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• multi-parton interactions become usually important in the 
intermediate and low x region (phase space) 

• in this region: standard fixed order DGLAP description (may) 
lose its validity.  
 
Reason: αS ln(1/x)~ 1 → need to be resumed to all orders  

• within QCD perturbation theory, this is achieved by the BFKL 
equation 

• can affect the MPI analysis

MPI & low x — why care?



• for long time one of the standard processes to search for BFKL effects at the LHC → signal: 
decorrelation in azimuthal angle with increasing rapidity 
[Duclou, Szymanowski, Wallon; 1309.3229], [Celiberto, Ivanov, Murdaca, Papa; 1504.08233], … 

• MPIs can/could give such a decorrelation! 

• recent BFKL studies: extend this to 3 and 4 jets  
[Caporale, Chachamis, Murdaca, Sabio Vera; 1508.07711], [Caporale, Chachamis, Gordo Gomez, Murdaca, Sabio Vera; 1606.00574] 

example: forward-backward diets (Mueller-Navelet jets)

PDF

PDF

G

PDF

UGD

Figure 1: Left: The SPS contribution to Mueller-Navelet jets production at LL accuracy; Middle:
The DPS contribution; Right: Inclusive forward jet production.

our earlier results based on single parton scattering (SPS) with experimental data. This was the
subject of our recent study [10].
The main assumption of the analysis in [10] concerns the independence of the production of each
jet. This is the basis of the so-called ”pocket formula” for the cross section in the DPS mechanism

�DPS =

�fwd�bwd

�e↵
, (1)

where �fwd(bwd) is the inclusive cross section for one jet in the forward (backward) direction as
shown in the right panel of Fig. 1 and �e↵ is a phenomenological quantity related to the density of
the proton in the transverse plane. According to measurements at the Tevatron and the LHC, �e↵
should be of the order of 15 mb but there is some discrepancy between these measurements. To
account for this uncertainty we vary �e↵ between 10 and 20 mb in our calculation.
A more refined approach to compute the DPS contribution shown in the middle panel of Fig. 1
would require to introduce some kind of “hybrid” double parton distribution, related to the prob-
ability for a proton to emit both a collinear parton and a gluon with some transverse momentum.
Since almost nothing is known about such distributions we are forced to use the simplistic factor-
ized model (1).
The cross section for one forward jet production, �fwd, shown in the right panel of Fig. 1 requires
the knowledge of the unintegrated gluon density (UGD). Contrary to usual collinear parton dis-
tributions (PDF), the unintegrated gluon distributions are not very well known. To estimate the
uncertainty of our calculation due to this fact, we will use several sets found in the literature to see
the impact of this choice on our final results. For each set we fix the normalization by a comparison
with CMS data on inclusive forward jet production (for more details see [10]).
Our analysis about the importance of DPS in Mueller-Navelet jets production is performed for
four choices of kinematical cuts on

p
s and the transverse momenta of the jets relevant for present

and forthcoming experiments at the LHC:

•
p
s = 7 TeV, |kJ,1| = |kJ,2| = 35 GeV,

•
p
s = 14 TeV, |kJ,1| = |kJ,2| = 35 GeV,

•
p
s = 14 TeV, |kJ,1| = |kJ,2| = 20 GeV,
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low x → high energy factorisation→ kT factorization

• high energy factorisation & BFKL 
evolution provide cross-section in the 
low x region as convolution of  
a) kT (TMD) dependent coefficients  
b) kT (TMD) dependent parton 
distribution functions 

• main advantage: treat kinematics with 
higher accuracy (“approximate NLO”), 

• can/could affect size MPI contributions

z1, k1,T

z2, k2,T

z3, k3,T

z4, k4,T

z5, k5,T

z6, k6,T



Double parton scattering in 4-jet production
(Mirko Serino, Cracow)

• 4 jet production within high energy factorisation (=off-shell initial partons)  

• study combination of single and double parton contributions  

• Question: how to maximize the double-parton scattering (DPS) contribution in 
four-jet production by selecting kinematical cuts?

Automated calculations for MPI
(Andreas van Hameren, Cracow)

• Monte-Carlo code for automatic calculations of hard single- and multi parton 
scattering processes 

• both kT factorisation and collinear factorisation, all tree-level matrix elements for 
SM processes



At some (very small) x: saturation effects

• HERA data, BFKL: power like rise of the gluon 
distribution ~x-λ, 
unitarity: most slow down & stop at some value of x 

• mechanism: high density effects; system 
characterised by correlation length/saturation scale

Geometric
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Exploring minijets beyond leading power 
(Piotr Kotko, Penn State)

• MPI models in Monte-Carlos rely on mini-jet Xsec, derived from collinear 
factorization 

• differential Xsec. divergent for small pT 

• introduce energy dependent cut-off pT>pT,min(s) 

• Two questions investigated within high energy factorisation →off-shell initial 
patrons! 
i) cut-off provided by initial off-shell gluons? 
ii) minijet suppression away from the small pT region?

Typically, as the hard scale µ one chooses the pT of the jets. From (9) we see that the cross
section diverges like
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In the pioneering work [5] the MPI model was constructed with �
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where pT0

(S) is the model parameter we have briefly discussed in the Introduction. For example
in version 8.1 of pythia it is defined as

pT0

(S) = 2.28

 p
S

7TeV

!

0.215

GeV . (13)

for standard pythia settings (including pre-determined PDF sets to be used by default). Let
us mention, that the MPI model and the entire event generation procedure in pythia is very
complex, much more then the simple Eq. (12). Nevertheless Eq. (12) constitutes one of the core
building blocks of this powerful program.

The pT spectrum of minijets d�

0
2jet

/dp

2

T within the presented model should exhibit a strong
suppression for small pT , slowly growing with energy. It is interesting to ask if such a suppression
could be directly observed. Putting this question aside, we will simply calculate (see Section 4)
the inclusive dijet production in the small pT region using pythia and compare with the minijet
spectrum d�

0
2jet

/dp

2

T . There are a few interesting features of this calculation (thought to be
more realistic than (12)) which will be discussed later.

2.3 High Energy Factorization
Let us now discuss how the power corrections in (2) can be taken into account in kT -factorization
(we use the terms ‘high energy factorization’ and ‘kT -factorization’ interchangeably in the
present work, although both terms have different origin).

In kT -factorization the cross section is calculated as a convolution of so-called unintegrated
gluon distributions (UGDs) and an off-shell matrix element. UGDs depend not only on lon-
gitudinal momentum fractions x, but also on the transverse momenta kT of the gluons – a
feature neglected in the collinear factorization due to the power counting. For the first time kT -
factorization was used in [11] for inclusive jet production at high energies using basically 2 ! 1

process g⇤g⇤ ! g. Let us note that the 2 ! 1 process does not exist when the incoming partons
are on-shell and collinear, but it appears at lowest order in the kT factorization approach. Later,
a similar idea (originally called HEF) was used to compute heavy quark production [12–15] by
means of a gauge invariant matrix element for g⇤g⇤ ! QQ which was extracted from the Green
function utilizing suitable eikonal projectors. The UGDs were assumed to undergo BFKL evo-
lution. A natural step forward was to adopt the HEF to account for jet production processes at
high energy. Thus, the HEF has been extended to all channels [52], including gluons. At small
x the forward jets are especially interesting. They can be treated in a limiting case of HEF,
where one of the gluons becomes on-shell [53–55]. In this approximation, this gluon is treated
as a ‘large-x’ gluon and is assigned a standard collinear PDF. In the Color Glass Condensate
(CGC) approach [56] a similar idea was used to study forward particle production in saturation
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MPI & low x diffraction

‘cut’ Pomeron: high multiplicity 
events (total Xsec.)

Introduction

relate 2 pictures of the BFKL Pomeron

a) exclusive photo-production of
vector mesons:

�

⇤

p

J/ ,⌥

‘uncut’ Pomeron: di↵ractive/elastic
scattering (amplitude level)

A(s, t)

b) proton structure functions:

�

⇤

p

‘cut’ Pomeron: high multiplicity
events (total X-sec.)

�tot =
1
s=mA(s, t = 0)
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‘uncut’ Pomeron: elastic/diffractive 
scattering (amplitude level)

at cross-section level: multi-parton 
scattering (if resolved)



Hard diffractive processes in the kT- factorisation approach 
(Marta Luszczak, Rzeszow)

• diffractive production of open charm, 
bottom mesons and diets at the LHC 

• Pomeron: Ingelmass-Schlein model + 
absorptive corrections 

• parton distributions: kT-factorization 
(from collinear pdfs using KMR 
description) 

1 Introduction

Diffractive hadronic processes were studied theoretically in the so-called resolved
pomeron model [1]. This model, previously used to describe deep-inelastic diffrac-
tive processes must be corrected for absorption effects related to hadron-hadron
interactions. In theoretical models this effect is taken into account approximately
by multiplying the diffractive cross section calculated using HERA diffractive PDFs
by a kinematics independent factor called the gap survival probability – SG. Two
theoretical groups specialize in calculating such probabilities [2, 3].

In this study we consider diffractive production of charm for which rather large
cross section at the LHC are expected, even within the leading-order (LO) collinear
approach [4]. On the other hand, it was shown that for the inclusive non-diffractive
charm production the LO collinear approach is a rather poor approximation and
higher-order corrections are crucial. Contrary, the kt-factorization approach, which
effectively includes higher-order effects, gives a good description of the LHC data for
inclusive charm production at

√
s = 7 TeV (see e.g. Ref. [5]). This strongly suggests

that application of the kt-factorization approach to diffractive charm production is
useful. Besides, the dipole approach is also often used to calculate cross section
for diffractive processes. However, as we discussed in Ref. [6], it gives only a small
fraction of the diffractive cross section for the charm production. This presentation
is based on our recent study presented in [7]. Here we present only results at the
quark/antiquark level.

2 A sketch of the theoretical formalism
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Figure 1: A diagrammatic representation for single-diffractive production of heavy
quark pairs within the kt-factorization resolved pomeron approach.

A sketch of the theoretical formalism is shown in Fig. 1. Here, extension of the
standard resolved pomeron model based on the LO collinear approach by adopting a
framework of the kt-factorization is proposed as an effective way to include higher-
order corrections. According to this model the cross section for a single-diffractive
production of charm quark-antiquark pair, for both considered diagrams (left and
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