particle production of
Eq. 60) in the configuration (a) multiplied by 0 = 1—0(Ry— R12) —0(R12— Rp):

Yy = [(’CSAB) + ’Cy(nv)) (da, —ap)

+/dD_2k2 d?JQ |Bs(QaaQb:kJ - k27k2)|2:|

(a)
+ /dD_2k2 dy2 |: |B(qa7qb7kJ - k27k2)|2 ‘(b)

- |Bs(qa7qb7kJ - k27k2)|2

J()(RO — Ri2)

a

+ [2 / 42Ky dy |Ban, - k) O = B

c)
—/dD_2k2 dys |Bs(da, ap, ks — ko, ko)|* O( Ry — Ro)‘( )}- (68)
a
The cancellation of divergences within the first two lines is now the same as
in the calculation of the full NLO kernel. In Section 6 we will show how the

first two lines of Eq. (68) are free of any singularities in the form of € poles. In
doing so we will go into the details of the role of s5. The third and fourth lines
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are also explicitly free of divergences since these have been subtracted out. The
sixth line has a k; < ks symmetry which allows us to write

y = |:(IC£B)+’C£U))(qaa_Qb)

+/dD72k2 dy2 |Bs(qa7qb7kJ - k27k2)|2:|

(a)

b [ | Ban s e[

— |Bs(da, ap, kg — ko, ko)|?

)]0(1%0 — Ri2)

a

+ Q/dD_2k2 dy» |:|B(Qa:QbakJ:k2)|29(RJ2 - Ro)‘( :

= Bl K KO — Bl e | (69)

We can now see that the remaining possible divergent regions of the last line
are regulated by the cone radius Ry.

It is worth noting that, apart from an overall @2(u?) factor, the NLO terms in
the last four lines in Eq. (69) do not carry any renormalization scale dependence
since they are finite when € is set to zero. The situation is different for the first
two lines since V contains a logarithm of 42 in the form

_ (B as (1) Bo k5
V=V )<1—Tﬁclnﬁ +AV. (70)

where AV contains the third to sixth lines and the p—independent part of the
first two lines of (69). It is then natural to absorb this term in a redefinition
of the running of the coupling and replace a,(u?) by as(k%). For a explicit
derivation of this term we refer the reader to Section 6.

Therefore we now have a finite expression for the jet vertex suitable for
numerical integration. This numerical analysis will be performed elsewhere since
here we are mainly concerned with the formal introduction of the jet definition
and the correct separation of the different contributions to the kernel.

What remains to be proven is the cancellation of divergences between Eq. (60)
and Eq. (66). This will be performed in Section 6. Before doing so, in the next
two subsections, we indicate how to introduce our vertex in the definition of the
differential cross section. Especial care must be taken in the treatment of the
energy scale in the Reggeized gluon propagators since in the symmetric case it
is directly related to the rapidity difference between subsequent emissions, as we
will show in the next subsection, but in the asymmetric case of hadron—hadron
collisions it depends on the longitudinal momentum fractions of the t—channel
Reggeons.
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5.2 Production of jets in +*v* scattering

We now have all the ingredients required to describe the inclusive single jet
production in a symmetric process at NLO. To be definite, we consider y*~*
scattering with the virtualities of the two photons being large and of the same
order. All we need is to take Eq. (BI) for the differential cross section as a
function of the transverse momentum and rapidity of the jet. The vertex V to
be used is that of Eq. (69) in the representation based on rapidity variables of
Eq. (@3). The rapidities of the emitted particles are the natural variables to
characterize the partonic evolution and s—channel production since we assume
that all transverse momenta are of the same order.

Let us note that the rapidity difference between two emissions can be written
as

Yi—Yi+1 = In il (71)

Je,

which supports the choice sg;; ;41 = 1/k7k?, | in Eq. (). This is also technically
more convenient since it simplifies the final expression for the cross section in
Eq. (3.

In Fig. @] we illustrate the different scales participating in the scattering
and the variables of evolution. We write down the conditions for MRK: all
transverse momenta are of similar size and much larger than the confining scale,
the rapidities are strongly ordered in the evolution from one external particle
to the other. At each stage of the evolution the propagation of the Reggeized
gluons, which generates rapidity gaps, takes place between two real emissions.
There are many configurations contributing to the differential cross section, each
of them with a different weight. Eq. (1)) represents the sum of these production
processes.

5.3 The unintegrated gluon density and jet production in
hadron—hadron collisions

In this subsection we now turn to the case of hadron collisions where MRK has
to be necessarily modified to include some evolution in the transverse momenta,
since the momentum of the jet will be much larger than the typical transverse
scale associated to the hadron.

In the LO case we have already explained that, in order to move from the
symmetric case to the asymmetric one, it is needed to change the energy scale
from Eq. (84) to Eq. (39). This is equivalent to changing the description of
the evolution in terms of rapidity differences between emissions to longitudinal
momentum fractions of the Reggeized gluons in the ¢—channel. Whereas in
LO this change of scales has no consequences, in NLO accuracy it leads to
modifications, not only of the jet emission vertex but also of the evolution
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Figure 4: Momenta for 2 — 2 4+ (n — 1) 4 jet amplitude in the symmetric
configuration with MRK. The produced jet has rapidity y; = y; and transverse
momentum kjy = k;.
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Figure 5: Momenta for 2 — 2 4+ (n — 1) + jet amplitude in the asymmetric
configuration with k;—ordered MRK.
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kernels above and below the jet vertex. These new definitions will allow the
cross section still to be written in a factorizable way and the evolution of the
gluon Green’s function still to be described by an integral equation.

To understand this in detail we start by writing the solution to the NLO
BFKL equation iteratively, i.e.

j—1

oo |7
/deafw(ka;qa) = i [H/d2qiiK(qiaqi+l)] ) (72)
j=1 Li=1

where q; =k, and q; = q,. We now focus on one side of the evolution towards
the hard scale since the other side is similar and use Fig. [l as a graphical
reference. Starting with the symmetric case the differential cross section for jet
production contains the following evolution between particle A and the jet:

2 2 ﬂ
kodeJ /d /d N 2 k2

d w
X/Q_;fw(kmqa)( oA ) V(da, ap: ks, y7) ... (73)

VkGK]

In the asymmetric situation where k% > k2 the scale \/k2k% should be
replaced by k5. In order to do so we rewrite the term related to the choice of
energy scale. To be consistent with Fig. B we take k; =k, ko = —k, = —qu
and q; = q,. To start with it is convenient to introduce a chain of scale changes

in every kernel:
w J 2 3 w
SAJ k; ) <5AJ>
— = — | , 74
(Mk%‘) lH (& ] =) "
which can alternatively be written in terms of the t—channel momenta as
S5A7 _ ]1—[ <q%+1> ° (k_3> <3A;J>w -
VKK S\ q? S

For completeness note that we are indeed changing the variable of evolution
from a difference in rapidity:

€

SAJ
Vkik7

to the inverse of the longitudinal momentum fraction, i.e.

= eViTys (76)

SAJ 1
= = 7

This shift in scales translates into the following expression for the cross

25



section:
do do N [{
kodeJ h /QWin [

j—1 2 5 2
Q)" Lo Ky
g LHI ( q; ) wK(q“q’“)] <q3

As we mentioned above these changes can be absorbed at NLO in the kernels
and impact factors, we just need to perturbatively expand the integrand. The
impact factors get one single contribution, as can be seen in Fig. B and they
explicitly change as

w|€

s w
V(da, as; ks, y7) <%> ... (78)
7

(B) Q2
—kQ/qu(I) q( )/dB)( )IHP‘ (79)

The kernels in the evolution receive a double contribution from the different
energy scale choices of both the incoming and outgoing Reggeons (see Fig. ().
This amounts to the following correction:

~ 1 q®
Klar,a2) = Klai,a2)— §/d2qK(B)(Q1,Q) ’C(B)(qa qz2)In ? (80)
2
There is a different type of term in the case of the emission vertex where the
jet is defined. This correction has also two contributions originated at the two
different evolution chains from the hadrons A and B. Its expression is

2

- 1
V(do, ) = V(da @) — 5/d2q/C(B)(qa,q)V(B)(q, qb)lnm
2

./
—= [ @aV® (qq,q) KP) (q, qp) In ——.
2 R T
These are all the modifications we need to be able to write our differential
cross section for the asymmetric case. The final expression is

2 2
kodeJ /d /d . 2 k2

dw sar\” ~
X/%fw(kmqa) <k—3> V(Qa, ap; k7, 975) ... (82)

(81)

As in the LO case, we can use Eq. ([(7) to define the NLO unintegrated gluon

density as B
o
ook = [@alD [ 22 ko, (53)

The gluon Green’s function fw is the solution to a new BFKL equation with the
modified kernel of Eq. (80) which includes the energy shift at NLO, i.e.

wfu(kaan) = 6 (ky — qa) + / Pal ke folaa).  (84)
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In this way the unintegrated gluon distribution follows the evolution equation

Tt — [ Pak(ana a(r.a). (55)

Finally, taking into account the evolution from the other hadron, the differential
cross section reads

do ) )
- = a a>a ) o a9 kg, ,
2K dy /d q /d A 9(za, 9a) 9(zp, ap) V(da, av; kg, y7) (86)

with the emission vertex taken from Eq. (8T]).

We would like to indicate that with the prescription derived in this subsection
we managed to express the new kernels, emission vertex and impact factors as
functions of their incoming momenta only. It is also worth mentioning that
the proton impact factor contains non—perturbative physics which can only be
modeled by, e.g.

q2 p3
~ _ P1 p—P2
bo@ ~ (-ore e (S5m) (87)
where p; are positive free parameters, with 2 representing a momentum scale
of the order of the confinement scale. The initial  dependence in this expression
would be of non—perturbative origin.

Let us also point out that the prescription to modify the kernel as in Eq. (80)
was originally suggested in the first paper of Ref. [2] in the context of deep
inelastic scattering. This new kernel can be considered as the first term in an
all orders perturbative expansion due to the change of scale. When all terms
are included the kernel acquires improved convergence properties and matches
collinear evolution. Details of this procedure can be found in Ref. [1I], where
the collinear resummation was done in Mellin space. In a future publication we
intend to investigate how these corrections can be phrased in momentum space,
and how they affect the behaviour of the unintegrated gluon distribution. For
this we will use the procedure developed in Ref. [12] where the resummation to
all orders corresponding to the energy shift was proven to be equivalent to a
Bessel function of the first kind with argument depending on the strong coupling
and a double logarithm of the ratio of transverse scales.

6 Cancellation of divergences and a closer look
at the separation between MRK and QMRK

During the calculation of a NLO BFKL cross section, both at a fully inclusive
level and at a more exclusive one, there is a need to separate the contribu-
tions from MRK and QMRK. In order to do so we have followed Ref. [5] and
introduced the parameter sy in Eq. (I4) and Eq. (I3). In principle, at NLO
accuracy, our final results should not depend on this extra scale. In fact, as we
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have remarked earlier in our discussion of the total cross section (after Eq. (24)),
we could have taken the limit sy — oo: the logarithms of sy cancel, and the
corrections to the finite pieces die away as O(s,'). In the context of the in-
clusive cross section, however, we prefer to treat sy as a physical parameter: it
separates MRK from QMRK and, hence, cannot be arbitrarily large. We will
therefore retain the dependence upon sj: in the remainder of this section we
demonstrate that, in our inclusive cross section, all logarithmic terms cancel
(analogous to Eq. (24))), and we will then leave the study of the corrections
of the order O(sy*) for a numerical analysis. It will also be interesting to see
how this dependence on s could be related to the rapidity veto introduced in
Ref. [13].

Let us consider the sy dependent terms in Eq. (66) which are only present
in the gluon piece:

-1
2, —2e 72

Guk " Ne D—2 5

(W) /d ko [ dyz |Bs(qa,qs, ko, k1) N

/ P2k, / Atins IXV:
02 [y, TENONS gy ) = S0 S5, (88)
2e D—4 2~2 )
p>¢(2m) q:q; Py

where we have used the numbering (I,II,II1,IV) corresponding to, respec-
tively, (Gluon|col, , Gluon|coir, , Gluon|sest, Gluon|seftcon) in Eq. (67).

To calculate each of the S; terms we start by transforming the rapidity
integral into an integral over z in the form [dAy = [ ﬁ. We consider
sp much larger than any of the typical transverse momenta. In the limit of

2
large sp the theta function (sy — §) amounts to the limits ls(—i + O (s3?) and

1-— % +0 (8X2) for the z integral.

We firstly consider Srrr which is
K2
B / dP—2k, /“ﬁ dx 1 —r 1 T(1-el(e)?
ﬁ

[2<(2) D=4 z(1—2) 2Kk (dm) A2 T(2¢)

x (In 25 + (1= &) = h(e) +1(26) — (1) (%;) +0(s31) . (89)

We are only interested in the logarithmic dependence on sy and hence we do
not need to calculate O (s;') or s5 independent factors.
The next sy contribution we calculate is Sy which reads

1_

/ dP—2k, / Y dx (1-1x)? N z?
(2 (2m) P4 Jiao? 2(1 —z) \K2(ky — (1 —2)A)2  Ki(ky — zA)?
SA
/ dD72k2 2 1 SA + 2 (A - kQ)kQ
= n—
p2e(2m)P—4 | (A — k2)2k§ k% (A - k2)2k§ k%AZ — (Aky)?
A(A -k Ak
x | arctan ( 2) + arctan 2 O (s3")-(90)
k2A2 — (Ak,)? k2A2 — (Ak,)?
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The part with logarithmic sy dependence can be calculated analytically:

1

/ dP 2k, 1 L ™ 1TQ1- €)T'(€)?
p2e(2m)P-4 (A —ko)?2k3 ki (4m)c A2 ['(2¢)

x (In 25 + (1 =) = h(e) +1(26) — (1) <‘;‘—;> . (91)

It is then clear that this logarithmic s, contribution cancels against that of Sy
in Eq. (89).

Let us proceed now to show that the contribution of Sy is directly of O (s} ")
and does not contribute with any logarithm of s5. In the relevant integral we
introduce the change of variable ko - A = (1 — z)A — ko and obtain

/ ud(DTﬁ/ o (o aa) -

21n <1 + A2+\/A2<A2+4A2>>

2A2

/ dP72A 1
M2e(2ﬂ.)D74 A2A2 A2 /A2(A2 + 4A2)

+ 0 (s3") -(92)

We do not write here the lengthier but similar expression which corresponds to
Syr and also only contributes to O (sKl).

With this we have shown that the sum of different terms in Eq. (B8) is free of
logarithmic dependences on s proving, in this way, that the remaining O (sxl)
corrections vanish at large values of sj. In particular, it is possible to take the
sp — oo limit in order to completely eliminate the dependence on this scale.
This is convenient in the fully inclusive case where it is very useful to write a
Mellin transform in the k7 dependence of the NLO BFKL kernel.

If we perform this sy — oo limit then Sy;y and Sy can be put together and
their sum is

Srr+8 _/1 . / ke [L(lr, = .
111 +orv = o (1 —x) ) p2e(2r)P—* [25 \ zk2 (1-2)k? 2k7k3

_/1 dx / dP—?k, (1—1z)?
o 2e(1—2) ) pe@m)Pt [ Ki(ke — (1 - 2)A)?

N x? _ 1
12k —7A)? KA k)
2
)

1 1 PA-eg(1+e) (1 B . A2\ €
TA? (4r)e eT(1 + 2¢) (6 T2~ 291 +2 )> (U )(93)
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Regarding Sy the integration gives us

s = _2/1 dx / dP—2A [ 22(1 — )2 ]
o z(1—z) ) p?(2m)P—* | A2(A2 +2(1 — x)A2)
_ _2/1 dx { 7 z(1—1z) T(1 —€)T(e) <CU(1—.T)A2>6:|
o z(1—=x) [(4m)e A2 [(1+e€) w2
2 1 T(1-eT(1+¢)? <A2>f
AZ (4m)e  el(2 4 2¢) pr )
The contribution from Syr is more complicated and the relevant integral can be
obtained in the following way:
/ PN B2 / A=A 22(1 — 2)°E?
pre2m)P=t 8aqgays® ) pe(2m)PTt Sqqp A
_/ dP2A [ 22(1 — )22z — 1)2 A2
) p2e2m) P4 | 2q2A2(2(1 — 7) A + A2?)
23(1—-2)32r —1)2A%2q¢2 2*(1 —2)*(2z — 1)?A%q?
@AY (z(1—2)A2+ A?)  2q7A%(z(1 — 2) A% + A?)?
3 423 (1 — z)*(AA)(Aq,) 224 (1 — 2)*(AA)%q2 j|
QA% (z(1 —2)A2 + A?)  qfA?(z(1 — z) (A% + A?)?
7 D2 —el(e) (x(1—z)A2) " [ 1 2%(1—1)%(2z — 1)2A?
(4m)e T(1+e) e 1—e¢ q;
1 22(1-2)2(2z —1)2q®?  2-e2?(1 —2)%(22z — 1)2¢?
1—e¢ q? 1—e¢ 2q;
2 2*(1-12)*Aq, 1 23(1— :U)3q3]
1—e2 q; 1+e€ q;

(94)

(95)

We now need to integrate it over z to obtain:

_ 1 7 w1+ +¢) (A%\°
A2 (47)¢ sin(me)T (4 + 2¢) \ p2
This result gives the same poles in € as the result given in [4], but differs for

the finite contribution. To obtain all the € poles we now also include the quark
contributions present in Eq. ([68). We denote them as

Srr

(97)

dD72k2 / Asingl;(lar vI
dy s = N, 98
/u?ﬁ(?W)D‘4 T e Z‘; (%)

where the correspondence with Eq. (67) is (V,VI) = (Quark|co,, Quark|col,)-
Adding everything up the sum of all the terms reads

VI €

1 #nI'(1 — A? 1 1 2
Zsi:_w<_> {_ fo 1 6T 5ny 57 o)
=1

A2 (47 112

30



The final expression for Eq. (66]) is then

/dD72k2/dy2 |Bs(qa7qbak.] _k27k2)|2

=4, —2¢ 2\ €

Gl 4 (k5 2 Bol 67 10ng 52
—t — (ZL) | 2o 228 L 0], (100
mltel(1 — )k2 ( ) LQ N e + 9 9N, 3 +0() (100)
When we combine this result with the singular terms of Eq. (5I) then we ex-
plicitly prove the cancellation of any singularity in our subtraction procedure
to introduce the jet definition. The finite remainder reads

ﬁ%%%{ﬁg._+%0—%Mw%ﬂ. (101)

We have already discussed the logarithmic term due to the running of the cou-
pling in Eq. ({0). The non-logarithmic part is similar to that present in other
calculations involving soft gluon resummations [I4] where terms of the form

a, (1+Sa,) (102)

appear and offer the possibility to change from the MS renormalization scheme
to the so—called gluon—bremsstrahlung (GB) scheme by shifting the position of
the Landau pole, i.e.

AGB = AWS exp <S 2/évc> . (103)
0

The factor S differs from ours in the 72 term:

_ 1 >, = Po
T <4 ™ +5NC>' (104)

The origin of this discrepancy lies in the fact that we used the simplest form
of subtraction procedure. In the Appendix we suggest a different subtraction
term which is more complicated in the sense that it substracts a larger portion
of the matrix element in addition to the infrared divergent pieces. When this is
done and we put together the divergent pieces of Eq. (5I)) and the second line
of Eq. (IT9) then we recover the same S term.

7 Conclusions

In this paper we have extended the NLO BFKL calculations to derive a NLO
jet production vertex in kr—factorization. Our procedure was to ‘deconstruct’
the NLO BFKL kernel to introduce a jet definition at NLO in a consistent
way. After a careful study of the different energy scales and contributions to
the kernel we were able to show the infrared finiteness of this jet vertex and its
dependence on the scale sj, which separates MRK from QMRK. As the central
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result of this paper, we have defined the jet production vertex (69) in terms of
longitudinal momentum fractions, and we have explicitly given the necessary
subtraction, both at the matrix element level (67) as well as integrated over
the corresponding phase space (I00). Our calculations also suggest that the
natural scale for the running of the coupling at the jet vertex is the square of
the transverse momentum of the jet (Z0). We have shown how this vertex can
be used in the context of v*y* or hadron—hadron scattering (&) to calculate
inclusive single jet cross sections. For this purpose we have formulated, on the
basis of the NLO BFKL equation, a NLO unintegrated gluon density valid in
the small-z regime.

In our analysis we have been careful to retain the dependence upon the en-
ergy scale sy which appears at NLO accuracy and separates multi—-Regge kine-
matics from quasi-multi-Regge kinematics. In the NLO calculation of the total
cross section, one may be tempted to take the limit sy — oo, thus disregarding
the 1/s5 corrections to the NLO BFKL kernel. However, when discussing inclu-
sive (multi-) jet production one has to remember that sy has a concrete physical
meaning: it denotes the lower cutoff of rapidity gaps and thus directly enters
the rapidity distribution of multi—jet final states. In a self-consistent description
then also the evolution of the unintegrated gluon density has to depend upon
this scale.

Hence we are well prepared for our next step, the numerical study of single
or multiple jet production in hadron—hadron collisions at the LHC. One issue
to be covered will be the question of handling the running of coupling. Further
applications of our NLO kp—formalism include W and Z as well as heavy flavor
production in the small-z region. Compared to the results presented in this
paper, these applications require the calculation of further production vertices;
however, for the treatment of the different scales and of the unintegrated gluon
density all basic ingredients have been collected in this paper.

Acknowledgements: A.S.V. thanks the Alexander-von—Humboldt Founda-
tion for financial support. F.S.is supported by the Graduiertenkolleg “Zukiinftige
Entwicklungen in der Teilchenphysik”. Helpful discussions with V. S. Fadin and
L. N. Lipatov are gratefully acknowledged.

A Alternative subtraction term

In this Appendix we present an alternative subtraction term which does not
make use of the simplifications A(z) + A4y — 244 and Ay + Ay — 240
which we used in Eqs. ([63] B65)). These limits are valid in the kinematic regions
leading to IR—divergences and hence they do provide the correct € poles. How-
ever, they also alter the finite terms. Here we want to study also this finite
part as accurately as possible and hence we do not take these limits but use the
complete sum

Ay +Ap) + As) + Aw) + Ap) + A + Avrk (105)
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as the gluonic subtraction term.

The full gluonic matrix element written in Eq. (54) contains spurious UV-
divergences which are cancelled when combined with the MRK contribution.
One fourth of the MRK contribution cancels the UV-divergence of A(4) while an-
other fourth cancels that of A (). The remaining half cancels the UV-divergence
of two terms present in Eq. (B4):

2.2

_ qq; (1-z 1 T 1
.A. = A A o 3 o ~ ].
) 4 ( z k§t+1—wk%ﬂ (106)

2.2

_quq; (1—=z 1 x 1
Ay =2 — — 107
® =74y ( r K1z (107)

which are IR—finite and hence so far not included in the subtraction term.

By doubling A4y and A(s) in the subtraction term constructed in Eq. (67)
also their spurious UV-divergences are doubled and thus completely cancelled
by the MRK contribution. But Eq. ([[03) so far only contains half of the spu-
rious UV—divergences of the full matrix element in such a way that half of the
MRK contribution is not compensated. Therefore a subtraction term based on
Eq. (I05) which is also free from spurious UV-divergences should also include
A7) and A(g) and reads

Agens” = Ay +Ap) + A+ Au) + A + Ag) + Aurk + Ay + Ag)

AMRK

= A(l) + A(2) + A(g) + (A(s) — A(4)) + A(G) + + A(7) + A(g).(lOS)

If we now define S(3 6,7,5) and Syrk as we did in Eq. (88) we get a new integrated
subtraction term from the previous Eq. (I00) by replacing

1 al(1—¢) (AZ\"[1 5r?
Srrr+Srv = Eﬁ <?> |:€—2 . + O (e) (109)
with ) s
3 (Srrr + S1v) + 83y + See) + % + S7) + Ss)- (110)

The results for S3) and S(g) can be easily obtained from Egs. (C.43) and (C.40)
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of Ref. [15]:

1 7rF 1—6 q2q§ ™ 1 2(12
= —p et Ty 2 e
5®) A? < ) [262 et At It g
R AC 1. q_i ( qa;A* )
A%(qq — 2! q% (a2 +ap)*
2
. q, b qaqb (A(qa - qb))
- L +Liy [ — 11—~ 2
2< qb> 2 g } ( AQ(Qa_Qb)2
dz——"% +(’) €)1, 111
( [Demrmpron] o
1 7T(1—¢) (A2
_ 1 - 112
So = e () (35 ot )} (H2)

Due to the UV-singularity of Ayrx we regularize the x integration by a cutoff
0 to obtain

s _ _/1—5 da / dP~k, 1
R A A IC O =TV e

_ 1 al(1—e) A_2 I'2(e) nL
A2 (4n)c (/ﬂ) F(26)21 1-4§ (113)

Making use of 2q.k; —q? = + k?/z we can decompose Eq. (C.41) of Ref. [I5]
into one integration very similar to that of Syirk and another one which can be
transformed to give S(r)

1 al(1—€) (A2\| 1%, o 1 1 diq;
N (4m)e w? 2T(2) 1-6 22 2 A
1 q2 2
— Zn%22e 4 114
ettt O(e) |- (114)
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The two parts forming A(s) can be obtained from each other by the exchange
k1 <> ko and we only need to double the calculation of one:

[T de dP2k, z 1
S _2/5 2(1—2) / 22Dl —7) 5K (115)
L dP—2k,
=2/ s ma
1
x - [ de v - (116)
0 {[k1 —x AP + £(1 - £)22A? + €x(1 —m)AQ}
1al(1—€) 1 A2\ [17° 1
=3 )y AZ (F) /5 dmem(e,e) (117)

1 al(1—e¢) (A_2> {_1F2(6)1 s_ L (6)]_ (118)

TA? (dn) \ 2 2T(20) 07 22 12
When we add up these new contributions the spurious UV-divergences indeed
cancel and we can safely take the § — 0 limit. Furthermore, the new subtraction
term has the same pole structure and only different finite parts when compared
to that in Eq. (@0) and its integrated form in Eq. (I00). To complete the
calculation we combine it with the corresponding unmodified quark part and
obtain

/ dP—2k, / dys | Bs(

RN ANE: fol, 67 10n; 4n°
mlteD(1 —€) k2

112

9 Alq, — 1 2 2 2 A4

N qaqg( (g gb)) L (q_;>ln< 94 4)
A%(qe — qp) 2 \qj (a2 +qj)

() ()
i <1 - (AAQ((qa ) </ / ) (ab :Za)) tOl }'(119)

References

2
Qa, Ap, k7 — k2,k2)‘ =

[1] L.N. Lipatov, Sov. J. Nucl. Phys. 23, 338 (1976); V.S. Fadin, E. A. Kuraev
and L.N. Lipatov, Phys. Lett. B 60, 50 (1975), Sov. Phys. JETP 44, 443
(1976), Sov. Phys. JETP 45, 199 (1977); I.I. Balitsky and L.N. Lipatov,
Sov. J. Nucl. Phys. 28, 822 (1978), JETP Lett. 30, 355 (1979).

[2] V.S. Fadin, L.N. Lipatov, Phys. Lett. B 429, 127 (1998); G. Camici,
M. Ciafaloni, Phys. Lett. B 430, 349 (1998).

35



[3] A. Sabio Vera, Nucl. Phys. B 746 (2006) 1.

[4] D. Ostrovsky, Phys. Rev. D 62 (2000) 054028.

[5] V. S. Fadin, hep-ph/9807528.

[6] J. R. Andersen, A. Sabio Vera, Phys. Lett. B 567, 116 (2003); Nucl. Phys.

B 679, 345 (2004); Nucl. Phys. B 699, 90 (2004); JHEP 0501 (2005) 045.

[7] V. S. Fadin, L. N. Lipatov, Nucl. Phys. B406, 259 (1993).
[8] V. S. Fadin, R. Fiore, A. Quartarolo, Phys. Rev. D50, 5893 (1994).
[9] V. S. Fadin, R. Fiore, M. I. Kotsky, Phys. Lett. B389, 737 (1996).

[10] V. S. Fadin, hep-ph/9807527.

[11] M. Ciafaloni, D. Colferai, G. P. Salam, A. M. Stasto, Phys. Rev. D 68
(2003) 114003.

[12] A. Sabio Vera, Nucl. Phys. B 722 (2005) 65.

[13] B. Andersson, G. Gustafson, J. Samuelsson, Nucl. Phys. B 467 (1996) 443;
C. R. Schmidt, Phys. Rev. D 60 (1999) 074003; J. R. Forshaw, D. A. Ross,
A. Sabio Vera, Phys. Lett. B 455 (1999) 273; G. Chachamis, M. Lublinsky,
A. Sabio Vera, Nucl. Phys. A 748 (2005) 649.

[14] S. Catani, B. R. Webber and G. Marchesini, Nucl. Phys. B 349 (1991) 635;
Y. L. Dokshitzer, V. A. Khoze and S. I. Troian, Phys. Rev. D 53 (1996)
89.

[15] M. I. Kotsky, V. S. Fadin and L. N. Lipatov, Phys. Atom. Nucl. 61 (1998)
641 [Yad. Fiz. 61 (1998) 716].

36


http://arxiv.org/abs/hep-ph/9807528
http://arxiv.org/abs/hep-ph/9807527

	Introduction
	General structure of BFKL cross sections
	Different contributions at NLO
	Inclusive jet production at LO
	Inclusive jet production at NLO
	The NLO jet vertex
	Production of jets in ** scattering
	The unintegrated gluon density and jet production in hadron--hadron collisions

	Cancellation of divergences and a closer look at the separation between MRK and QMRK
	Conclusions
	Alternative subtraction term

