Chapter 2
A Hadronic Collision

As explained in Chap. 1, the theory of QCD is able to explain a wide collection
of phenomena in particle physics, initiated by strong interactions between partons
and consisting in final states of hadronic jets. Many QCD predictions concerning
deep inelastic scattering of electron beams colliding on protons and jet physics give
a good agreement over a large number of measurements. It becomes thus crucial
to study how partons interact between each other at high energies, namely to study
collisions between partons. Since partons are not free in nature due to the confinement
property, the most natural way to make partons collide is to use beams of particles,
for instance protons, which contain quarks and gluons (see Chap.1). In order to
give a satisfactory view of a pp collision, or more generally of a hadronic collision,
the simple picture of only two interacting partons is not sufficient. This is due to
the fact that the colliding hadrons are composite objects: the two partons, one for
each colliding hadron, that take part in the interaction, are accompanied by other
quarks and gluons that rearrange themselves after the collision in colourless objects
under the effect of QCD. In addition, the possibility that additional partons of the
two colliding hadrons may interact, is not excluded. The complexity of a hadronic
collision can be represented, for simplicity, by distinguishing two different elements:

e the Hard Scattering which represents the hardest part of the collision, where two
partons in the initial state interact by exchanging a high transverse momentum (see
Sect.2.2);

e the Underlying Event (UE) which describes the whole remaining part of a hadronic
collision, namely the interaction and the evolution of the partons that do not take
part in the hard scattering (see Sect.2.4).

In this chapter, these two components are discussed. Particular attention is given to
how they are combined in the whole picture of a hadronic collision, and how they
are implemented in simulations. The focus is then drawn to the main topic of this
thesis, namely the Multiple Parton Interactions: phenomenology and experimental
results are described from the literature and an introduction to the physics interest of
the experimental measurement, described in the following chapters, is provided.
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30 2 A Hadronic Collision

2.1 Formalism of a Hadronic Cross Section: The
Factorization Theorem

One of the most important quantities to evaluate in a hadronic collision is indeed the
cross section o of a certain process: it represents the probability that the two hadrons
interact and give rise to that specific process. For any cross section calculation, the fact
that the hadrons are composite is treated by the theory with an idea, which combines
the two components of the collision (hard scattering and UE). It is assumed that the
hard scattering process occurs in a timescale much shorter than the one characterizing
the interactions of the other “spectator” partons. In a pictorial view, the hard probe
takes a snapshot of the projectile hadron structure at the instant of the interaction, with
the other partons, which do not participate, seen as “frozen”. This is the basic idea
of the factorization theorem [1], that states the independence between short-distance
hard processes, included in the hard scattering, and softer components, contained in
the UE. Mathematically, this translates into the factorization of the hard scattering
and the UE parts. Thus, it is possible to write any hadron-hadron cross section as a
product of two non-perturbative process-independent parton density functions (PDF),
one for each of the colliding protons, and a perturbative parton-parton cross section. !
In a compact formula, this can be expressed as:
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(2.1)
where x; j is the fraction of longitudinal momentum of the colliding hadrons carried by
the parton (7, j), i, j are indices that run over all possible parton types in the incoming
hadrons, while f stands for all possible partonic final states with Lorentz-invariant
phase space ®¢. The parton density function, fj/,, parametrizes the distributions of
the partons inside each hadron: it represents specifically the probability of finding a
parton of flavour i at a certain longitudinal momentum fraction x;, when the hadron,
that contains it, is probed at a certain scale ur. The PDF are non-perturbative func-
tions which are not calculable a priori. However, they can be extracted from fits to the
data, mainly from ep collisions, and various PDF sets are available for each parton
flavour going down to very low scales. Then, from each initial scale, it is possible to
evaluate the PDF evolution to any other scale through the evolution equations defined
in Chap. 1. Examples of these sets are CTEQ6L1 [2], MRST [3] and HERAPDF [4].
Figure 2.1 shows some examples of currently used PDF sets; the variation of the glu-
onic distribution function is also shown at different scales. It is shown that the valence
quarks, namely the quarks that determine the macroscopic properties of a hadron,
are mostly present inside the proton at high x values (>0.01), while the gluons are
almost absent. In the low-x region, instead, the gluon densities increase rapidly and

'In a lepton-hadron collision, this formalism is still valid but only one parton density function is
obviously included.


http://dx.doi.org/10.1007/978-3-319-22213-4_1

2.1 Formalism of a Hadronic Cross Section: The Factorization Theorem 31

- 1 | Q=10 GeV? ~O_'
Z 14 v
ot .
| =]
0.8 12 .
g (% 0.05) .
| HERAPDFO(prel.) 1 2
06 N X
- 08 . .
04 0.6 “~ !
- R4 ® HI4ZEUS seeTe '-""‘"
+LEUS 3t o
02! a E&-‘n.\isms: Y
| NMC (1.00) W
| 02 SLAC (1.00)
| ¥ E665 (L00)
0 > 4 - 2 1
107 10” 107 10" 1 10 10 10 10 1
x X

Fig. 2.1 (Left) Parton distribution functions obtained by the HERAPDF and CTEQ collaborations
at a scale Q% = 10 GeV? with uncertainty representing the 68 % confidence level [5]. (Right) Gluon
parton distribution functions measured at two different scales, Q? =3.5GeV? and Q% = 90 GeV?,
by the HERAPDF collaboration with deep inelastic scattering data [6]

they dominate over the quarks by several orders of magnitude. Antiquark and heavy
quark PDF are very small compared to gluons and light quarks at all scales.

In the partonic cross section only the hard scattering part is considered, where
one parton of a colliding hadron interacts with another parton of the other hadron
and it is calculable within the perturbation theory as a series in the running coupling
as. A more detailed description is provided in Sect.2.3. The separation line between
these two components, namely the partonic cross section and the PDF, is the so-
called “factorization scale” (ur). The value of the factorization scale is arbitrary but
a common choice is to take ur equal to the hard scattering scale [7]. However, no
universal value can be identified and it is always important to evaluate the effects of
changes in wy for the calculated cross section values.

A further assumption that is generally done inside the formalism of the factor-
ization theorem is that the transverse momenta of the incoming partons, involved in
the hard interaction, are neglected; this is called “collinear approximation” and it is
motivated by the fact that at high energy scales, transverse momenta of the partons
in the initial state can be neglected. This kind of approach is able to describe a wide
range of data. However, it starts to fail when gluons at low-x values are probed: in
fact, low-x values translate into longitudinal momenta which are no longer larger
than the transverse momenta of these partons. In this region, a dependence on the
partonic transverse momentum needs to be explicitly expressed in both the partonic
cross section and in the PDF. In particular, in this case, uPDF need to be used for
calculations in the low-x regime.
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2.2 Hard Scattering and Matrix Element

In the cross section formulation, the matrix element (ME) is the mathematical expres-
sion which represents the hard scattering occurring during the collision. The hard
scattering might be thought of as an interaction between two partons in the initial
state, which produces a final state with two or more partons. Considering an arbitrary
final state F' and a state f with only two final partons, the generic total cross section,
defined in Eq. 2.1, might be expanded, by including explicitly all orders, as:
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Note that the terms relative to the proton PDF have been dropped for compactness
and the focus is drawn to the hard scattering part. ®¢ is the phase space for a final
state f with k additional partons (legs), while Mf(lik is the ME, namely the amplitude,
for producing the same final state f with k legs and with [ additional loops. A leg is
a real correction to the total cross section, while a loop is called a virtual correction,
because it does not produce any particle in the final state but only enters in the
calculations (see Fig.2.2). By choosing certain values for legs and loops, namely for
k and [ respectively, different processes are included in the analytical calculation of
the cross section: in particular, it is generally said that the calculation is performed
at a fixed order in «s. The order in as refers to the number of QCD vertices included
in the calculation of Mﬁik. Real and virtual corrections increase the order in og
of, respectively, one and two units. Increasing the number k means that a higher
number of real partons is included in the final state, while with the number /, loop
virtual corrections are taken into account into the cross section calculation, without
increasing the number of partons in the final state. Depending on different choices
on k and [, various cases can be identified for the final state f:

e k =0, = 0: production of the final state f at Leading Order (LO);

e k =n,l = 0: production of f + n jets at Leading Order (LO);

e k41 < n:production of £ at N"LO which includes N*~'LO for f 41 jet, N°~2LO
for f + 2 jets and so on until LO for f + n jets.

Sl T

Fig. 2.2 Example of QCD diagrams of two initial quarks which annihilate into a gluon which
further splits into two final quarks [8]: in the left plot, a real gluon is emitted by one of the final
quarks, while in the right plot an initial quark emits and reabsorbs a virtual gluon. The /eft figure
is an example of real correction to a 2 — 2 process, while the figure on the right includes a virtual
correction for the same process
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It is, for instance, referred to as LO 2 — 2 processes if k = 0 and/ = 0, LO2— 3
processes if k = 1 and / = 0, and NLO 2 — 2 processes if k+] < 1.

Since the cross section is an infinite sum in «g, by choosing finite values for &
and /, higher order contributions are left out from the matrix element calculation;
however, they are not ignored but the /leading log contributions are absorbed into the
parametrization of the PDF and its evolution starting from a certain scale, given by .
QCD calculations at LO normally suffer from large higher order corrections and scale
uncertainties and the more terms are included into the matrix element calculation,
the smaller the dependence on the choice of the factorization and renormalization®
scales is. On the other hand, the degree of complication in the calculations increases
dramatically with any further order that is added. A naive way to improve LO cal-
culations is to correct them with an overall factor corresponding to the ratio of cross
sections at NLO and LO for a given final state. This is the so-called “K-factor”,

defined as:
NLO
Of

LO
Of

K =

2.3)

By multiplying it to the LO cross section, virtual corrections are aimed to be corrected
for and K-factors for several processes have been calculated [9]. A problem of this
procedure is that often NLO calculations result in a shape change of the studied
observable and this effect is not taken into account by the K-factor.

2.2.1 Matching Between Matrix Element and Parton Shower

Since an analytical calculation of the ME at all orders in «g is not doable, the missing
diagrams which are not included, are computed by the PS. The issue of combining
ME calculations with the PS is addressed by the “matching procedure”. An important
role of a matching procedure is to remove the possibility of double counting terms
present in both the matrix element and the PS expansion. There are many methods
to perform that. After the production of a 2— 2+n process in the ME, the PS is
invoked for each of the final legs. The most used matching schemes [10] are the
CKKW [11] and the MLM [12]: the former is based on a shower veto, the so-called
“truncated shower”, which generates additional partons only below the lowest scale
of the ME, while the latter works with an event rejection, where an event is discarded
if a parton is emitted above the scale of the partons in the ME. Additional ways have
been also recently developed, mainly to perform the matching of NLO ME with PS:
these are the POWHEG method [13], based on the generation of the first hard emission
which sets the upper scale for the rest of the shower, and the MC@NLO method [14],
where some part of the shower is subtracted from the total cross section to avoid

2The renormalization scale is an arbitrary parameter introduced in the theory to treat divergences
appearing in loop diagrams.
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double counting. These methods are widely used in Monte Carlo event generators
(see Sect.2.5), to get predictions for higher-order ME or NLO ME, interfaced with
PS and UE.

2.3 Definition of the Underlying Event and Multiple Parton
Interactions

The UE is a very important component in a hadronic collision, including most of the
occurring partonic interactions; it can be easily represented as everything that happens
in the collision, but the hard scattering. This general definition stems from the fact
that it includes all the different elements which underlie (as the name suggests) the
primary hard interaction. In particular, different subphenomena are grouped under
the name of the UE:

e Initial- and final-state radiation which includes the emission of additional parti-
cles by partons in the initial or in the final state, namely before or after the hard
scattering;

e Beam-beam remnants (BBR) which group the colour interactions undergone by
the spectator partons in each of the two colliding hadrons;

e Multiple parton interactions (MPI) which contain the whole of additional interac-
tions between partons of the colliding hadrons, occurring together with the hard
scattering.

The contribution provided by these components to the collision events is generally
softer than the hard scattering, but still calculable within the perturbative framework.
A sketch of a hadronic collision as a whole is shown in Fig.2.3 where the different
components are represented in various colours.
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Fig. 2.3 Sketch of a hadronic collision with all the contributions included [15]: the hard scattering
is represented in dark red, the initial- and the final-state radiation is pictured respectively in blue
and light red, a MPI event in violet and the beam remnants are sketched in cyan. At the very end of
the /ines, the hadronization products are shown in light and dark green
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The initial- and final-state radiation comprises quarks and gluons that are emitted
by the partons that take part in the hard scattering respectively before and after the
interaction. As seen in Sect. 2.2, if initial- and final-state radiation is included in the
ME calculation by adding additional legs, they have to be considered as a part of the
hard scattering; this case mainly addresses n-objects final states, with n > 2, at large
pt. However, in general, for 2 — 2 processes, initial- and final-state radiation needs
to be considered under the UE classification, and plays a key role in both soft and
hard UE components. The effect and the impact of initial- and final-state radiation
has been studied at leptonic and hadronic colliders. It is possible to disentangle the
corresponding contributions: for the study of final-state radiation, it is important to
select a leptonic initial state with a “coloured” final state (like in [16], for quark
production in electron-positron collisions). A hadronic initial state with a leptonic
final state (like in [17], for Drell-Yan production in pp collisions) is necessary for
measurements related to initial-state radiation.

The BBR are the outcome of the rearrangement of the “spectator partons” of the
two colliding protons. The spectator partons are the ones that do not participate in the
hard scattering. Since they carry colour charge, they need to form coloured objects
after the hard scattering. The main contribution of the BBR is concentrated very
closely towards the initial directions of the incoming protons and it takes most of
the energy of the collision energy. Hence, it is often detected only in the part of the
detectors close to the beam pipe. Beam-beam remnants mainly contribute to the soft
part of the UE.

The MPI describe the possibility to have more than one distinct and simultaneous
parton interaction inside the same hadronic collision. The MPI are mainly due to
the compositeness of the incident hadrons that may be thought of as bunches of
partons whose wave functions overlap with each other. In presence of a hard partonic
collision between the two hadrons, there is a high probability that the spectator partons
experience a hard interaction as well; the scale of a MPI is, indeed, lower than the
scale of the hard scattering but large enough to have a relevant and considerable
contribution to the final state. MPI predominantly contribute to the soft and semi-
hard UE components but some of these additional interactions, in a lesser extent, can
reach a high scale which gives also a hard component to the UE (see Sect.2.5).

Historically, the existence of the MPI has been conjectured from the observation
that the total parton-parton cross section, opard, tends to rapidly increase at low values
of exchanged transverse momentum. In fact, if oparq is represented as an integral of a
generic partonic cross section, &, over the exchanged transverse momentum between
the two partons, from an initial cut-off to the maximum value allowed by energy-
momentum conservation, it can be written as:

/4 dé 1
Ohard (PTyyin) X / 5dpt o« — 24
p%min de mein

where pr,,;. is the threshold of the exchanged transverse momentum between the
two partons. It is obtained that, at pt_. values around 3-5 GeV which is still in the

min
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perturbative regime, oharq €xceeds the non-diffractive cross section oy,q, measured to
be about 70 mb at 7 TeV [18, 19]. Formulated in this way, this might seem indeed
a paradox; it would result that the total pp cross section, at a relatively high scale,
is lower than the cross section of two of their constituents. The possibility of having
MPI solves this issue. If more than one partonic interaction in a hadron-hadron
collision is assumed, the consistency is actually restored. In fact, oq indicates the
hadron-hadron cross section, conceived as a whole of multiple interactions where
partons from the different colliding hadrons might simultaneously interact between
each other. In this new formulation, opaq is not an event but a jet quantity, since
partons are not free but only contained in hadrons; op,rq becomes meaningful to give
an estimation of the number of MPI through the relation:

(n) = Zhard (7T 2.5)

Ond

where n follows a Poisson distribution. However, onarq still diverges for pt — 0. This
would mean that the number of MPI becomes rapidly infinite when going to very
low exchanged pr. This problem is solved by introducing effectively a pt cut-off in
the formula for o1,rg, motivated by the fact that, since the hadrons are colour-neutral
objects and the parton wavelength increases at lower pr, the partons at relatively low
pt (~1 GeV) can no longer resolve the individual colour charges and the coupling
is decreased in this region. This matter is equivalent to include a limit in the gluon
density function, in order to tame its increase at low-x values: this mechanism goes
under the name of “gluon saturation” [20].

The effects of MPI naturally tend to increase for higher energies, where the low-x
region becomes accessible and where the parton densities are very high. This is why
they have been measured at past and present colliders and they gain more and more
importance and attention at future ones [21].

2.3.1 Measurements of UE and MPI at Colliders

The concept of MPI has been successfully applied to describe the properties of soft
collisions, as well as the details of jet final states. A wide collection of measurements
that exhibited sensitivity to MPI is available at several hadron colliders and at various
energies. In particular, the presence of MPI tends to increase the general event activity,
in terms of number of particles and energy. One of the most popular ways to measure
and to estimate the MPI contribution is the measurement of the UE “a-la-Rick-Field”
[22]. This method has been introduced for the first time in the CDF collaboration
and then applied to similar measurements at other colliders. It consists of measuring
the event content in terms of charged particles in different regions of the phase space
relative to the direction of the hardest objects in the event. In particular, the hard
object (a jet in case of measurements of UE in hadronic events, a dimuon pair in
case of Drell-Yan events) identifies a direction ¢parq in the transverse plane. The
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Fig. 2.4 (Left) Transverse plane division used for measurements of UE contribution [26]: the
direction and the scale of the hard scattering are defined by the leading object in the event and the
xy-plane is thus divided in three regions, depending on their azimuthal angle with respect to that
object. These regions are called toward, transverse and away. (Right) Example of UE measurement
performed with the method “a-la-Rick-Field” [25]: charged particle multiplicity, as a function of
the pr of the leading track, measured at the CMS experiment at 7 TeV, in the transverse region. The
measured curve is characterized by a rising part at low scales and a plateaux region for increasing
ones

transverse plane is then divided into four regions, as shown in Fig.2.4 (left), which
are commonly referred to as:

e toward region: |¢ — @nard| < /3
e transverse region: w/3 < |¢ — ¢para| < 27/3
e away region: |¢ — @nard| > 27/3

where ¢ is the azimuthal angle considered in the transverse plane. In these regions,
the observables which are generally measured are the multiplicity and the pt sum
of the charged particles in every event.> Measurements of these observables are
performed as a function of the pr of the hard object: this gives a dependence on the
scale of the scattering that may be easily thought of as the centrality of the collision
between the two hadrons. Assuming that the direction of the hardest objects may
be identified in good approximation with the direction of the hard scattering, every
region in the transverse plane is affected by different components of the collision.
The toward region contains the products of the hard scattering and most probably
the contribution of the initial- and final-state hard radiation. The transverse region
contains the products of the MPI and the BBR along with additional soft radiation.

3These observables are chosen because they are experimentally accessible down to low pr and easy
to measure with a tracking system.
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The away region measures the area of the recoiling object, namely the opposite
region with respect to the leading object. A more sophisticated approach has been
also recently considered for this type of measurements by considering separately the
two transverse regions in terms of event content [23].* This approach, explained more
extensively in Appendix D, helps to further separate the components that contribute
to the content of the transverse region.

Hadronic event measurements have been performed as a function of the leading
jet pr and of the leading track pt by the CDF [24], the CMS [25] and the ATLAS [26]
collaborations for different energies. The curves show always a rapid rise at low pr
and a plateaux region at higher pr starting from 5-10 GeV, depending on the collision
energy. All these measurements have shown the importance of the implementation of
the MPI in the event generators to give a good and consistent description of the data.
Predictions obtained without MPI significantly fail to reproduce the measurements.
An example of this curve, which represents the charged particle multiplicity as a
function of the hard scale, measured by CMS at 7 TeV, is shown in Fig.2.4 (right).

Similar measurements have been performed for different processes occurring at
the hard scattering, for instance with Drell-Yan events [ 17] and top-antitop quark pair
production [27]%; a very good description of the data is only achieved with models
which include MPI. Other evidences of MPI come also from a wide collection of
different measurements, related to jets [29], particle event contents [30] and energy
flow [31]. Thanks to all these observations and measurements, the concept of MPI
is well established and well received in the scientific community.

2.4 Double Parton Scattering

In a framework where the MPI are so important in order to explain such a big variety
of measurements, even additional scattering at a larger scale may accompany the
first hard interaction. In fact, nothing prevents a MPI to reach a scale comparable to
the one of the hard scattering. If this occurs, with one additional hard scattering, the
literature generally refers to a Double Parton Scattering (DPS).® The understanding
of DPS is particularly relevant for the estimation of backgrounds in measurements of
specific or rare physics channels, especially the ones involving jets in the final state.
A good comprehension of the DPS dynamics is also of great help for the general
phenomenology, with increasing importance for higher collision energies, and for the
development of partonic models of hadrons. Likewise a MPI measurement which can
be performed by looking at average observables, like charged particle multiplicity

“By separating them in the region with higher and lower activity, it is possible to disentangle even
further the UE components.

5 Also a UE measurement in bb pair events is planned in the CMS collaboration and studies at the
generator level have been performed [28].

SEvents with a higher number of additional interactions might be also considered and they are thus
called “Triple, Quartic, .. Parton Scattering” but their contribution becomes very small. In this work,
only the actual DPS will be treated.
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or pr event content, a detection of a DPS event is not possible in an event-by-event
basis; however, it is possible to identify specific channels and region of the phase
space where its contribution is enhanced. The possibility to produce high- pt physics
objects from DPS came up together with the concept of MPI and several phenom-
enological studies have been performed by scanning different channels and defining
sensitive observables for its discrimination. Already in 1982 [32], a first attempt of
DPS formalism for a multiquark scattering treatment was discussed and first ideas
related to double Drell-Yan production [33] have been developed. Studies of sensi-
tivity to DPS for various physics channels are widely documented in the literature: in
pp collisions, four-jet final states [34—36], W-boson production associated with jets
[37], di-boson [38] and double J/i [39] final states have shown promising outcomes
for specific regions of the phase space. The capability to disentangle a DPS signal
from the background is discussed in proton-lead [40, 41] and p p [42] collisions as
well.

2.4.1 Theory of Double Parton Scattering

Double Parton Scattering phenomenology is based on the general expression for the
cross section, introduced in Eq.2.1, adapted for multiple scattering at the matrix
element level. The new parton distributions include information of multiple parton
structure of the proton and refer to the probability distributions of finding two par-
tons with given longitudinal momentum fraction at a given scale and with a certain
separation distance in the transverse plane; hence, these new PDF are called double
parton distribution functions. In this formalism, a(al?g) is defined as the cross section
of a DPS event in hadronic collisions, where two independent processes A and B
occur simultaneously. It can be expressed as:

pps _ M 2 .
OxB = —Zi,j’k,l/dxldxzdxidxéd bri,j(xl,xz, b;t1, 1)
. ~A ~B
Fk,l(x; ) xév ba tl ) IZ)O—I,J (xl ) -xi ) tl)UJ’k(-xza xéa tz) (2'6)

where x| > (xi’z) are the longitudinal momentum fractions of the two partons of the
first (second) proton, 1 > are the scales characteristic of the subprocesses A and B,
and b is the distance parameter between the two partons. The two I'(x1, x2, b; t1, t2)
represent the double parton distribution functions and the two & are the inclusive
partonic cross sections of the two processes. The quantity m is a symmetry factor
that is equal to 1 if A =B, and 2 otherwise. This definition for UR%S is process- and
energy-independent. If the dependence on the transverse distance factorizes with the

rest of the parton distribution, like:

Tii(xq, x5, bs t1, 1) = Dy j(x1, x2, 11, 12) - F(b), (2.7)
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the equation becomes:

DPS m r gt .
OAR = Fﬁczid’,k,]/dxldX2dX1dX2Di,j(xl’XZ, 11, 2)
e

/ /. ~A / ~B /
Dy 1(x], x3; 11, fZ)Ui,j (x1, x71, tl)Gj,k(xz, X5, 1) (2.8)

with oer = [ [ d*b(F (b))z]fl. Note that F(b) represents the dependence of the
DPS cross section on the relative parton position inside the proton and it is thus
referred to as “matter distribution”. To further simplify the formalism, the double
parton distribution functions can be reduced to two independent single ones, namely
D j = D; - Dj, under the assumption of complete uncorrelation between partons of
the same protons, and the DPS cross section can be finally expressed in the simple
form:

DPS __ nm OAOCB
9B =

— 2.
2 oeff 29)

With these approximations, o carries information about the size of the partonic
core of the proton and might be thought of as related to the transverse size of the
proton. Its dimensions are the ones of an area (i.e. a cross section). In the most trivial
approximation with no correlations between partons and assuming a uniform matter
distribution, oef should be equal to the total inelastic cross section (~70 mb).

It has been demonstrated in [43], that this formula remains valid only if inclusive
scenarios are considered, namely selections where no vetoes are applied for additional
objects in the final state and where a number of hard scatterings greater than two is
allowed. If this is the case, then the resulting oS presents an explicit dependence
on the impact parameter b and the formula needs to be modified [43].

However, under discussion is the possibility to improve the DPS picture and to
leave out some of the currently adopted approximations. Indeed, it is questionable
that hard scatterings in the same event may occur independently and without any
correlation. Interesting conjectures have been published about the transverse impact
parameter dependence in the double parton distribution functions [44—46] and spin
correlations between the partons inside the same hadron [47-50]. Even though these
theories are still at a speculative stage, they predict significant consequences in both
the DPS cross section values and the event topology’ and they could give many
insights on the understanding of the hadron structure. The final goal is to find a
consistent picture that would be able to explain multiple interactions at all possible
scales, from soft ones to the ones with hard scatterings.

7For instance, in particular scenarios with large spin correlations between the initial-state partons,
a modulation on the relative azimuthal angle of the final-state partons appears, while the inclusion
of colour correlation adds extra colour factors to the DPS cross section which would change its
absolute contribution.
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2.4.2 Measurements of Double Parton Scattering at Colliders

Evidence for DPS events has been observed in various channels and at different ener-
gies. Final states involving four jets have been measured by the AFS collaboration at
the CERN ISR [51], as well as y + 3 jets by the DO [52] and CDF [53] collaborations
in p p collisions. More recently, the ATLAS [54] and CMS [55] collaborations have
contributed with the W+dijet channel and the DO collaboration with the y+b/c jet+2
jets [56]. Furthermore, the double J/¢ production measurement performed by the
CMS [57] and the LHCD [39] experiments may also be used to improve the under-
standing of DPS. Conclusions of this collection of measurements have been that the
addition of a DPS signal in the simulation helps to get a better agreement with the
data. All of them, except the double J/Yy measurement in CMS, have provided an
estimate of oefr in the theoretical framework of Eq.2.9, along with distributions that
are sensitive to the DPS signal. The DPS-sensitive observables use information of the
topology of the event and the configuration of the physics objects in the final state (see
Chap.4). A technique used for the extraction of the oefr in CMS and ATLAS, is the
so-called “template method” and it is based on a fitting procedure to DPS-sensitive
observables. Two templates are considered in the fit: one for the background and
one for the DPS signal. From the relative fraction of the two templates that fit the
observed results best, a determination of oeff can be performed. The application of
this method will be treated in Chap. 11.

From the experimental point of view, it becomes important to provide measure-
ments of observables sensitive to DPS and, from these data, to extract a value of oeff
by following the definition provided in Eq.2.9. Even if the approximations used in
that case are too simplicistic, an extraction of o with these assumptions for differ-
ent channels and different energies is meaningful: if results of o.f are different for
the various channels, it would be a clear indication that this simplified model needs
to be improved, e.g. by introducing correlations between the partons. The current
situation of the measured o.fr values for different channels and as a function of the
collision energy, 4/s, is represented in Fig.2.5. Uncertainties, mainly of systematic
nature related to the extraction method, are rather big and they do not yet allow a
conclusive statement about the channel and energy dependence. The value of oegr
seems to be around 15-20 mb at /s =7 TeV.

The work, described in this thesis, contributes in this research topic, by measuring
DPS-sensitive observables for two channels involving jets in the final state: one with
four jets, and one with two b-jets and two additional ones. A new approach for o
extraction is described and applied for the first time to the measured channels. In
the following Section, details of these two channels are described, with a particular
focus on the physics interest related to DPS.
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2.4.3 DPS in Four-Jet Channels

The physics channels which are described in this thesis are related to a four-jet
scenario. Four jets might be produced by two different processes occurring in the
collision: a Single Parton Scattering (SPS), represented in Fig.2.6 with a pictorial
view and with the specific Feynman diagrams, and a DPS, shown in the same way
in Fig.2.7. In SPS events, the four jets are produced by a single chain, with all
jets coming from the hard scattering; in DPS, instead, two different chains emit the
two pairs of jets in the final state. These two production mechanisms translate into

-

- a

\T\/‘ .
)y

i ~d v

| /

i,

Fig. 2.6 A Single Parton Scattering event in a pp collision, with four jets in the final state. In the
left plot, a sketch of the active partons (i, j) producing the four objects, (a, b, ¢, d), in a single chain,
is represented, while in the right plot, the Feynman diagram of the process is shown
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Fig. 2.7 A Double Parton Scattering event in a pp collision, with four jets in the final state. In the
left plot, a sketch of the active partons (i, j) and (k, [) producing the four objects, (a, ) and (c, d),
in two different chains, is represented, while in the right plot, the Feynman diagram of the process
is shown

different configurations and topologies in the final state, with a higher correlation
among the jets for SPS. Thus, by associating the jets into two pairs and investigating
particular observables which are sensitive to the relative position of the jets, it is
possible to separate the two different contributions. Quantitative studies about how to
separate a DPS signal from a SPS background are presented in Chap. 4. In particular,
two scenarios with four jets in the final state have been studied: one with exclusively
four jets and one with two b- and two other jets. The possibility of tagging heavy-
flavoured jets is very important for separating SPS and DPS, because it helps the
association in pairs of the jets in the final state.

2.5 Monte Carlo Event Generators

The goal of a Monte Carlo (MC) event generator is to simulate everything that hap-
pens in a hadron-hadron collision. This includes the production of a hard scattering,
the implementation of the PS related to the evolution of the partons and the UE.
MC generators differ mainly in the implemented ME for the hard scattering process
and in the UE simulation, namely how PS and MPI are produced. While in LO
generators only 2 — 2 processes are calculated and the additional emitted partons
are implemented through the PS, there are several cases where higher-order ME are
implemented at the Born level. By including additional emissions in the ME, the
exact kinematics and all the interference and helicity parton structures are taken into
account. On the other hand, to calculate higher-order diagrams and loop corrections
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is a very time consuming process and a compromise needs to be done. The correc-
tions which are not included at the matrix element level are estimated through the
PS. The PS is simulated in the current generators by defining a parton probability of
no-branching which can be defined as:

Put) = Ty (el o 2Ta) (2.10)

The factor e(_ J 4Tatt )) is the so-called Sudakov form factor which expresses the

probability for a parton a at an initial scale 7 to evolve without any branching to
a successive scale t. The quantity P,(t) indicates the probability for the parton of
evolving without any branching from 7y to 7, and of splitting at exactly the scale #. The
function ', (¢") contains in its definition the parton evolution. In an event generator,
the evolution starts at the hard scattering and proceeds backwards to lower scales.
All the partons at the end of the evolution experience the hadronization process.

The matching between the matrix element and the PS can be performed in different
ways (see Sect.2.2.1).

In this thesis, the following event generators have been used for predictions to be
compared to the measurements®:

e PYTHIAG6 and PYTHIA8 [58, 59]: aLO 2 — 2 ME, matched with a DGLAP evolution
at an approximate Next-to-Leading-Log level (NLL) for the simulation of the PS
is generated; in this approximation, terms up to P%(z) are resummed to all orders
of as of the evolution, with colour coherence and energy-momentum conservation
constraints.” The PS is ordered in transverse momentum of the emitted partons:
this means that partons with decreasing pt are successively emitted. Initial-state
radiation is generated with a backward evolution: this means that first, the hard
scattering is calculated and then the incoming partons are evolved backwards down
to a low scale. The hadronization is performed with the string model and the UE
is simulated with specific sets of parameters which regulate colour reconnection
and MPI contribution, determined by fits to measurements at colliders;

e HERWIG++ 2.5 [60]: like in PYTHIA, a LO 2— 2 ME is generated; the PS is
simulated by using DGLAP evolution, where the shower is angular-ordered: this
means that the radiation is generated coherently inside the splitting cones of the
partons. The hadronization follows the cluster model and the UE is tuned to data;

e MADGRAPH 5 [61, 62]: aLO 2— 2+n ME, where n is the number of additional
partons included in the analytical calculation of the hard scattering is generated. It
does not simulate any PS or UE contributions, which are provided by interfacing
it with either PYTHIA or HERWIG++, generally through the MLM method [12];

e POWHEG [13, 63]: based on the POWHEG box [64], a NLO 2—2 ME, with an
additional parton included in the matrix element, is generated. Again this generator
does not include PS and UE which need to be borrowed by interfacing POWHEG

8 A brief description of the main features used is given here for every generator. More information
can be found in the quoted references.

9This is why it is not just LLA but approximate NNL.
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Table 2.1 Summary of the event generators used in this thesis for comparison with the measure-
ments: the matrix element, the parton evolution and the hadronization models used by each of them
are also listed.

Monte Carlo event Matrix element Parton shower Hadronization
generator
PYTHIA LO2—2 DGLAP String
HERWIG++ LO2—2 DGLAP Cluster
MADGRAPH LO2—2+n - -
POWHEG NLO2—2+1hard |- -

jet
SHERPA LO2—2+n DGLAP Cluster

with PYTHIA or HERWIG++. The ME-PS matching is performed with the POWHEG
method;

e SHERPA [65]: similar to MADGRAPH, a LO 2 — 2 +n ME is generated, but PS and
UE simulation is also included. The PS follows the DGLAP evolution and it is
matched to the ME with CKKM scheme. The type of hadronization used in the
generator is the cluster model. Specific parameters are used for the UE in order to
best describe available UE data.

A schematic summary of the matrix element used in the different generators in
given in Table2.1.

Note that only PYTHIA, HERWIG++ and SHERPA have their own UE generation,
comprising PS, MPI and BBR. The MADGRAPH and POWHEG ME need to be inter-
faced to one of them for a full hadron-hadron collision simulation.

Since the work described in this thesis deals directly with MPI, in the following
some current models of MPI are presented.

2.5.1 Models of Multiple Parton Interaction

In MC generators, the MPI have a key role for the description of the UE and Min-
imum Bias (MB) data, recorded in hadronic collisions. A big effort has been made
to improve their modelling and further constrain the existing theories through com-
parison with the available measurements.'? On one hand, this is important to better
understand the internal proton structure, as well as the MPI mechanisms; on the
other hand, the study of the contribution of MPI and DPS is fundamental to make
predictions for any physics channel. In the following, the MPI models implemented
in the most used MC generators are described.

10A wider treatment is given in Appendix D, where results of new UE tunes are described.
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2.5.1.1 MPI in PYTHIA

The possibility that several parton pairs undergo simultaneous interactions is imple-
mented in the PYTHIA event generator. The first necessary ingredient is the regular-
ization of the partonic QCD cross section, &, which is divergent for pr — 0. This
is achieved by including the parameter pr, in the denominator, which removes the
divergence, by modifying the dependence of 6 on pr in this way:

dé  oBwR) a3(pi, + p7)

@.11)
dpt — pt (P, + PP)?

The parameter pr, is set to be energy-dependent and is controlled by two additional
parameters, prT‘zf and E}oy, in the generator. The energy dependence is expressed by

the formula: e
E pow

The value of the energy reference, Epef, is generally set in most of the tunes to
1800 GeV for historical reasons. This regularization is included in all MPI models
implemented in PYTHIA. The basic idea of all models is that the average number of
interactions per event is given by Eq.2.5. The simultaneous interactions are assumed
to be independent of each other and without any dependence on the relative position
of the partons inside the hadrons. The PYTHIA event generator implements it by
defining:
1 do

Ond(s) dxt

flr) =

(2.13)

that represents the probability to have a parton-parton interaction at a given xt =
2pt1/Ecm, given that the two hadrons undergo an inelastic collision. From this defi-
nition, a natural ordering in the hardness xT of the scatterings is automatically set;
the probability to have the hardest interaction at a scale xT, is obtained by:

- 1t st

P(xr,) = f(xr))e (2.14)

that includes the probability to have an interaction at xt, and not to have any inter-
action at scales larger than that value.!! For the ith scattering, the probability is
obtained by iteration:

- ! xh)dx!
P(xr,) = f(le’)'(/ f(xT)de) .el Sy T (2.15)

1I'This formalism uses the same concept of the Sudakov form factor in the parton evolution frame-
work.
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The chain of interactions terminates when x, becomes smaller than pr, .. /Ecm.

In this mechanism, energy-momentum conservation becomes necessary and needs
to be introduced. This is ensured by rescaling the parton distributions after every

interaction by a factor:

) 1
= (2.16)

i i—1
=302

This takes into account the energy already used in previous interactions and it
decreases the amount of phase space available for further interactions, until no energy
is left. For the hard scattering, namely the first interaction of the chain, the ordinary
parton distributions are used.

Each MPI is associated with its set of initial- (ISR) and final-state (FSR) radiation
as well as the partons participating in the hard scattering. In order to combine these
different components, the previous formalism is implemented in an interleaved evo-
lution between MPI, ISR and hard scattering process, following the equation given
below:

PTi_1 (dP dp
ar _ (4P | <~ dP (=t (e 4% Yoy )
=( wPL ISR).e Jor pra DI LG 2.17)
dpt dpt dpt

where pr, is the transverse momentum of the ith interaction or parton branching
(for a pictorial view, see Fig.2.8 (left)). Note the similarity of this equation with
Eq.2.10; it differs from that, only because initial-state radiation is also included in
the formalism.'? The FSR is included separately to the outgoing partons. While for
the hard scattering all the processes can be generated, the additional interactions are
limited only to QCD events, both initiated by quarks or gluons.

To take into account the possible different centralities of the collision, a depen-
dence on the varying impact parameter is included. A small value of b corresponds
to a large overlap between the colliding hadrons and consequently to a large proba-
bility of MPI, while large values for b refer to a smaller probability for parton-parton
interactions. A double gaussian function is used for the overlap distribution:

p(r) 1;3’36[_:%] + %el_;g] (2.18)

1 a

This corresponds to a distribution with a small core region, of radius a; and
containing a fraction 8 of the total hadronic matter, embedded in a larger hadron of
radius a;. The choice of a double Gaussian function is motivated by comparisons
with data of MB and UE hadronic activity [58]. Colour reconnection has been also

121n particular, if the hard scattering occurs at a scale pr,, either a secondary hard interaction or a
hard emission from an initial parton take place at the scale pt, < pr,.
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included: this implements the possibility for colour strings coming from different
interactions to be connected and exchange colour information; this idea is motivated
by the fact that MPI tend to create lots of colour strings that most probably overlap
in physical space and would be naturally connected.

These general features are implemented in the PYTHIA6 MPI model and very
similarly in the SHERPA one. In PYTHIAS, a systematic improvement has been carried
out by adding more sophisticated mechanisms, to get a more realistic picture of the
MPI dynamics:

e the colour reconnection is performed by giving each system a probability to recon-
nect with a harder system defined as:

2
p TRec

)

(P%Rcc ) with pr, = R - pr, (2.19)
where R is a parameter and pr, is the same quantity defined in Eq.2.12;

e the rescattering [66]: this concept allows events where an outgoing state from one
scattering becomes the initial state of another scattering, as represented in Fig. 2.8
(right);

e aricher range of generated MPI processes (photon, J/i, Drell-Yan production..);

e a wider set of overlap matter distribution functions, ranging from gaussian and
double gaussian to an exponential low-x dependent function;

e a new interleaved evolution which includes also FSR together with ISR and MPI
[67], based on the equation:

rL
Pomax | i i i e mmin e
Pi1 __ghard.int.
| ] e gmultint.
LJSR
JUTITT -
PPYE Y AU I S mult. int.
Ll 15R
PLmin
l,. interaction
1 2 3 number

Fig. 2.8 (Left) Sketch of the interleaving evolution in PYTHIA6 [68]: the highest scale of the
collision is set by the hard scattering. Then, hard emission and MPI are generated at successively
decreasing scales. The formalism in PYTHIAS is the same but it additionally considers also the FSR
in the evolution. (Right) Example of a rescattering diagram [66]: a parton of one proton interacts
with a parton of the other proton; from this interaction, two new partons are produced and one of
which interacts again successively with another parton of the other proton
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PTi_y (d d d /
A () (0 ()
dpt dpt dpr dpr

(2.20)
Furthermore, PYTHIAS adds the possibility to generate manually two hard scatterings
in the same event. Thanks to all these features, the MPI model in PYTHIAS, is believed
to be the most complete. Hence, the PYTHIA8 event generator has been chosen for
the preliminary sensitivity studies for the analyses presented in Chap. 4.

2.5.1.2 MPI in HERWIG++

Also HERWIG++ includes MPI [69] in order to simulate the UE. It is assumed that at
fixed impact parameter b, individual scatterings are independent (only the momen-
tum conservation is required, but no further constraints) and that the distribution of
partons in the hadrons, factorizes with respect to the b and the x dependence. In this
framework, the average number of hard interactions is given for hadronic collisions
by: . .

n(b, s) = A(b, u*)o™ (s, pim (2.21)

The function A (b, u?) describes the spatial overlap of the two colliding hadrons and
the parameter u is interpreted as the inverse radius of the proton; pt,;, sets the lower
scale for allowed hard MPI. Below this threshold, soft non-perturbative MPI are also
generated within the same model but they make use of a parametrization from the
optical theorem in order to restore unitarity.

As in PYTHIA, this simple model is enriched by the introduction of colour recon-
nection that may cause non-trivial changes to the colour topology of the final state.
In particular, parton jets emerging from different interactions are colour-connected
if they are located closely in phase space. Inside the cluster hadronization model, the
distance between two partons, namely the length of the colour connection, is related
to the invariant mass of the cluster:

Nj
A= Zm% (2.22)
i=1

where the sum is performed over all the final clusters. The goal of CR is to reduce
A for every cluster. This mechanism is carried out in HERWIG++, by iterating over
all possible cluster pairs and by finding the best association among the partons in
the clusters, according to the minimum colour length. If the invariant mass of a new
cluster is lower than the one of the previous cluster, a colour swap is applied with a
certain probability. This model has been shown to improve the description of several
observables, like the charged particle multiplicity [70].
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