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Abstract. In this project we study perturbative Quantum Chromodynamics with the purpose of obtaining
high-precision prediction for jet production at the LHC. We began by using RAMBO phase space generator
to generate 100 random events with 6 final state particles and an inclusive ky algorithm was written using
Matlab® to sort these into jets. Subsequently, using recent parton distribution function sets, LHAPDF[1] and
the fastnlo[2, B] libraries were used to obtain predictions in QCD for inclusive jet production for proton-proton
collisions at /s = 7TeV, the predictions were then compared to data from the ATLAS experiment. This
study found no indication or evidence of new physics beyond the Standard Model for the single-jet inclusive

observables studied at the LHC.
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1 Introduction
1.1 The Standard model

The Standard model of particle physics embodies the cur-
rent understanding of this field of physics. The Stan-
dard model postulates that the fundamental particles, and
the corresponding anti-particles, are classified into four
groups: the Leptons, Quarks, Gauge bosons and the Higgs
boson, and that the fundamental forces are described as
the interactions of the fundamental particles through the
exchange of a particle in the Gauge boson group [4]. The
Electromagnetic force is mediated by the exchange of a
photon and is described by the theory of Quantum Electro-
dynamics (QED), the strong force is mediated by the ex-
change of a gluon and is described by the theory of Quan-
tum Chromodynamics (QCD) the weak force is mediated
by the exchange of a charged W* boson or a neutral Z°
boson. Figure [l shows a table of the fundamental particles
in the Standard model, with some of their properties.
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Figure 1. An image illustrating the Standard model of particle
physics
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1.2 Collisions at the LHC

At the LHC protons are grouped into bunches that are ac-
celerated and made to collide at interaction points, where
the detectors are located [#]. When two protons collide
at high energies, the fundamental particles that form the
proton interact with each other, these interactions are de-
scribed by Feynman diagrams in section B. The proton
is composed of particles that have colour charge, Quarks
and gluons, and interact with each other through the strong
force, and so the particles resulting from the collisions
can have color charge and emit QCD radiation through
Bremsstrahlung. However, because of colour confine-
ment, a not fully understood property of QCD that dic-
tates that a particle with colour charge cannot exist in a
free-particle state, the resulting particles go through the
process of hadronization. Final state QCD radiation and
hadronization is the process by which highly energetic
colour charged particles produce hadrons in a collimated
beam called a jet.

2 Jet Algorithm

In a proton-proton collision the experiments detect several
hadrons resulting from the interaction between the funda-
mental partons of the protons, so, to study these events,
it is necessary to group the particles into jets, and for this
reason, the use of a jet-algorithm must be employed. In
this section properties of a jet algorithm are established .

2.1 Main variables
Here we present a list of the variables that will by used by
the jet algorithm to detect jets
e ¢ = arctan % :
. y
particle;

azimuthal angle of the trajectory of a

oy= %ln(gf—ﬁi) : rapidity;

o P = [P2+ Pg : transverse momentum;



e R : A parameter chosen to fix the size of the jet in the
algorithm ;

2.2 Infrared and collinear safety

Infrared and collinear (IRC) safety is the property that if
a soft or collinear particle is added to an event, the set of
detected jets should remain unchanged [8]. An illustration
of IRC unsafety effects on the detection of jets is shown in
Figure D
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Figure 2. a) Configuration of two jets to demonstrate IRC safety,
where b) shows an IRC unsafe algorithm and c) show an IRC safe
algorithm

IRC safety is an important property of jet algorithms
and must be accounted for, since:

e soft or collinear particle emissions occur randomly and
their average properties involve non-perturbative effects
making them harder to predict.

e In fixed-order perturbative QCD calculations soft and
collinear emissions are associated with divergent tree-
level matrix elements, there are also divergent loop ma-
trix elements that have opposite sign. Normally these
will cancel each other, but an IRC unsafe algorithm the
tree-level divergences may lead to one set of jets and
the loop diagram may lead to another set of jets creating
infinite cross sections.

e Experimental detectors provide some regularisation of
IRC unsafety due to their finite resolution and non-zero
momentum thresholds, but this depends on the particu-
lar combination of tracking, electromagnetic calorime-
try and hadronic calorimetry that is used by the experi-
ment. This can make it difficult to connect experimental
results for IRC unsafe algorithms to the predictions at
hadron-level.

2.3 Anti-k, algorithm

In this section we describe the jet algorithm [5] that we
implemented in our study. We begin by assigning the fol-
lowing distance measures between outgoing particles and
between an outgoing particle and the beam,

. 52p p2p ARizj 2 2 2
dij = min(P,;", P )F’ AR = (i —yj)” + (¢ — ¢))
dip = P,

f
Where p is a paremeter to distinguish three different
algorithms, when p = 1 it is called the inclusive k, al-
gorithm, when p = 0 it is callled the Cambridge/Aachen
algorithm, when p = —1 it is called the anti-k;, indepen-
dently of the value of p the algorithm goes as follows:
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1. compute d;; and d;p for all particles and particles-
pairs in the event.

2. find the minimum of d;; and d;3.

3. if d;; is the minimum recombine the i and j particles
into a new particle and return to step 1.

4. if d;p is the minimum declare i to be a jet and remove
it from the list of detections

5. restart the algorithm until no particle remains.

2.4 Algorithm implementation

Using the phase space generator RAMBO, 100 random
events with 6 final state particles were generated and pro-
cessed with the anti-kr jet algorithm implemented using
Matlab®. In Figure B we show the distribution of the num-
ber of observed jets as a function of the jet radius parame-
ter R. We observe that as we increase R more final-state
particles are grouped together increasing the number of
events with fewer jets. Conversely for small enough R
each final state particle will form a separate a jet thus in-
creasing the number of observed jets in the final state.
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Figure 3. Histogram of the number of detected jets on an event
usinga) R=04,b) R=0.7,c)R=1.2

3 Feynman Diagrams for dijet production
at leading order

In proton-proton collisions the partons of the protons in-
teract with each other, which lead to the production of
jets, for this project it is important to study the interac-
tions that result in the production of two jets, through the
use of Feynman diagrams. Table B shows all possible in-
teractions between the constituents of the proton where ,g,
is a gluon, g and g, are the quark and anti-quark, respec-
tively, and primed quarks and anti-quarks are used to show
interactions between quarks and anti-quarks with different
flavors.




Possible processes
99 — 99
99 — qq
9" = 94’
q9 — 49
q9 — 49
qq = 99
99 = 94’
q9q9 = 99

Table 1. Possible processes for the interactions of the protons
constituents

Some processes in Table 1 are related to each other by
switching particles in the final state to the initial state in the

transition matrix element, so we will only show some of

the relevant leading-order Feynman diagrams. However,
because of the different Parton Distribution Functions in-
volved, all these processes must be summed.

99 — 99

Figure 4. a) s-channel, b) t-channel, c) quartic gluon vertice, d)
u-channel,according to the momenta carried by the propagator
particle s = (p1 + p2)%,t = (p1 — p3)*, u = (pl — p4)>.

99’ = qq

Figure 5. t-channel,according to
the momenta carried by the
propagator particle, t = (pl — p3)*
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99 — 99

a) b)

Figure 6. a) t-channel,b) u-channel,according to the momenta
carried by the propagator particle, t = (p1 — p3)?, u = (p1 — p4)?

q9q9 — 99

a)

Figure 7. a) s-channel,b) t-channel,c) u-channel, according to
the momenta carried by the propagator particle s = (p1 + p2)?,
1= (pl = p3), u=(pl - p4y

4 Parton Distribution functions

The fundamental particles within the proton interact with
each other such that there exist a distribution of momenta
withing the constituents of the proton [4]. These dis-
tributions are expressed in Parton distribution functions
(PDFs), however, because the strong force at the scale
0 =~ 1 GeV of the mass of the proton has a large cou-
pling constant of @ o« O(1), perturbation theory cannot be
used to calculate the PDFs from first principles. So the
PDFs must be determined experimentally by fitting data
from collider experiments and as an example, we show in
Figure B a determination of the PDFs of the proton [A].
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Figure 8. Proton PDFs for the quark, gluon and anti-quark
densities at Q> = 10GeV? as a function of the longitudinal mo-
mentum fraction x obtained by the MSTW 2008 collaboration,
where the coloured bands represent the PDF uncertainty.

5 Results

In this work we used six different PDF sets which were
evaluated using the LHADPEF library to obtain predictions
in perturbative QCD for the double differential in p; and
rapidity single jet inclusive cross section. To evaluate the
perturbative component of the cross section we used, in
addition, the Fastnlo library[2, 3], which reads fast inter-
polation tables of pre-computed coefficients in perturba-
tion theory up to Next-to-Next-to-Leading-Order (NNLO)
in QCD for the single jet inclusive cross section. The dou-
ble differential cross section for jet pr in the range [100-
2000] GeV and rapidity |y| € [0 — 3] at NNLO in perturba-
tive QCD is show in Figure B for proton-proton collisions
at 4/s = 7 TeV using the anti-kr algorithm with R = 0.6.
In the theory prediction we fixed the renormalization and
factorization scale to the p7 of the reconstructed jet.
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1.5slyl<2 (x 10°)

100 Ce e, * 2<yj<25(x 10712)

N * 25<ly|<3 (x107'%)

105 s —7rey  PDF=NNPF40_nmio_as 01180
Anti— k,
NNLO pQCD prediction with jug = iy = ptjet

48 /dpidy  [pb/GeV)

P, [GeV]

Figure 9. Double differential single jet inclusive cross section as
a function of pr.
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The ratio between the differential cross-section of for
several PDF sets and the NNPDF40_nnlo PDF at different
rapidities, |y| € [0 — 3], is shown in Figure I

Figure 10. The ratio of the differential cross-section for a set
of PDFs to the differential cross-section of PDF NNPDF40_nnlo
fora) |yl <0.5,b)05<|yl<1,c)1 <|yl <15 d)15<|y <2,
e)2 <yl <25,1) 25 < |yl <3, where the blue band shows
the NNPDF40 PDF uncertainty at NNLO determined by the 100
replicas of this PDF set.

From Figure [ we conclude that at low rapidities the
PDF uncertainty is arround 5% and all PDFs are compati-
ble with each other, not deviating much. As the jet rapid-
ity increases, the PDF uncertainty increases to around 20-
30% and the different PDFs start to diverge and become in-
compatible The ratio between the differential cross-section
using Leading-Order (LO), Next-to-Leading-Order (NLO)
and NNLO perturbative QCD predictions, which corre-
spond to an increase in the perturbative order, with the
NNPDF40_nnlo PDF and the ATLAS data at different ra-
pidities is shown in Figure [ in green, blue and red re-
spectively, with the respective uncertainty bands obtained
by computing the predictions with ug = ur = 0.5 pr and
Ur = pr = 2 pr. In addition, there exists a contribu-
tion at the LHC at low-jet Pt from underlying event effects
from the disintegration of the proton and from hadroniza-
tion, which are non-perturbative corrections, and at high-
transverse momenta the electroweak interactions has a no-
ticeable effect and must be accounted for. We also plot
in Figure [l the perturbative QCD NNLO prediction re-
weighted for both these effects in magenta .



Figure 11. Ratio of differential cross-section for
NNPDF40_nnlo PDF using LO, NLO, NNLO and NNLO
with non-perturbative and electroweak corrections and ATLAS
data with uncertainty bands for a) |y| < 0.5,b) 0.5 < |y| < 1, ¢)
I<lyl<15d15<y<2,e)2<|y<251)25<|yl<3

From Figure [ we conclude that, as we increase the
perturbative order of the QCD calculation, the precision of
the prediction also increases, making NNLO the most pre-
cise prediction and by applying the electroweak and non-
perturbative interactions the resulting prediction becomes
a better description of the ATLAS data as it can be seen in
Figure [ a).

The ratio of NNLO predictions for differential cross-
section for several PDFs and ATLAS data to the differen-
tial cross-section for the NNPDF40_nnlo PDF for several
rapidities, |y| € [0 — 3] is illustrated in Figure I2.

a) b)

Figure 12. The ratio of the differential cross-section for the set
of PDFs and ATLAS cross-section data to the differential cross-
section of PDF NNPDF40_nnlo for a) |y| < 0.5,b) 0.5 < |y| < 1,
O)l<ly<15d15<ly<2,e)2<|y<251H25<|y <3

From Figure [ we conclude that at low rapidities the
CT18NNLO and MSHT20nnlo PDFs give the best de-
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scription of the ATLAS experiment data, while at higher
rapidities all PDFs are in good agreement within the larger
uncertainty of the ATLAS data.

6 Conclusions

In this work, predictions for inclusive jet production cross
section, differential in the jet transverse momentum and
rapidity, using perturbative QCD up to NNLO in QCD,
were obtained. It was concluded that different PDFs pro-
duce predictions of cross-section with a variation of 5% at
low rapidity and 20-30% at high rapidity.

Comparatively, the perturbative accuracy at Next-to-
Next-to-Leading-Order in QCD is at the level of 5% at
low rapidity and less than 10% at high-rapidity as demon-
strated by the width of the scale uncertainty bands in Fig-
ure 11.

Comparing theoretical predictions to experimental AT-
LAS data, the PDFs CT18 and MSH20 were concluded to
give the best description of the experimental data at low
rapidity, while for high rapidities, all PDFs are compati-
ble within the experimental uncertainties. This work con-
cluded that there is no evidence for new physics in the
measurement of the single jet inclusive cross section stud-
ied at the LHC.
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