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Introduction

The High Energy Physics field is the branch of physics that try to understand how the
universe works at its most fundamental level by exploring the elementary constituents of
matter, probing the interactions between them, and discovering the basic nature of space
and time. These interactions analyzed and described mathematically using Quantum field
theory. In our work we will study one of these quantum field theory which called Quantum
ChromoDynamics (QCD), that describe the strong interactions.

The study of the strong interactions was transformed with the advent of accelerators
in higher-GeV energy range, where the first direct evidence for point-like constituents in
the nucleons came from the discovery of scaling phenomenon in lepton-nucleon inclusive
Deep-Inelastic Scattering (DIS) experiments at SLAC .

In late 1960s Bjorken and Feynman introduced the parton model to explain the experimental
results obtained during DIS processes of electrons from protons, where the proton is shattered
and a system with a large number of hadrons is produced, giving at the same time a
justification of the mathematical structure of the quark model, and which led to the introduction
of the fundamental field theory of strong interaction known as Quantum Chromodynamics

(QCD).

Quantum Chromodynamics (QCD) is indeed a type of quantum field theory called
a no-abelian gauge theory with symmetry group SU(3). It is the theory of the strong
interaction, one of the four fundamental forces in nature. It describes the interactions
between quarks and gluons, and in particular how they bind together to form hadrons.
QCD has two particular phenomenon, called asymptotic freedom and color confinement.

In our work we are aiming to calculate the Drell-yan cross section, and study this
mechanism properties using the perturbative quantum chromodynamic approach.

The Drell-Yan massive lepton-pair production in hadronic collisions provides a unique
tool complementary to the Deep-Inelastic Scattering for probing the partonic substructures
in hadron.

The main content of our work is roughly divided to three chapters. In the first chapter
we attempt to follow chronological order trying to study the parton model and quantum
chromodynamics; by describing the SLAC experiments results, and Bjorken scaling, after



that the Feynman interpretation for the parton model, followed by a description of probability
distribution functions (PDFs), and Evolution equation ( DGLAP). After that we study QCD
as a theory for this partons model.

In the second chapter we study the Drell -Yan process in the Leading order (LO). We
calculate the cross section for the hardprocess (partonic cross section) between quark and
antiquark, then use it in the calculation of the softprocess (hadronic cross section) between
two protons using factorization theorem.

Finally, in the third chapter we study the Drell-yan process in next-to leading order NLO.
We calculate the two-body phase space, three-body phase space, four-body phase space, in
order to build recursive relation to calculate the total cross section at higher order of QCD
radiation.



Chapter 1

The parton model and QCD



1.1 Introduction

Since the mid-1970, most of physists have thought and agreed that the elementary particles
that make up matter are a set of fermions, interacting primarily through the exchange of
vector bosons.

These elementary particles include the leptons and the quarks. The Quark model which
is developed by Murray-Gell-Mann allows to understand the hadrons spectroscopy, but not
to describe hadrons interactions in high energy collisions. Until SLAC experiments came
and probed new facts in high energy field!

I.2 SLAC experiment

The Stanford Linear Accelerator is 3.2 km long and has the capability of colliding electron
and positron beams. SLAC also use to probe nucleons by scattering extremely short wavelength
electrons from them. This produced the first convincing evidence of a quark structure inside
nucleons in an experiment analogous to those performed by Rutherford long ago.

Stanford linear collider
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Figure 1.1: Stanford Linear Accelerator Center (SLAC)

In the late 1960, in the SLAC( Stanford Linear Accelerator Center ) experiments saw
a substantial rate for hard scattering of electrons from protons. The total reaction rate was
comparable to what would have been expected if the proton were an elementary particle
scattering according to the example expectations from QED .

So, they used two levels of energies, caused two types of scattering: elastic scattering
(ES), and deep inelastic scattering (DIS).



I[.2.1 Elastic scattering cross section for e p scattering

The cross section for elastic scattering for @* < 1Gev is given in form: [7]

do o> F (G% +7G3,

7 7
— = — — +27G3, sin? - I.1
A, 4AE%sinf E Cosg TG sin 2> (1)

1+7 2

Where, E, E” are the incoming electron energy and outgoing electron energy , respectively

And 0
Q* = 4EFE'sin 5

dS) = d cos Odyp
G g and G, are the electric and magnetic factors respectively.

I[.2.2 Deep inelastic scattering cross section for e p scattering

This process is for energies Q% > 1Gev

clectron

Figure 1.2: Deep inelastic scatterig ep [3]

Kinematic variables

The four-momenta of the incoming and outgoing lepton are k and k’ respectively, the
momentum of the proton is p, and the momentum transferred by virtual photon ¢ = k — k’.

The squared partonic center of mass(C.M) energy: S = (p + p')?

Bjorken variable z = % = 2%2@ , it is a dimensionless variable with :
Proton parton
Energy E xE
Momentum P xP

Mass M m = \/22E? — x?p?2 = M

5



The fraction of incident electron that is transferred to the hadronic system:
_pq_ 1—F
. pk E

The invariant mass of hadronic system , produced by absorption of the virtual photon
by the hadron :W? = (p+¢)* = Q*(2 - 1)+ M

Energy transferred by virtual photon: v = £7

And M is the proton mass .

The square of the invariant amplitude for the inelastic scattering of an electron off a
hadron is given by:

—2 e v
Where QQ? = —¢? is the square of the virtual photon 4-momentum , and where the spin

averaging factors have been absorbed into the tensors L and W | which describe the structure
of the leptonic and hadronic vertices , respectively .

Calculation of the leptonic tensor L,

The amplitude for a virtual photon to "decay” into a eTe™ pair is given by the Feynman
rules by :

A K, sk, s) = —ieu(k', s")yo(k,s) (L.3)

k) = %Z 4K o k)P
:-z —icu(k, s')yo(k, o)) [iev (k, o)y @t (K, )]
=—Z a8k, ) (0" (, )77 ulk, 1)
_ 5 Z(ﬂ(k’, )y (k, 8)) (0T (K, 8)7 nu(k', 8))

= — Z v(k, s)v(k, S)(VV)”(I{/’ 3/)

ss’

2
e
= EkIQVa (Vu)kﬁ’YB (%)

2

e
= 5 Tr(K Yok v57)

= 2% [k gauk” g — K" Gash” g + K 9ok’ g5,



finaly the leptonic tensor is given by :

L. (K k)= 2¢> [k;;LkV + kK, — g,wk'k:} (1.4)
where we have m, <<

and

(ﬂ)+ — <u+,}/0)+ — ’}/0+U , ,y;rfy(]+ — ,)/O,VV

The normalized Dirac spinors and antispinors completeness :

> ug(K s Va(Ks') = (KYa)da + me (15)
> wy(k, $)0e(k, 8) = (K*98)be + me (1.6)
TT(’Va’VuVﬂ’YV) =4 [gaugﬁu — Gap9uv + gaugﬁﬂ] (I7>

Calculation of The hadronic tensor W#"
The hadronic tensor is given in the form :

v o W o, W
P+ —5d"q +W

W-
WHY = —W " + M

Mip“ (p'q” + ¢"'p”) (L.8)

The current conservation at the hadronic vertex requires

qW" =qWH" =0 (1.9)
Which results in
Wiy = (%)2 Wy + qu—jwl (1.10)
W, = —%Wg (L11)
So
WH — _W, g™ + %pupy n (%)2 Wy + Aj—;wll q“]\g + % (—%V{G) (P"¢" + ¢"p")
=W {—g’” + q;—ﬂ + % (%)2 q"q" +p'p” — Z%(p“q” + q“p”)] (1.12)




we have :
(a —b)* = a* + b* — (ab + ba) (I.13)

We can make this variables changes

a=7p', p’ (I.14)

so we can rewrite ( [.12)

2
%{(%) "¢+ p'p” — B (p'q” +qp)} %[

finaly the hadronic tensor is given by :

g W PAd ey PGy
} +—(p" — 2 =5 (1.16)

W — W v
1{9 + 2 .

The procuct of the two tensors (leptonic and hadronic) results :

pq Pq ,
+ 50" = =)0 -5

a"'q” W,
LoW® =1, [W { gm_]
2 I 1 2 M2 e q

Wy
= —LuwWig"" + Ljw—— M?2

W
= —W,¢"2¢> (KL ky + Ky — gk k] + W?e [k:;k‘,, + Kk — g k'k] [p"DY]

Wy
= 26 (KK + KR — ARK] 3 2262 [(K) (k) + (K" () — KB ()]

= W22 2Kk — AK'K] + %ze (K p) (k.p) + (K.p)(k.p) — K'kM?]

["p”]

W,y
LMW = 24W k' k + W2e [2(K".p)(k.p) — K'kM?] (1.17)

where

Gl =Ly =0, ¢"g., =4 and p' = = p'p, = M*

cocoox



In the laboratory fram we have : p.k = m,E ; p.k' = m,E' ; k.k' = EE'(1 — cosf) and
m, = M

The equation .17 becomes :

LMWH = 24W EE' (1 — cos ) + %262 [2MPEE — EE'(1 — cos ) M?]

' 1 — cosf
—AEE'e* |Wi(1 — cos0) + Wy(1 — %)}
: 1+ cosf
— 4EE'e |Wi(1 — cosf) + Wz(#)}
’2 : 22,0 2 20
=A4EFE'e* |2W; (v, ¢°)sin (5) + Wa(v, q°) cos (5) (I.18)

The cross section of DIS is the product of the phase space and squared impitude , and it
is given in the form :

L SR Py
4@kg 2E(2wP2Ep@wP

]M|2—dE dQ (1.20)

do = @2m)** ((p+ k) — (0 + &) (1.19)

162

where

|M? = @4EE' 2 [2W1( )st(g) + Wa(v, ¢*) COS2(§)1 (I.21)

SO

da 1 E/ § / 2 .9 9 9 9 9
dE'dQ IGWQE@ZLEE [2W1( q*)sin (5) + Ws(v, ¢%) cos (5)]

1 e*E” o\ . 9 0 ) ) 0
— R? {2W1(v,q )sin (5) + Ws(v, ¢°) cos (5)]
1 16m22E" 0 8
= O {2W1(v,q )sin (5) + Wa(v,¢%) cos (5)}
4042E’2 [
Q*

&2

~ EZsin’ (%)

mm@qkm(§+WMufkw%;}

0 0
{2W1(v q*)sin® (2) + Wa(v, ¢%) cos? (2)] (I.22)
where o = % = ¢! = 161%a? , Q? =2EFE'sin* ¢

do o? B

q= m I [2W1(U q*)sin® <§) + Wa(v, ¢?) 0082(2)] (1.23)



do E' 0
g = OMet T [2W1(v, ) tan2(§) + Wa(v, q2)} (1.24)
where
0\ 2
@ cos g
I i 1.25
O Mott <2E sin? g) ( )

Wi(q%, v) and Wy(q?, v) are called structure functions

By comparing ( 1.24 ) with csoss section of elastic scattering , and by consideration that
the proton starts behaving like a free Dirac particle ( Gyy = Gg = 1) the proton structure
functions thus become simply :

2 2

2 = 26\2425(1; . 2%) (1.26)
2

Wy = o(v — 2%) (1.27)

and by using the identity §(7) = ad(z) we deduce the dimensionless structure functions :

2 2

2MW, (v, Q%) = 25\2405(1 — 25\24@) (1.28)
2

Wa(v, Q%) = 61— 27) (1.29)

we can always write W 2(¢% v) = Wi2(¢?, z) as function of the Bjorking variable :

2

and ¢*

Tr =

It was a great surprise in 1968 when | for the first time , the SLAC experiment showed
that at large ¢? , the DIS cross section apeared much larger than expected . the structure
function W »(z, ¢*) extracted from data are found to behave very differently from the form
factors squared G% ,(¢%) . [1]

1.3 Parton Model

I.3.1 Bjorken scaling

This surprising behavior was in fact already anticipated by Bjorken in 1966 , from consideration
based on the Gell-Mann quark model current algebra commentators, he discovered the scaling
law according to which in the limit

2
2 2 .
—q° = —5 00, U — 00, with
=@ ’ ! 2Muv

=z fized (1.30)
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The structure functions depend only on x :

v
Wl(q27v) _>q2,v—>oo Fl('x) 3 MWZ(qzv'U) g2 v—s00 FQ(:U) (131)
The physical content of the Bjorking scaling law lies essentially in the finite limit of
the structure function Fj(z) and Fy(z), since one can always write Wy(q% v) = Fi(z,¢*)
and ZWs(g?,v) = Fy(x,q¢?). for each fixed value of x, when —¢> — oo, the limits of
Fi(z,¢%) and Fy(x,q?*) can depend only on x. In principle, they may tend to infinity or zero

(1]
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Figure 1.3: Deviation from scaling, with increasing Q?, the structure function fo(z, Q%)
increases at smal x and decreases at large x. [7]
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[.3.2 Naive parton model

Feynman came and interpreted the Bjorken scaling as the point-like nature of the nucleon’s
constituents when they were scattered by the incident electron.

Feynman named the point-like constituents partons. This is the parton model. Feyman
left open the possibility that the partons need not be the quarks.

However, theorists quickly identify the partons with quarks (in the late 1960s and early
1970s QCD did not exist, and so gluons did not enter the picture).

A nucleon consists of three “valence” quarks which carry the nucleon’s quantum numbers
and a “sea” of quark-antiquark pairs.

The parton model accomplishes two things:

First, Bjorken scaling follows from the point-like constituents of the nucleon and the
scattering from the incident electron.

second, parton model identifies the structure functions as the fractional longitudinal
momentum distribution functions of the partons inside the nucleon. [4]

I1.3.3 probability distribution functions

PDFs describe the way the momentum of an incoming high energy nucleon is partitioned
among its constituent partons. But there is a problem! That we don’t know how hadrons
are constructed from partons because of the color confinement!

The problem simplified by consideration that partons could be free inside hadrons, and
only distribution ( PDF) of one dimensional momentum of the interacting partons in the

hadron-hadron collision is necessary.

These PDFs are basic ingredients for calculating essentially all processes at hadron
colliders, and they are obtained from experimental data.

Indeed, the sum of average mumentum fraction of each parton must be equal to the unite

> / 2Fy(a)dz = 1 (1.32)

Where ¢ — partons

12



0.8} —

(a) {b)

Figure 1.4: The quark strusture functions extracted fron an analysis of DIS data. Figure (b)
shows the total valence and sea quark contributions to the structure of the proton. [7]

The proton consists of three valence quarks(uud) which carry its electric charge and
barym quantum numbers, and an infinite sea of ¢q pairs. In scale Q we have the sum rules

/1 dxu,(r) = /1 dx(fu(x) — fa(x)) =2 i.etwo uw—wvalence quarks.
0 0

1 1
/ drd,(x) = / dr(fa(z) — fi(x)) =1 detwo d—wvalence quarks.
0 0

And, momentum has to be conserved

/1dx x[fg +qu )+ falz))| =1
0

Experimentally the quarks only carry about 50% of the proton’s momentum. The rest is
carried by gluon constituents.

I.3.4 Evolution equation ( DGLAP)

Also known as the Altarelli-Parisi equations (after development called DGLAP). They
describe the coupled evolution of partons distributions Fy(z, @), Ff(z, Q) for each flavor of
quark and antiquark that can be treated as massless at the scale QQ , together with the parton
distribution of gluons, F,(x, Q) . Explicitly :

13



(1.33)
dFy(z,Q)  al(@*) ['dz )
dl]:)g(@) oo /1, ?(Pq%q(z)Ff( ’Q)_qu‘*g(z)Fg(;aQ)) (1.34)

dFs(z, Q) B as(Q?) ['dz . N
dl{)g(Q) oo /1, ?(Pq%q(z)F?(‘vQ)JrPq%g(Z)Fg(—,Q)> (1.35)

y << <<
) _—-—(y f frrrr{:m ’rmrr<
9—'\ P_m? P_ag F, qg

P-:q (,

Figure I.5: The processes related to the lowest order QCD splitting functions. Each splitting
function P, (%) gives the probability that a parton of type p converts into a parton of type
p’, carrying a fraction £ of the momentum of parton p.

x

The splitting function P,_,;(z) are given by :

P o(2) = % [11+_ZZ + ;5(1 _ z)} (1.36)
Pt = 5 [P (137)
P y(2) = % [+ (1 - 2)7] (1.38)

Where splitting functions are probability that a parton ( quark or gluon) emits up parton
( quark or gluon) with momentum fraction { = 7 of the parent parton . [3]

14



I.4 Quantum chromodynamics

The best natural candidate for a model of the strong interactions is the no-Abelian
gouge theory with gouge group SU(3) , coupled to fermions ( quarks) in the fundamental
representation .

The fundamental representation is a triplet . The three color charges of a quark B,G
and R form the fundamental representation of an SU(3) symmetry group .

Color is exchanged by eight bicolored gluons, where number of generators of this group
is equal to eight.

Gluons themselves carry color charge , and so they can interact with other gluons . [7]

I.4.1 Feynman rules and Diagrams for QCD
the QCD Lagrangian is given by :

1 o 1 .
Sqep(@) = =7 F (@) 157 () + 5(2) ((D%ya)ji — m)dhi(z) — 2—5@145(56))2 + 0™ (D)
(1.39)

with
DY = 076, + ig(FF)up A (L41)

The matrices T are the generators of SU (3)group in the fundamental representation,
and the matrices F are the generators in adjoint representation.

15



Quark propagator:

» 1

Gluon propagator:

k .
—i |5
w oo oo000" Jubﬁ (_gr#" —(1-=¢) ;:_2 )
Ghost propagator:
k i
M- — — —4 — — — §h E&E

CQuark-gluon vertex:

g
- E . j -i_gr;;-FT”

ij

Three-gluon vertex:

il

yxfum:ns}:‘lpi”{:kl ! Il_":'.’ k’.i}
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Four-gluon vertex:

I'.'I.].HL
P § LT T
s " 1 R

. rOaTaEa - 33 42
Az LAYTE H#:F:I-ljr-:l = U.M' = ,ru § }Hpm*z.gpn#-t
12,34 14,23
+ [.-r . Jr ' } oy peg Fpopy
13,42 1234
+ (.-r S ) Gy peg Fpzpa
[AEFTRY Jn'_;LH —_ Jrn.'ujuful-ﬂ.lﬂ

Ghost-gluon vertex:
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Figure 1.6: FeynmalllGDiagrams for QCD



1.4.2 Renormalization

Quantum field theory must be finite or can be made finite ( renormalized ) by introducing
a finite number of counterterms into the original Lagrangian without changing its basic form.

In QCD we have a problem in Feynman diagrams with increasing of scale )2, that the
quantity e (charge electric in QED ) which appears in the lowest-order Feynman amplitudes,
is changed by higher-order interactions. Therefore, that causes in appearance of loops, thus
accur divergence in our quantum theory!

Figure 1.7: The quark self-energy Feynman diagram

To remove divergences, we need to reparametrize (renormalise) new parameters: the
"bare” charge ey and a second mass scale u = Q2. where the ralation between e and e is
given by

1
e=eo |1 = 5I(g" = —¢") + O(eg)
this relation is the most experimental acceptibale terms, with the invariant amplitude verifies

M(e) = M(eo)

It deos not matter that a theory is formulated in terms in finite quantities as long as
abservable quantities are finite. Thus |M|? is an observable and must be independant of the
value of u, so the p independence of M may be expressed by :

d Q? 0 Jag 0
P M5 a,) = | @ 2 M=0 1.42
e (/ﬂ’a) [u o2 T 5,2 b, (1.42)
which called normalization group equation[5]
By introducing these notations :
t=in (L) | (o) = w2 (113)
= (N _ O{S = .



So, the derivation of the coupling in the definithion of 8 function is performed at fixed
bare coupling. Then previous equation became

g Bl 5| Rt =0 (1.44)

which solved by implicitly defining a new function, the running coupling a,(Q?) :

as(@®) o
t= /as M (1.45)

where a,(1?) = o,

and by differentiating it, we obtian :

Do (Q?
24D _ plan(?) (1.46)
da,(Q?%) _ B(as(Q%))
da,  Blay) (L47)
1.4.3 The Beta function
In QCD, the g function has the perturbative expansion
Blag) = —ba?(1 + ba, + o + 0(a?)) (1.48)

where b, b’, b” are given on function of, ny, which is the number of active light flavours.
the alternative notation for [ is

3 4
Qs Qs

0 2
Blas) = —as Y Bul T = =Bo(T2) = Bul5) = Bal5) + o (149)
n=0
2
fo=11— 37 (1.50)

I.4.4 Asymptotic freedom and color confinement

According to what we got before, we obtain the running coupling constant, which takes
the following form

20N O‘S(N2>
as(Q7) = Tt ()it (L.51)
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with :
Q2

F )

b i(33 — 2ny) (1.52)

t=1In =
127

Hence, the running coupling constant QCD corresponds the anti-screening, where the
virtual gluons surrounding the quarks to dilute the color charge, more ? increase the
coupling constant o, decrease. At high QQ? the coupling «a, tends to 0, which means that the
quarks almost not interacting, this is the asymptotic freedom phenomenon .

Conversly, when two quarks separate and move away, the coupling constant increases,
this is color confinement phenomenon. from ordre ~ fermi, the interacting energy is sufficient
to create new pair of ¢q, therefore, the quarks are assembled and confinned into a neutral
color hadron.

April 2016
2 Jecavs (N3LC
U‘s(Q ) v dn?uj} s (N3LO)
a DIS jets (NLO)
0 Heavy Quarkonia (NLO)
03 o ee jets & shapes (res. NNLO) i
® c.w. precision fits (N°LO)
v pp’—> jets (NLO)
v pp —> tt (NNLO)
0.2 t .
0.1 1 q
— QCD o (M,) = 0.1181 + 0.0011
1 100 1000

" Q [GeV]

Figure 1.8: Synthesis of different measurments of « in function of Q% [11]

QCD as the theory for strong interactions led to try improve it using Drell-Yan process,
therefore the success of this mechanism has played an important role in validating it, and
that what we will see next chapters.
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Chapter 11

Lower-ordre Drell-Yan process



II.1 Introduction to Drell-Yan process

The Drell-Yan process, proposed over years ago by Sid Drell and Tung-Mow Yan to describe
high-mass lepton-pair production in hadron-hadron collision, has played an important role
in validating QCD as the correct theory for strong interaction.

This process is considered also a powerful accurate tool for testing the Standard model
(SM) at hadron colliders because of its many characteristics, like a large cross section, a
clean experimental signature, and it is very sensitive to the proprties of the gauge bosons.

Furthermore, it has become the golden channel for probing the partonic structures of
hadrons, by extracting information on PDFs. [6, §]

I1.2 The Large Hardon Collider at CERN

The superconducting Large Hadron Collider (LHC) is currently the highest energy collider
and with a circumference of ~ 26.7km also the biggest particle accelerator in the world. It
is situated at CERN (Conseil Europeen pour la Recherche Nucleaire) in Switzerland and
France and is home to 7 experiments: the two general purpose experiments ATLAS and
CMS, ALICE studying heavy ion collisions, LHCb which is dedicated to B physics, LHCf
focusing on forward production of neutral particles, MoEDAL, the monopole and exotics
physics search detector at the LHC and fnally, TOTEM which measures total and diraction
pp cross sections. [12]

Low B (pp)
High Luminaosity

Low B (pp)
High Luminosity

Figure II.1: Schematic of the LHC ring and the 4 large experiments.
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CERN Accelerators
(not to scale)
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LHC: Large Hadron Collider

SPS: Super Proton Synchrotron c":.": o

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice

PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Energy lon Ring

CNGS: Cern Neutrinos to Gran Sasso Rsdall LEY, PS Division, CERN, 00996

Ervined svd adapted by Asbimela Dol Bome, ETT Do
i vullabmration with E. Drafergen. 5L Do, amd
I Msmglaski, PS Din CEEN, 210581

Figure I1.2: The proton lifecycle: the protons are produced and pre-accelerated before
injection into the LHC and then collided at the centre of the experiments.

I1.3 Leading ordre Drell-Yan mechanism
The leading order Drell-Yan process as shown on (I1.3) a high-mass lepton pair 7]~ emerges
from ¢g annihilation in a proton-proton collision. The quark carries a fraction x; of the

first hadron’s longitudinal momentum, and a fraction z5 of the other hadron’s longitudinal
momentum is carried by the antiquark.
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Invariant
mass \/Q°

Figure I1.3: The Drell-Yan process p p — [ [T [7]

1I.4 Factorization theorem

The connection between the physies world-of hadrons- and the patron world -quarks and
qluons- is made possible by the crucial concept of ” factorisation ”!

Drell-Yan cross section in QCD is a combination of short and long-distance behavior,
and it is not computable directly in perturbation theory, the factorization theorem allows us
to derive predictions for these cross sections.

At the Born approximation the short-distance cross section is identical to the normal
parton scattering cross section. At higher orders, the short-distance cross section is derived
from the parton scattering cross section by separating the long-distance pieces, and factoring
them into the parton distribution functions (PDF). The short-distance cross section is process
dependent and is calculable in perturbation theorem. [8]

Consider the process (p + p — [T +17 + X ) the factorization theorem is contained
in the following expression at any order in QCD:

opp—1"1") = //dmldmg Z Fo(21)Fa(22) 7(qo(z1p1) + Gol(ape) — 17 1T + X)

(IL.1)

where the sum runs over all species of quarks and antiquarks. X denotes any hadronic
final state.

II.5 The hard scattering partonic cross section

According to the feynman rules, the amplitude may be writen as

s —ig" \ _, .
M = v(p2)ieQivu(p:) (m) u(ps)ieyuv(pa)
by neglecting £ we obtain :
e
M = ZQi?5(1)2)7;1“(]91)E(P:s)%v(m) (1L.2)
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e

- \f'EQi}'“i ::f'f‘)'r
v(p,) =

vip,)

Figure I1.4: Quark-antiquark interaction diagram

|M|P =M M*
we have
[O(p2)veu(p)]™ = u™ (p1)y, (T(p2))™
= U+(P1)%3L(U+(p2)70)+
=u" (Pl)’Yj’YOJFU(m)
= uF (p)V v (p2)
= ﬂ(p1)7uv(p2)
also
[@(ps)ieyuv(pa)]™ = 0(pa)yuu(ps)
M* = —z’@%(mpl)w(m))<<v<p4mu<p3>>
then

4

|M|? = ?% [0(p2) vou(pr)u(p3)iey,v(pa)] [@(pr)yv(p2) (T(pa)yuu(ps)]

(11.3)

(I1.4)

(1L5)

In the other hand we have the normalized Dirac spinors and antispinors completeness :

> wp)u(p) = p*ya +m

spin
> u(p)o(p) = p*ya —m
spin

with me <<, m <<
SO
4

€ (e (0%
M = Q15 [ (60 = )y + ) | [+ ) s — m)

4
(& o fo
M = QF G Tr (P37t 5% Tr(P§ Yoo 1)
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(IL.7)

(11.8)

(1L.9)



by using traces properies we obtain

Tr (8 Yol V80 Tr (D3 Ya P V8 ) = D525 Tr(Ya Y ¥s ) PSPA T T (Yo Vo V80
= P3P (oo — GasGuw + Jav96)05D4 (Jav T80 — GapGun + Jangsw)
= 4(PapPrv — P25Pa Gy + PouP1) (P30 Day — P35PY G + P3pDav)
= 16 [(p1p3) (P2pa) + (D2p3) (P1p4) + (P2p3) (P101) + (P2p4) (P103)]
=16 [2(p1p3) (P2p4) + 2(p2p3) (p1pa)]
= 32[(p1p3) (P2pa) + (P2p3) (P1D4)]

SO

Tr(p3YauP 157 TT(P3 V0V Pi57) = 32 [(p103) (P2pa) + (p2ps) (p1pa)] (I11.10)

we have Mandelstam variables ( experimentally observable )

5= (pl +p2)2 = (pg +p4)2 ~ 2p1.p2 = 2p3.p4 (H.ll)
t= (pl +p3)2 = (p2 _p4>2 ~ —2p1.p3 >~ —2p9.py (11.12)
U= (p1+pa)* = (P2 — P3)* = —2p1.ps = —2p3.p2 (I1.13)
then
32 [(p1ps) (p2pa) + (p2ps) (p1pa)] = 8(F + %) (I1.14)
SO
2 264 D 2
|M|* = i¥8<t +u”) (I1.15)
a= i — ¢! = a?167° (I1.16)
4
q=pit+p=ps+p=Vs=¢' =7 (IL.17)
then
™2
t“ +u
MJ?* = Q77?128 1118
M = Qe ("5 (1w1g)
=712 Lo, 1o 2
IM"=(3)"3(3) > M| (I1.19)

coulor spin
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where the sum is over quark flavors. The factors of % average over the initial quark and
antiquark colors, and the factor 3 sums over the ¢g color combinations .

27232 12 + 02

P = @ (L) (I1.20)
and in the C.M fram we have
pr= ?(1 0,0,1) (I1.21)
P2 = ?(1 0,0, —1) (11.22)
p3 = ?(1, +sin 6,0, cos 0) (I1.23)
Py = \/7?(1, —sin @, 0, —cosh) (I1.24)
r= _7/8\(1 —cosf) ; u= _7/8\(1 + cos0) (I1.25)

by replacing each term

~)
22402 = SZ [(1—cos)* + (1 + cos)?]

~)

SZ [1 + cos®H — 2cos + 1 + cos 9—1—20089]

2

=3 [1+ cos® 0] (11.26)
the amplitude becomes

IM? = Q« 2] (1 + cos? 0) (11.27)

The cross section is the product of phase space and amplitude

1 d3p —
= ) (., — / 2
do = (2m)6' (p; pf)2 YA (lfl 2n)72 f) | M| (I1.28)

1
- AF,E,

d? d? —
p3 p4 |M|2

(27)32E; (27)32E, (11.29)

(2m)*6W ((p1 + p2) — (ps + pa))

with

EyEs|vpe| = \/ p1p2 — mim3 (I1.30)

(IL.31)

NN VA

EE; = pips — mimy = E\Ey = pipy =
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and

1 —
do = o) | M [*dL;ps (11.32)
M 2
do = %dLi,,s (11.33)

where L;,s is the two particles lorentz-invariant phase space

Lipe = —— (@) 6D (1 + p2) — (s + pa)) T _dps (11.34)
dcos
_ I1.35
167 ( )
22
do = %(1 + cos? 0)d cos 0 (I1.36)
5
o’ 1
G = Qf? / (1 + cos*#)d cos 0 (I1.37)
S Ja
by integrating
o’ 1 !
o= ng [cos 0+ 3 cos® 6] 3 (I1.38)
Finaly the partonic cross section for hard process in n = 4 space time dimensions is given
by
2
~ Ja4m
= ()? I1.39
I1.6 The soft scattering hadronic cross section
The hadronic cross section can now be obtained using the structure functions Fj(x)
olpp—e €)= //d:cldxgFp<_>q(x1)Fp<_>q(x2)8(q +g—e eh) (I1.40)

where F,. ,,(z1) and F,._5(x2) are the probability of finding a quark and an antiquark
with momentum, respectively :

Pg = T1P1 , Pg = T1P1 (I1.41)
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and where p; and p, are the momentum of the initial two protons

it is convenient to define the dimensionless variables

2 2
¢ ¢
S

- (11.42)

where (Q? is the mass of electrons pair and where s is the external proton-proton center
of mass energy squared

1

and s is the internal parton parton center of mass energy squared

§=(pg+1g)* = 2pqpg (I1.45)

Equation( 11.41) imply :
S = x1T95S (I1.46)
T = l’l.fg? (II47)

the longitudinal momentum of the electron-positron pair is

P, =p,—pg (I1.48)

and , if we assume that the incoming partons are parallel to the incident protons then
the total energy is

E? = P} + Q* (11.49)

since in this case the electron pair has no transverse momentum
equation (I1.48) implies

X[ =T, — To (I1.50)
where
2P
_ 20 1151
Ty, \/5 ( )
and ( 11.49) gives
rh = 13 + 472 (I1.52)
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where
2K
TEp = —
E s

The total cross section for a quark and antiquark to annihilate into pair of an electron
and a positron , is given by

(11.53)

o4

9s

Glgg+—e ") =Q? (11.54)

in another hand we have
5=Q*, 7=1 (I1.55)

from ( 11.47) and ( I1.50) we see that z; and xo are completely specified in terms of
T and xy, according to

T1Xg = T (II56)
T, — Ty = XL, (IL.57)
and (I1.40) gives
d dra® 1
g _ Pa(x1,x9) (11.58)

drdxy, 9Q2 x1 + x5 ¥

with the joint ¢qq probability function given by

ny
Pqﬁ(xb Ty) = Z Q? [Fp<—>m (xl)Fzm—@ (z2) + FpHE(xl)Fqui (332)} (I1.59)

=1

where ny mentions quark flavors

Equation ( I11.56) and (I1.57) implies

Ty = %(xE + 1) = VT exp(y) (I1.60)

- %@;E 1) = VT exp(—y) (I1.61)

where zg is given in (I1.52) and y is the rapidity of the electron-positron defined by

1 E+pp
=] I1.62
y Qog(E_pL) (11.62)

29



in this case

1
y=3 log (ﬂ) (I1.63)

we can verify that

do do do
VR - 1I1.64
dy e dxg (1 + 72) drry, ( )
so that
do Ao

dey = TQQqu(.’L'l, LCQ) (II65)

integrating (I1.58) over z, or (I1.65) over y gives

dr 902

d dra? (1 d
g _ e / P (1, —) (I1.66)
r 21 T

where P(xy,x2) is given in (I1.59)

So fl—‘; is a function of both s and Q?, but (I1.66) shows that in the naive parton model

QQ(;—Z = F(7) (11.67)

is function only of the dimensionless variable 7 = %2 .
In this chapeter we ignored the dynamical role of gluons as the carriers of the strong
force associated with colored quarks.In next chapeter we will take in consideration the fact

that quark can radiate qluons. Thus studying real emissions to drell-Yan processes at the
NLO.
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Chapter 111

Higher-order Drell-Yan process



III.1 Introduction

In evry process that contains coulored or charged particles ( gluons or photons ) in initial
or final stat that caused radiation, may give large corrections to the overall system. Starting
from a basic 2 — 2, 2 — 3, 2 — 4, and so on. In this chapter we will study these
corrections.

o=
000000000C0C00™ O%a%

Figure III.1: O(ay) corrections to the naive parton model through real gluon emission.|[13]

1.x109 |}

i —_— u->Ug
Bx1070F ubar->ubarg
6.x10-10 |- = u=>gu

- Ubar->gubar

= g->gg
— g->Uubar

4.x 10710

2 x10°10

= g=>Ubaru

0.001 0.100

E 107 10-°

Figure I11.2: Plott of splitting function f(¢,z,z) and x at z = 0.2 and t = %(1 — %) (see
appendix A)

The calculation of NLO Drell-Yan cross section from a technical point of view would
involve the calculation of a complicated Feynman diagrams. Therefore theorist are using the
parton shower merging and matching approach, where the complication of the calculation is
far reduced by calculating separately the matrix elements for n-particles and n-body phase
space using numerical calculation such as MC.
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In this work we are aiming to apply this approach. We start first by the calculation of
n-body phase space, for that we need to build a recursive relation for Monte Carlo .

The hard cross section in this case is given by

do,
= | it
II1.2 Phase space

The general form of phase space is :

n

n WE .
dou=(2)* 5P p) [] me (ITL.1)

1=

By using ( III.1 ) we can calculate the phase space to produce two, three and four
particles, and finally find the recursive phase space volum d¢,.

I11.2.1 Two-Body Phase Space

The two-body phase is the basis of computing higher body phase spaces. We compute it
in the rest frame of the two-body system, P = p; + ps .
With P = (Ecmao) , P1 = (Elap_i) y P2 = (EQap_é) .

and
Ef = pi +mj}
Ej = p}+mj

d62(P; pr,ps) = (209 (P L IR (1112
5(4)(]3_191 — Pp2) 3, 13
= T lonEE, CPndr
By using the Delta function property we can write
SD(P —p1 —p2) = 8(Eom — Er — E2)0® (0 — (91 + p3))
S Eem — Ey — E2)5(3) (P1+D2) 5 5
doo(P: = d’pid
¢2( 7p17p2) 167T2E1E2 p1a P2
d3p
=———_¢(E.,,— FE,—FE
167T2E1E25( an ! 2)
2
_ _pdpd 5 2 2 2
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where

d*p = p*dpd
= p*dpsin 0dOdy
= p?dp dcosfdy (I1L.5)

We have from the Delta Dirac function properties :

slgw) = Y ) (111.6)

o o 9 (@)l

Where the relation ( II1.6 ) holds for any function g(z) with one zero, x = x;, in the
interval of interest. (see appendix B)

By putting z = p and x; = p’ . We obtain
o(p—p
o)=Y o —p) (IIL7)

With

9(p) = Eem — \/P? +mi —\/p* +mj3 (I1L.8)

Now we have to calculate the value of p” where function g is zero

9(@) =0 & Euy—/mi+p?—/mj+p?=0

We simplify the equality

B, = md 4 p” + md 4 + 2/ (md + p2)(m] + p2)

(B2, — 20) — (m? + m3)? = 2/ (3 + p2)(m] + p2))?
(2, = 29 + (m] + m3)? — 2(E2, — 2)(m? + m3) = 4(m] + p?)(m} + p)
—4E? p? = —E! —m] —mj — 2mim3 +2E2 (m? +m3) + 4m3mS

cm

—AEp* = =B, — (mi —my)* + 2B, (m + m3)
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1 m2 _ 22
v = 5\/E§m+ ( ¥ P ot + m)

2 B B?
Ecm
P = 5 B2 (I11.9)
With
2 22 2 2 2
B2 = \/ 4 (mi E4m2) - On%j m) (IIL.10)

if my = my , as in our work

4m?
Bi2 = Vl_ﬁ

The derivation of g in p’

/ /

S = —— P D
Vmi+p?  /m3+p?
Ly
- <E1 + EQ)
P (B + E»)
= —(——= II1.11
O (1)

Therefore the two body phase space becomes

p*dpdQ By Exd(p —p')
167T2E1E2 p/(El + Ez)

p/2
= ds?
1672/ (B, + E2)
p/
= dS)

1672 Eep,

_ P
= 327T2dcos Odp (II1.12)

d¢2(P;plap2) =
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I11.2.2 Three-body phase space

From the general phase space form we can also write des

d3p1 d3p2 d3p3

dps(P;p1,p2,ps) = (21)*6W (P — p1 — p2 — p3) (27)52F, (27)32F, (27)2F; (III.13)

by adding (6™ (p1o —p1 — p2)d*p1o2 ) and (6(p3, — m2,)dm?2, ) in the first and fourth steps,
respectively to ( I111.13 )

d*p, d*py d*p3 (4) (

A0(P:pr.paps) = 2m)' 0N (P =1 = p2 = 1) 5 S o s G (P P P P

d3p d3p d3p

_ (4) P B _ 4 —3 (4) _ _ 2 4 1 2

( P12 — p3)d p12(27r)32E3 [5 (P12 — p1 — p2)(2m) (2m)32E, (277)32E2]
d3p3

(27‘(’)32E3
d3p3

(271')32E3

_ (5(4)(]3 — Do — pg)d4p1z dga(p12; p1, p2)

dopo (p12; p17p2>5<p%2 - mf2)dm32

_ de d¢ ( . )i 5(4) (P . . )(27T)4 d3p12 d3p3
12092(P12; P1, P2 o P12 —P3 (21)32F)5 (2)32F5

= 5(4)(P — P12 — pg)d4p12

dm?,
= o dga(P; pi2, p3)dd2(pra; p1, pa) (TI1.14)

With Lorentz covariant

d*pé(p* — m*)0(E) = d*ps(E* — (p* + m?))0(E)
_d’p

= — I1.15
5F (I1.15)
Finally we obtain the forme of three-body phase space
dm%Q 5(12)3 Bi2
dos(P;p1,p2,p3) = 5 302 d cos 9dg032ﬂ2dcos O12dp12 (I11.16)

It is important to specify that

m2, —m2)2  2(m?, +m3 ,
Bazys = \/1 + ( 12E4 A 1;?2 i) ,with. myg = my + mo
I11.2.3  Four-body phase space

By following the same steps we can obtain the four-body phase space

&Bp d3p d®p d’py
dp4(P; p1,p2, p3, pa) = (2m)* 6" (P — p1 — pa — ps — pa) (2%)321E1 (27T)322E2 (27T)3§E3 (2m)*2E,
(IIL.17)
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d*py d’pa d*ps d*py 5@ (
27T)32E1 (27T)32E2 (27T>32E3 (27’()32E4

d®py d’p, d®ps
5 — p1a — ps)(2m)*
{ iz = iz = 3) ) (s B oy (27r)32EJ

dpy = (27T)454<P —P1—P2—P3— P4)( P123 — P12 — pS)d4p123

d3
= 54(P — P123 — p4)d4p123(2)%

= 64(P—p123 —p4)d4p123( ) o3(P;p1,p2,D3)

&p
= 6P — pios — p4)d4p123( ) d¢3(P P1, P2, P3)8 Y (lag — ming)dmiyy
(2

d? D123 d? D4 }

) (P P12z = ) (27T)32E123 (271')32E4

1
= dm%23d¢3(P;p17p27p3>2_

dm%%
= 7@53(13;p1,p2,p3)d¢2(P;p1237p4)

by replacing d¢s by its relation we obtain

dm%z dm%% debo

Plz;P17P2)d¢2(p123;p12,p3)d¢2(P;p1237p4) (111-18)
2r 2w

d¢4(P;plap2ap3ap4) =

finally we obtain the phase space of four particles

dm3, dm3ys fra
2w 2w 32w?

os Bdy
(I11.19)

B
d¢4(P;p17p27p37p4) = §2)(34)d(}

Baz)s
d cos ngd(plg 327‘(‘2 271‘2

d cos 9(12)3d90(12)3

With

m2, —m2,)2  2(m?, + m3 ,
ﬂ(12)(34)=\/1+( 12E4 1) 2 1;?2 ) L with mgy = ms +my

II1.2.4 Recursive phase spase

From what we got before we can build the recursive relation of phase space

dops = dm12d¢2(P P12, P3)dda(P; p1, p2)
dpy = Mdfﬁz(P D123, Pa)dds(P; p1, D2, p3)

dops = dm1234d¢2(P 1234, P5)dda(P; p1, p2, p3, pa)

dm?
g, = —%5:=ddo(P; pra...n-1), Pn) (1) (P5 P1, D2, oo, Pu1)
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So a recursive phase space relation is obtain and given by

dm?

d¢n = %n_l)dg%(P;p12...(n71)7pn)dgb(n*l)(P;p17p27 ""7pn—1) (11120)

I1I.3 Parton branching

Parton Branching is the common name of QCD radiations, where the soft and collinear
emissions are the singularities and the limits of the parton shower.
The parton branching typically happens in the hard interaction of incoming partons, which
can be calculated using pQCD), where all incoming partons branch giving rise to the so called
parton showers.
A branching can be seen as a ( a — bc ) process, where a is called the mother and b is the
daughter and c is the emission. Each particle is free to branch as well, so that a shower-like
structure can evolve.

The branching kinematics can be described by two variables, z and t. We define z as the
fraction of energy carried by daughter b. The variable t has the dimensions of squared mass.
It may defined as the absolute value of the mass squared of the daughter.
the differential probability that one branching occurs in terms of t and z, is given by

. dt
P, =3 22 Py = d (IT1.21)

2
b,c
Where the sum runs over all branchings the parton is allowed to make, e.g. where a
(q — qg) branching is followed by further branchings of the daughters. That way a whole
shower develops. The functions P, ,;.(z) are the so called splitting kernels.
The probability for branching at a time t needs to take into account the probability that

the parton has not branched at earlier times t0 < ¢ brings us a new concept, which is called
the Sudakov factor [5, 14, 15]

P(branching happens) =1 — P(no — branching happens) (I11.22)

giving rise to the actual probability that a branching occurs at time t:

dt ol tdt o ,
dpP, = (;7 / 5 Pasie dz) exp [—bz /t - / o Paste dz] (I11.23)

where the exponent is the Sudakov factor.
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Conclusion

We were motivated to study the behavior of quarks which cannot be released by neither
the QED nor the quark model developed by Murray-Gell-Mann to understand the hadrons
spectroscopy. For that we needed to establish Quantum Chromodynamic theory to explain
partons behavior.

In this work we were motivated in studying the Drell-yan process in Leading and higher
order. Our aim was to calculate the n-body phase space and a better understanding of
parton shower cross section calculation. We started by a phenomenological study of SLAC
experiments results by studying the DIS between electrons and protons, which gives rise to
the parton model, the Bjorken scaling and Feynman interpretation of scaling violation. That
drove us to talk about the PDF's, to describe the probability distribution of a giving parton
carries a specific fraction of the proton’s momentum.

This led us to study a quantum field theory model for the QCD. We discussed the
lagrangian. We extracted Feynman rules and diagrams.We gave a brief definition of renormal-
ization, running coupling, color confinement and the asymptotic freedom.

The Drell-yan process in proton-proton collision is the hard annihilation of quark-antiquark.
We calculate in detail the cross section of hard process, the two body phase space and the
matrix element at leading order. This process is very important in high energy particle
physics due to its importance and relevance in the calculation of PDFs and the Z boson
production, this process has a large cross section and a clean experimental signature.

we did not ignore the dynamical role of gluons as the carriers of the strong force associated
with colored quarks. we took in consideration the fact that quark can radiate qluons.
We studied the radiation effect in drell-Yan processes at the NLO. We found that the
computation of NLO Drell-Yan cross section is becaming more complicated because of the
QCD radiations due to gluon-gluon interactions.
The best method to approach this calculation is the parton shower merging and matching
method by calculating separately the matrix element of n-particle and n-body phase space.

We discussed the parton branching and we extracted the differential probability distribution
in function of the splitting kernels and the Sudakov form factor. We built a recursive relation
of phase space, based on the calculation of two, three and four particles, in order to implement
it in Monte Carlo phase space integration.
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Appendix A

Mathematica program for the splitting function

parton[-6] = "t-bar quark";
parton[-5] = "b-bar quark";
parton[-4] = "c=-bar quark";

parton[-3] = "s-bar quark";
parton[-2] = "d-bar quark";
parton[-1] = "u-bar quark";

parton[@] = "gluon";

parton[1l] = "u quark";
parton[2] = "d quark";
parton[3] = "s quark";
parton[4] = "c quark";
parton[5] = "b quark";
parton[6] = "t quark";

as = .118; CF=4/3; CA=3; TR= .5; Q = 14000;

s 1 1 cteg5pdf[3, a, x/z, €
fla_, b_, c_1[t_, z_, x_] :=a——P[a,b,c][z] - a>pdfls, a, x/z, ]'
2w t Z cteqbpdf[3, b, x, t]
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The splitting functions
functions splitting The
1+2z?

Pla_/;a>0,a_/;a>0,0][z_] =CF H
1=z

1+22
Pla_/j;a<0,a_/;a<0,0][z_]=CF ;
1-z2
1+ (1-2)2
Pla_/;a>0,0,a_/;a>»0][z_] =CF ———
Z
1+ (1-2)2
Pla_/;a<0,0,a_/;a<0][z_] =CF ——;
Z

z 1-2z
+

1-2z z
PlO,a_/;a#0,-a_/;a#0][z_]1=TR (2?+ (1-2)?);

P[0, -a_/;a#0,a_/;a#0][z_] =TR (2’+ (1-2)?);

P[@,@,G}][z_]=CA( +z(1-z)];

npos;= PDF Fits with X variable
outi206]=  Fits PDF variable with X

40002

weon= LoglinearPlot[{f[1, 1, 0] [l (1-x%), 0.2, x],
2

1400072 14 0002

fl-1, -1, 0] [T (1-x%), 0.2, x], f[1, 6, 1] [T (1-x?), 0.2, x],
14 000672 14 0002

fl-1, 0, -1] [T (1-x%),0.2,x], f[e, 6, 0] [T (1-x%), 0.2, x],

14 0002 14 0002
f[o, 1, -1] [T (1-x%), 0.2, x], f[e, -1, 1] [T (1-x%), 0.2, x]},

{x, 1078, 1}, PlotLegends » {"u->ug", "ubar->ubarg", "u->gu",
"ubar->gubar", "g-»>gg", "g->uubar", "g->ubaru"}, PlotStyle-»Thick]
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Appendix B

The Dirac Delta Function

Mathematically, the delta function is not a function, because it is too singular. Instead,
it is said to be a “distribution.” It is a generalized idea of functions, but can be used only
inside integrals.

The Dirac delta function, d(x) is an infinitely high, infinitesimally narrow spike at the origin
, with area 1, ( IIL.3 ). Specifically :

5@):( 0 f‘”%o) and /_Ooé(x)dle

0o, forx =0 -

6ix)

Area 1

Figure I11.3: The Dirac delta function [10]

The Delta function has some fundamentals properties :



for z #£ a

§(z? —a?) = [0(x +a) +d(x — a)]

2Ja|

More generally, the Delta function of a function of x is given by :

Slote) =3 o)

where the z; are the roots of g. The fondamental equation that defines derivatives of the

Delta function 6(x) is
/f(:z:)é(")(x)dx = / gi n—1)(x)dz
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Abstract

This work is dedicated to expose the perturbative QCD as a quantum field theory. We devoted the
first part to study the parton model in detail according to chronological order by describing the
SLAC experiments results. We computed the DIS cross section for electron-proton collision.
Further, descriptions of probability distribution functions (PDFs) and Evolution equation
(DGLAP) were discussed .

The second part is dedicated to the Drell-Yan process in LO. We computed the partonic cross
section between quark and antiquark. We used the latter in the computation of hadronic cross
section between two protons using Factorization theorem.

In the last part we discussed the Drell-Yan process in NLO and its challenging calculation at
higher order of QCD radiation. We computed two-body phase space, three-body phase space , four-
body phase space. Finally we built a recursive relation of n-body phase space in order to implement
it in Monte Carlo phase space integration.

Key Words : perturbative QCD , Parton model , Bjorken scaling, PDFs, DGLAP, Collider
physics, Drell-Yan process cross section , LO, NLO, Phase space .
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Résumé

Ce travail s’articule autour d’exposer la QCD perturbative comme une théorie des champs
quantique.

La premiere partie est consacrée a étudier en détail le modele de parton suivant un ordre
chronologique en décrivant les résultats expérimental du SLAC, puis étudier la diffusion inélastique
profonde (DIS). On a calculé la section efficace pour la collision électron-proton. On a discuté
’échelle de Bjorken, I’interprétation de Feynman pour le modéle de parton. Suivé par un
description des fonctions de distribution des partons (PDFs) et I’équation d’évolution (DGLAP).

La seconde partie est dédiée a le processus Drell-Yan en LO. On a calculé la section efficace
partonique entre quark et antiquark. Puis utiliser ce derniere dans le calcul de la section efficace
hadronique entre deux protons par I’utilisation de la théoréme de factorisation.

La derniere partie , on a discuté le processus Drell-Yan en NLO et les défis en ordre supérieur de
radiation de QCD. On a calculé I’espace du phase pour deux, trois et quatre particules. Finalement,
on a construite la relation récursive d’espace du phase pour n-corps pour l'implémenter dans
l'intégration d’espace de phase de Monte Carlo.

Mots clés : QCD perturbative, Modéle de parton, L’échelle de Bjorken, Fonctions de

distribution des partons, DGLAP, Physique des collisionneurs, Section efficace du processus Drell-
Yan, LO, NLO, Espace du phase .



