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Abstract. A study of differential cross sections for the production of three and four jets in multi-Regge kinematics is presented. The
main focus lies on the azimuthal angle dependences in events with two forward/backward jets tagged in the final state. Furthermore,
the tagging of one or two extra jets in more central regions of the detector with a relative separation in rapidity from each other is
requested. It is found that the dependence of the cross sections on the transverse momenta and the rapidities of the central jet(s)
can offer new means of studying the onset of BFKL dynamics.

INTRODUCTION

The study of semi-hard processes in the high-energy (Regge) limit is an active research field in perturbative QCD,
the Large Hadron Collider (LHC) affording an abundance of data. Multi-Regge kinematics (MRK), which requires
final-state objects strongly ordered in rapidity, is the principal ingredient for the study of multi-jet production at LHC
energies. In this kinematical regime, the Balitsky-Fadin-Kuraev-Lipatov (BFKL) approach, at leading (LLA) [1–6]
and next-to-leading (NLA) [7, 8] accuracy, represents the most powerful mechanism to resum the large logarithms
in the colliding energy which are present to all orders of the perturbative expansion. This approach was successfully
applied to Deep Inelastic Scattering at HERA (see, e.g. [9, 10]) in order to study quite inclusive processes which,
however, are not so suitable to discriminate between BFKL dynamics and other resummations. The high energies
reachable at the LHC give us the opportunity to study reactions with much more exclusive final states which can,
in principle, be only described by the BFKL resummation, making it possible to unravel the applicability region of
the approach. In the last years, Mueller–Navelet jet production [11] has been the most studied reaction. Interesting
observables associated to this process are the azimuthal correlation momenta which, however, seem to be strongly
affected by collinear contaminations. Therefore, new observables independent from the conformal contribution were
proposed in [12, 13] and calculated at NLA in [14–22], showing a very good agreement with experimental data at
the LHC. Unfortunately, Mueller-Navelet configurations are still too inclusive to accomplish MRK precision studies.
With the aim to deeply probe the BFKL dynamics by studying azimuthal correlations where the transverse momenta
of extra particles introduce a new dependence, we define new observables for semi-hard processes which can be
considered as a generalization of Mueller-Navelet jets1. These processes are inclusive three-jet [26–28] and four-jet
production [29, 30].

1Another interesting and novel possibility, the detection of two charged light hadrons: π±, K±, p, p̄ having high transverse momenta and
separated by a large interval of rapidity, together with an undetected soft-gluon radiation emission, was suggested in [23] and studied in [24, 25].



THREE- AND FOUR- JET PRODUCTION

The kind of processes we want to study is the inclusive hadroproduction of n jets in the final state, well separated in
rapidity so that yi > yi+1 according to MRK, while their transverse momenta {ki} lie above the experimental resolution
scale, together with an undetected gluon radiation emission. Our goal is to generalize the azimuthal ratios Rnm defined
in the Mueller–Navelet jet configuration. For this reason, we define new, generalized azimuthal observables by con-
sidering the projection of the differential cross section dσn−jet on all angles, so having the general formula given in
Equation (3) of [31] and in Equation (1) of [32]:

CM1···Mn−1 =

〈n−1∏
i=1

cos
(
Mi φi,i+1

)〉
=

∫ 2π

0
dθ1 · · ·

∫ 2π

0
dθn

n−1∏
i=1

cos
(
Mi φi,i+1

)
dσn−jet , (1)

where φi,i+1 = θi − θi+1 − π, and θi is the azimuthal angle of the i-th jet.
From a phenomenological point of view, our goal is to give predictions compatible with the current and future

experimental data. So, we introduce the kinematical cuts already used at the LHC by integrating CM1···Mn−1 over the
momenta of all tagged jets in the form

CM1···Mn−1 =

∫ y1,max

y1,min

dy1

∫ yn,max

yn,min

dyn

∫ k1,max

k1,min

dk1 · · ·

∫ kn,max

kn,min

dkn δ (y1 − yn − Y) CM1···Mn−1 , (2)

where the rapidities of the most forward and of the most backward jet lie in the range ymin
1 = ymin

n = −4.7 and
ymax

1 = ymax
n = 4.7, keeping their difference Y = y1 − yn fixed. From a more theoretical aspect, it is crucial to improve

the stability of our predictions (see [33] for a related discussion). This can be carried out by removing the zeroth
conformal spin contribution responsible for any collinear contamination. Therefore, we introduce the ratios

RM1···Mn−1
N1···Nn−1

≡
CM1···Mn−1

CN1···Nn−1

, (3)

with {Mi} and {Ni} being positive integers.
In Figure 1 we present the dependence on Y of the R12

33 ratio, characteristic of the 3-jet process, for
√

s = 7 and
13 TeV, for two different kinematical cuts on the most forward/backward jet transverse momenta kA,B and for three
different ranges of the central jet transverse momentum kJ , that is, 20 GeV < kJ < 35 GeV (bin-1, smaller than kA,
kB), 35 GeV < kJ < 60 GeV (bin-2, similar to kA, kB) and 60 GeV < kJ < 120 GeV (bin-3, larger than kA, kB). We
clearly see that the contribution of NLA corrections is small with respect to the LLA predictions.

In Figure 2 we show the dependence on Y of the R122
221 ratio, characteristic of the 4-jet process, for

√
s = 7 and

13 TeV, for asymmetrical cuts on the external jet transverse momenta kA,B and for two different configurations of the
central jet transverse momenta k1,2.

A comparison with predictions for these observables from fixed order analyses as well as from the BFKL inspired
Monte Carlo BFKLex [34–41] is in progress.

SUMMARY & OUTLOOK

We defined ratios of correlation functions of products of azimuthal angle difference cosines in order to study multi-jet
production processes at hadron colliders, the dependence on the transverse momenta and rapidities of the central jet(s)
being a distinct signal of the BFKL dynamics. In the case of three-jet production, we included the NLA contributions
coming from the BFKL gluon Green function and used the MOM Brodsky-Lepage-Mackenzie (BLM) method [42]
in order to optimize the value of the renormalization scale µR. However, more accurate analyses are still needed: full
NLA analyses including next-to-leading order jet vertices and study of different configurations for the rapidity range
of the two central jets, together with the analysis of the effect of using different PDF parametrizations. It would be
also interesting to study the behavior of our observables in other approaches not based on the BFKL resummation and
to test how they differ from the predictions given in this work. Only experimental analyses of these observables using
existing and future LHC data will to probe and disentangle the applicability region of the BFKL dynamics. For this
reason, we strongly suggest experimental collaborations to study these observables in the next LHC analyses.
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Figure 1. Y-dependence of R12
33 in the LLA and NLA (MOM BLM optimization method [42] is used) accuracy for

√
s = 7, 13

TeV, kA,min = 35 GeV kB,min = 50 GeV. The central jet rapidity is set to yJ = (yA + yB)/2, while its transverse momentum kJ is
allowed to take values in the following three ranges: [20 GeV < kJ < 35 GeV] (bin-1), [35 GeV < kJ < 60 GeV] (bin-2) and
[60 GeV < kJ < 120 GeV] (bin-3).
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Figure 2. Y-dependence of R122
221 for

√
s = 7 TeV and for

√
s = 13 TeV. The rapidity interval between a jet and the closest one is

fixed to Y/3.
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