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Abstract

I review in this series of lectures the basics of perturbative quantum
chromodynamics and some simple applications to the physics of high-
energy collisions.

1 Introduction

Quantum Chromodynamics (QCD) is the theory of strong interactions. It is formulated in terms
of elementary fields (quarks and gluons), whose interactions obey the principles of a relativistic
QFT, with a non-abelian gauge invariance SU(3). The emergence of QCD as theory of strong
interactions could be reviewed historically, analyzing the various experimental data and the
theoretical ideas available in the years 1960-1973 (see e.g. refs. [17,18]). To do this accurately
and usefully would require more time than I have available. I therefore prefer to introduce
QCD right away, and to use my time in exploring some of its consequences and applications.
I will therefore assume that you all know more or less what QCD is! I assume you know that
hadrons are made of quarks, that quarks are spin-1/2, colour-triplet fermions, interacting via
the exchange of an octet of spin-1 gluons. I assume you know the concept of running couplings,
asymptotic freedom and of confinement. I shall finally assume that you have some familiarity
with the fundamental ideas and formalism of QED: Feynman rules, renormalization, gauge
invariance.

If you go through lecture series on QCD (e.g., the lectures given in previous years at the
CERN Summer School, refs. [9,10,11]), you will hardly ever find the same item twice. This is
because QCD today covers a huge set of subjects and each of us has his own concept of what to
do with QCD and of what are the “fundamental” notions of QCD and its “fundamental” appli-
cations. As a result, you will find lecture series centred around non-perturbative applications,
(lattice QCD, sum rules, chiral perturbation theory, heavy quark effective theory), around for-
mal properties of the perturbative expansion (asymptotic behaviour, renormalons), techniques
to evaluate complex classes of Feynman diagrams, or phenomenological applications of QCD to
possibly very different sets of experimental data (structure functions, deep-inelastic scattering
(DIS) sum rules, polarized DIS, small z physics (including hard pomerons, diffraction), LEP
physics, pp collisions, etc.

I can anticipate that I will not be able to cover or to simply mention all of this. After
introducing some basic material, I will focus on some elementary applications of QCD in high-
energy e"e, ep and pp collisions. The outline of these lectures is the following:

. Gauge invariance and Feynman rules for QCD.

. Renormalization, running coupling, renormalization group invariance.

. QCD in eTe™ collisions: from quarks and gluons to hadrons, jets, shape variables.
. QCD in lepton-hadron collisions: DIS, parton densities, parton evolution.

L W N =

. QCD in hadron-hadron collisions: formalism, W/Z production, jet production.

Given the large number of papers which contributed to the development of the field, it is im-
possible to provide a fair bibliography. I therefore limit my list of references to some excellent
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books and review articles covering the material presented here, and more. Papers on specific
items can be easily found by consulting the standard hep-th and hep-ph preprint archives.

2 QCD Feynman rules

There is no free lunch, so before starting with the applications, we need to spend some time
developing the formalism and the necessary theoretical ideas. I will dedicate to this purpose
the first two lectures. Today, I concentrate on Feynman rules. I will use an approach which
is not canonical, namely it does not follow the standard path of the construction of a gauge
invariant Lagrangian and the derivation of Feynman rules from it. I will rather start from
QED, and empirically construct the extension to a non-Abelian theory by enforcing the desired
symmetries directly on some specific scattering amplitudes. Hopefully, this will lead to a better
insight into the relation between gauge invariance and Feynman rules. It will also provide you
with a way of easily recalling or checking your rules when books are not around!

2.1 Summary of QED Feynman rules
We start by summarizing the familiar Feynman rules for Quantum Electrodynamics (QED).
They are obtained from the Lagrangian:
_ - 1
£ = B~ m) — et~ Fuu (1)

where 1) is the electron field, of mass m and coupling constant e, and F** is the electromagnetic
field strength.

Fu = 0,4, — 0,4, (2)
The resulting Feynman rules are summarized in the following table:
p 1 m
- jé—m—l-ie:inf;’;Q—f—ie (3)
W = I (Feynman gauge) (4)
p? +ie
M

= —iey,@ (Q = —1 for the electron, @ = 2/3 for the u-quark, etc.)
(5)

Let us start by considering a simple QED process, ete™ — v (for simplicity we shall always
assume m = 0):

. .
d ki 4 ki

= D;+ Dy (6)
q ke v Q. ke v
— <Ay — <

The total amplitude M, is given by:
i L 1 o 1 "
LM, = Dy + Dy = 0(@) fy - £ ula) + D@} — fy n(a) = Myucies (1)
€ i— ¥ 1 — K,

Gauge invariance demands that

50" M, = €/0"M,,, =0 (8)
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M, = M, €5 is in fact the current that couples to the photon k;. Charge conservation requires
OuM* = 0:

d
oM =0 = o / MOdz = / MO &Pz
= /6-Md3x:/ M-d$ =0 (9)

In momentum space, this means

k{'M, =0. (10)
Another way of saying this is that the theory is invariant if €,(k) — €,(k) + f(k) k.. This is the
standard Abelian gauge invariance associated to the vector potential transformations:

Ay(x) — Ay(z) + 0uf(2) (11)

Let us verify that M, is indeed gauge invariant. Using gu(q) = 9(q)¢ = 0 from the Dirac
equation, we can rewrite k}'M,, as:

MM = o) ﬁ%—g)um)m@(kl—@ ,ﬁ%qwq)

= —0(q)fyulq) +v(q)fyulq) =0 (12)

Notice that the two diagrams are not individually gauge invariant, only the sum is. Notice also
that the cancellation takes place independently of the choice of e5. The amplitude is therefore
gauge invariant even in the case of emission of non-transverse photons.

Let us try now to generalize our QED example to a theory where the “electrons” carry a
non-Abelian charge, i.e., they transform under a non-trivial representation R of a non-Abelian
group G (which, for the sake of simplicity, we shall always assume to be of the SU(N) type.
Likewise, we shall refer to the non-abelian charge as “colour”). The standard current operator
belongs to the product R ® R. The only representation that belongs to R ® R for any R is the
adjoint representation. Therefore the field that couples to the colour current must transform as
the adjoint representation of the group G. So the only generalization of the photon field to the
case of a non-Abelian symmetry is a set of vector fields transforming under the adjoint of G,
and the simplest generalization of the coupling to fermions takes the form:

a,a

= 19N Y (13)

where the matrices A® represent the algebra of the group on the representation R. By definition,
they satisfy the algebra:

[)\a’)\b] — Z-fabC)\c (14)
for a fixed set of structure constants f®¢, which uniquely characterize the algebra. We shall
call quarks (g) the fermion fields in R and gluons (g) the vector fields which coule to the quark
colour current.

The non-abelian generalization of the eTe™ — 7 process if the g7 — gg annihilation. Its
amplitude can be evaluated by including the A matrices in Eq. (6):

{
— My = (\A%);; Dy + (X*A);; Dy (15)

7
_2M7_>g2

e
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with (a, b) colour labels (i.e. group indices) of gluons 1 and 2, (i, j) colour labels of g, g, respec-
tively. Using Eq. (14), we can rewrite (15) as:

M,y = ()‘a)‘b)ij My — s fabc)\fj Dy . (16)
If we want the charge associated with the group G to be conserved, we still need to demand
k’fegM;” :e’fkgM;” = 0. (17)
Substituting €} — k{" in (16) we get instead, using (12):
R MY = —g2 1 X5 5i(@) fyui(9) (18)

The gauge cancellation taking place in QED between the two diagrams is spoiled by the non-
Abelian nature of the coupling of quarks to gluons (i.e., A* and A\’ do not commute, and f%¢ # 0).

The only possible way to solve this problem is to include additional diagrams. That
new interactions should exist is by itself a reasonable fact, since gluons are charged (i.e., they
transform under the symmetry group) and might want to interact among themselves. If we
rewrite (18) as follows:

kMl = i (£ gey) x (ig g 9(@) vuu(a)) (19)

we can recognize in the second factor the structure of the ggg vertex. The first factor has the
appropriate colour structure to describe a triple-gluon vertex, with a, b, ¢ the colour labels of the

three gluons:
ke pe
b
ks ps

=4 fabc Vm/uus (klv ka k3) (20)

(¢}

Ik M
a

Equation (19) therefore suggests the existence of a coupling like (20), with a Lorentz structure
Viusps to be specified, giving rise to the following contribution to qq — gg:

q k, v
P w

) g —1
= —ig’Ds = (ig \};)v(Q)i 7" u(q); (p—2>
q ke p gfabc Vuup(_pa k17k2) Elll(kl)eg(kQ) (21)

We now need to find V},, 5 (D1, P2, p3) and to verify that the contribution of the new diagram to
k1 - M, cancels that of the first two diagrams. We will now show that the constraints of Lorentz
invariance, Bose symmetry and dimensional analysis uniquely fix V', up to an overall constant
factor.

Dimensional analysis fixes the coupling to be linear in the gluon momenta. This is because
each vector field carries dimension 1, there are three of them, and the interaction must have
total dimension equal to 4. So at most one derivative (i.e. one power of momentum) can appear
at the vertex. In priciple, if some mass parameter were available, higher derivatives could be
included, with the appropriate powers of the mass parameter appearing in the denominator.
This is however not the case. It is important to remark that the absence of interactions with
higher number of derivatives is also crucial for the renormalizability of the interaction.

Lorentz invariance requires then that V' be built out of terms of the form g, ,,p,;. Bose
symmetry requires V' to be fully antisymmetric under the exchange of any pair (1, p;) < (15, ;)
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since the colour structure f®° is totally antisymmetric. As a result, for example, a term like
G P’ vanishes under antisymmetrization, while g, ,,pi® doesn’t. Starting from this last
term, we can easily add the pieces required to obtain the full antisymmetry in all three indices.
The result is unique, up to an overall factor:

Vuwzus = W [(kl - k2)u3gu1u2 + (kQ - kS)m Guaps + (k3 - kl)mgmus] (22)

To test the gauge variation of the contribution D3, we set ug = p,e; = k1 and ks = — (k1 + k2)
in eq. (21), and we get:

kl 62 VHIMQ#(kl’ k‘Q, kg) = ‘/0 {-(k‘l + k)g)u(k‘l . 62) + 2(]431 . kg)eg - (k‘g . Eg)k‘lf} . (23)
The gauge variation is therefore:

b Dy = 21NV [ol@aula) — s rol@kyula) (24)

The first term cancels the gauge variation of D + Dy provided Vy = 1, the second term vanishes
for a physical gluon ks, since in this case kg - €9 = 0. Dy + Dy 4 D3 is therefore gauge invariant
but, contrary to the case of QED, only for physical external on-shell gluons.

Having introduced a three-gluon coupling, we can induce processes involving only gluons,

such as gg — gg:
(25)

Once more it is necessary to verify the gauge invariance of this amplitude. It turns out that one
more diagram is required, induced by a four-gluon vertex. Lorentz invariance, Bose symmetry
and dimensional analysis uniquely determine once again the structure of this vertex. The overall
factor is fixed by gauge invariance. The resulting Feynman rule for the 4-gluon vertex is given
in fig. 1.

You van verify that the 3- and 4-gluon vertices we introduced above are exactly those
which arise from the Yang-Mills Lagrangian:

1 .
a

It can be shown that the 3 and 4-gluon vertices we generated are all is needed to guarantee
gauge invariance even for processes more complicated than those studied in the previous simple
examples. In other words, no extra 5- or more gluon vertices have to be introduced to achieve
the gauge invariance of higher-order amplitudes. At the tree level this is the consequence of
dimensional analysis and of the locality of the couplings (no inverse powers of the momenta
can appear in the Lagrangian). At the loop level, these conditions are supplemented by the
renormalizability of the theory [3,7].

Before one can start calculating cross-sections, a technical subtlety that arises in QCD
when squaring the amplitudes and summing over the polarization of external states needs to be
discussed. Let us again start from the QED example. Let us focus, for example, on the sum
over polarizations of photon kq:

S Mp - (z ) M, M (o)
€1 €1

o7



p —i g
a, o b, _ ab
SETEE TR UL P (Feynman gauge)
a p b — §ab ‘
TTTTTTEm T p? + e
N p km  _ sik i
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q
= 9" [¢ (a0 + 97 (a - )"+ g°(r — p)”]
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a, o 4
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i“wn k.m

Fig. 1: Feynman rules for QCD. The solid lines represent the femions, the curly lines the gluons, and the dotted
lines represent the ghosts.
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The two independent physical polarizations of a photon with momentum k = (kg;0,0, kg) are
given by €/ p = (0;1,44,0)/ V2. They satisfy the standard normalization properties:

€€ =—1=¢€p-€p e, - €p =0

We can write the sum over physical polarizations in a convenient form by introducing the vector
k = (ko;0,0, —ko):

0 0 ) )
1 0 0 kuky + kK
> = = g + B (28)
o 0010 g k-k
0 0 O

We could have written the sum over physical polarizations using any other momentum £,
provided k- ¢ # 0. This would be equivalent to a gauge transformation (prove it as an exercise).
In QED the second term in eq. (28) can be safely dropped, since k,M" = 0. As a cross check,
notice that k,M*" = 0 implies My = M3, and therefore:

Y e MPP =M+ [ Maf? = [M:|* + [Maf* + [M3]* — [ Mo|* = —¢" M, M; (29)

i=L,R
Therefore, the production of the longitudinal and time-like components of the photon cancel
each other. This is true regardless of whether additional external photons are physical or not,
since the gauge invariance k; - M = 0 shown in Eq. (12) holds regardless of the choice for ey, as

already remarked. In particular,

KA b2 My = 0 (30)
(for n photons, k{"" k4 ...kt M, ., = 0) and the production of any number of unphysical
photons vanishes. The situation in the case of gluon emission is different, since k1 - M €3 - ko,
which vanishes only for a physical es. This implies that the production of one physical and one
non-physical gluons is equal to 0, but the production of a pair of non-physical gluons is allowed!
If €9 - ko # 0, then My is not equal to M3, and eq. (28) is not equivalent to ) €,€; = —guu-

Exercise: show that

L v . abcyc 1 _ 2
Y e M |* = |ig? FN ——0(q)k{ u(q) (31)
2k1ko

non—physical

In the case of non-Abelian theories, it is therefore important to restrict the sum over polarizations
and (because of unitarity) the off-shell propagators to physical degrees of freedom with the choice
of physical gauges. Alternatively, one has to undertake a study of the implications of gauge-fixing
in non-physical gauges for the quantization of the theory (see refs. [3,7]). The outcome of this
analysis is the appearance of two colour-octet scalar degrees of freedom (called ghosts) whose
role is to enforce unitarity in non-physical gauges. They will appear in internal closed loops,
or will be pair-produced in final states. They only couple to gluons. Their Feynman rules are
supplemented by the prescription that each closed loop should come with a —1 sign, as if they
obeyed Fermi statistics. Being scalars, this prescription breaks the spin-statistics relation, and
leads as a result to the possibility that production probabilities be negative. This is precisely
what is required to cancel the contributions of non-transverse degrees of freedom appearing in
non-physical gauges. Adding the ghosts contribution to ¢¢ — gg decays (using the Feynman
rules from fig. 1) gives in fact

// 1 2
— |52 pabcyc —
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which exactly cancels the contribution of non-transverse gluons in the non-physical gauge ) | €,¢, =
—9guv, given in in eq. 31.

The detailed derivation of the need for and properties of ghosts (including their Feynman
rules and the “—1” prescription for loops) can be found in the suggested textbooks. I will not
derive these results here since we will not need them for our applications (we will use physical
gauges or will consider processes not involving the 3¢ vertex). The full set of Feynman rules for
the QCD Lagrangian is given in fig. 1.

2.2 Some Useful Results in Colour Algebra

The presence of colour factors in the Feynman rules makes it necessary to develop some tech-
nology to evaluate the colour coefficients which multiply our Feynman diagrams. To be specific,
we shall assume the gauge group is SU(N). The fundamental relation of the algebra is

[)\a’ )\b] — ,L-fabd)\c (33)

with f%¢ totally antisymmetric. This relation implies that all A matrices are traceless. For
practical calculations, since we will always sum over initial, final, and intermediate state colours,
we will never need the explicit values of f2¢. All of the results can be expressed in terms of
group invariants (a.k.a. Casimirs), some of which we will now introduce. The first such invariant
(TF) is chosen to fix the normalization of the matrices A:

tr(ANIA) = Tpdy, (34)

where by convention Tr = 1/2 for the fundamental representation. Should you change this
convention, you would need to change the definition (i.e. the numerical value) of the coupling
constant g, since g A* appears in the Lagrangian and in the Feynman rules.

Exercise: Show that tr(A\?A?) is indeed a group invariant. Hint: write the action on \® of a
general group transformation with infinitesimal parameters €’ as follows:

SA =" e freN (35)
b,c

The definition of Tr allows to evaluate the colour factor for an interesting diagram, i.e. the

quark self-energy:
Y a
1 )\ﬁ)\ J Z()\a)\a)zj = CF(Sij (36)

The value of Cr can be obtained by tracing the relation above:

N2 -1
2

CpN = tr) X'\ = 6% Tpiy = (37)

where we used the fact that 6%°6,, = N? — 1, the number of matrices A% (and of gluons) for
SU(N).
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There are some useful graphical tricks (which I learned from P. Nason, ref. [9]) which can
be used to evaluate complicated expressions. The starting point is the following representation
for the quark and gluon propagators, and for the ¢Gg and ggg interaction vertices:

S fermion (38)

—— gluon (39)

1 J 1 H
— - —— Fermion-Gluon Vertex (t%) (40)

2
L /K_ 3-Gluon Vertex (f“bc) (41)
V2N

Contraction over colour indices is obtained by connecting the respective colour (or anticolour)
lines. A closed loop of a colour line gives rise to a factor IV, since the closed loop is equivalent to
the trace of the unit matrix. So the above representation of the qgg vertex embodies the idea of
“colour conservation”, whereby the colour-anticolour quantum numbers carried by the gg pair
are transferred to the gluon. The piece proportional to 1/N in the gGg vertex appears only when
the colour of the quark and of the antiquark are the same. It ensures that A is traceless, as
it should. This can be easily checked as an exercise. The factor 1/4/2 is related to the chosen
normalization of TF.

S

As a first example of applications, let us reevaluate Cp:

B A I Y O

1
N V2

_ M) _%m 1 N,

Sl
=] -

As an exercise, you can calculate the colour factor for ¢q¢§ — qg scattering, and show that:

] 1

—_

1 1 1
> (A (A = =3 N =3 (5ik5£j - N(Sijéfk) (43)

a

i k
This result can be used to evaluate the one-loop colour factors for the interaction vertex with a
INZ -1

photon:
(/N
= 5 — = 5 5ij = CF(SU (44)
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For the interaction with a gluon we have instead:

Notice that in the case of the coupling to the photon the ¢¢ pair is in a colour-singlet state.
The gluon exchange effect in this case has a positive sign (= attraction). In the case of the
coupling to the gluon the ¢¢ pair is in a colour-octet state, and the gluon-exchange correction
has a negative sign relative to the Born interaction. The force between a ¢g pair is therefore
attractive if the pair is in a colour-singlet, while it is repulsive if it is in a colour-octet state! This
gives a qualitative argument for why no colour-octet ¢ bound state exists.

The remaining important relation that one needs is the following:

D pabepabd = €6 with Cyq = N . (46)
a,b

You can easily prove it by using the graphical representation given in eq. (41), or by using
eq. (43) and f¢ = —2itr([A%, \Y] X°).

3 Renormalization, or: “THEORISTS ARE NOT AFRAID OF INFINITIES!”

QCD calculations are extremely demanding. Although perturbative, the size of the coupling con-
stant even at rather large values of the exchanged momentum, Q?, is such that the convergence
of the perturbative expansion is slow. Several orders of perturbation theory (PT) are required
in order to obtain a good accuracy. The complexity of the calculations grows dramatically with
the order of the approximation. As an additional complication, the evaluation of a large class
of higher-order diagrams gives rise to results which are a priori ill-defined, namely to infinities.
A typical example of what is known as an wultraviolet divergence, appears when considering the
corrections to the quark self-energy. Using the Feynman rules presented in the previous lecture,
one can obtain:

4 i ighv
ST = ik or [ g (<2 ) =ifs). ()

62



where simple manipulations lead to the following expression for ¥(p):

. d*e 1
Blp) = ZCF/ @) P+ 02 (48)

which is logarithmically divergent in the ultraviolet (|¢| — oo) region. In this lecture we will
discuss how to deal with these infinities. To start with, we study a simple example taken from
standard electrostatics.

3.1 The potential of an infinite line of charge

Let us consider a wire of infinite length, carrying a constant charge density A. By definition, the
dimensions of A are [length]~!. Our goal is to evaluate the electric potential, and eventually the
electric field, in a point P at distance R from the wire. There is no need to do any calculation to
anticipate that the evaluation of the electric potential will cause some problem. Using the fact
that the potential should be linear in the charge density A, we write V/(R) = Af(R). Since the
potential itself has the dimensions of [length]~!, we clearly see that there is no room for f(R)
to have any non-trivial functional dependence on R. The problem is made explicit if we try to
evaluate V(R) using the standard EM formulas:

V(R) = /@dx - A/T:\/Rfixiw (49)

where the integral runs over the position x on the wire. This integral is logarithmically divergent,
and the potential is ill-defined. We know however that this is not a serious issue, since the
potential itself is not a physical observable, only the electric field is measurable. Since the
electric field is obtained by taking the gradient of the scalar potential, it will be proportional to

ViR ~on [T 50
(R) ~ /m s A (50)

which is perfectly convergent. It is however interesting to explore the possibiity of providing
a useful operative meaning to the definition of the scalar potential. To do that, we start by
reqularizing the integral in eq. (49). This can be done by introducing the regularized V(R)

defined as: A
d VAZ - RZ 4+ A
Va(R) :/ A — Alog VAT AT+ A (51)
A VRt a2 VAT T RZ- A

We can then define the electric field as

E(R) = lim [-VVA(R)] (52)

A—oo
It is easy to check that this prescription leads to the right result:

L, L2 L 22X\ 4
ER) = lim R— ———— — R
B = By e R
Notice that in this process we had to introduce a new variable A with the dimension of a length.
This allows us to solve the puzzle first pointed out at the beginning. At the end, however, the
dependence of the physical observable (i.e. the electric field) on this extra parameter disappears.
Notice also that the object:

(53)

oV = Jim [Va(r2) = Va(r1)] = X log <é> (54)
[e’e] ’r2
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is well defined. This suggests a way of defining the potential which is meaninfgul even in the
A — oo limit. We can renormalize the potential, by subtracting V(R) at some fixed value of
R = Ry, and taking the A — oo limit:

V(R) — V(R) — V(Ry) = Alog <g—§> (55)

The non-physical infinities present in V(R) and V(Ry) cancel each other, leaving a finite result,
with a non-trivial R-dependence. Once again, this is possible because a dimensionful parameter
(in this case Ry) has been introduced.

This example suggests a strategy for dealing with divergencies:

i) Identify an appropriate way to regularize infinite integrals

ii) Absorb the divergent terms into a redefinition of fields or parameters, e.g, via subtractions.
This step is usually called renormalization.

iii) Make sure the procedure is consistent, by checking that the physical results do not depend
on the regularization prescription.

In the rest of this lecture I will explain how this strategy is applied to the case of ultraviolet
divergencies encountered in perturbation theory.

3.2 Dimensional regularization

The typical expressions we have to deal with have the form:

d*e 1
I(MQ) :/(2w)4 [02 + M?2)2

You can easily show that the integral encountered in the quark self-energy diagram can be

(56)

rewritten as:

1 1 /1 1

- — = dr ———,

2 (L —p)? 0 (L% + M?)?
The most straighforward extension of the ideas presented above in the case of the infinite charged
wire is to regularize the integral using a momentun cutoff, and to renormalize it with a sub-
traction (for example I(M?) — I(M§g)). Experience has shown, however, that the best way to
regularize I(M?) is to take the analytic continuation of the integral in the number of space-time
dimensions. In fact

with L = £ — xp, M? = z(1 — z)p* (57)

aPe 1
Ip(M?) = /

(M) (2m)D (22 + M?2)2

is finite VD < 4. If we could assign a formal meaning to Ip(M?) for continuous values of D away

from D = 4, we could then perform all our manipulations in D # 4, regulate the divergences,
renormalize fields and couplings, and then go back to D = 4.

(58)

To proceed, one defines (for Euclidean metrics):
dPt = dQg_, P tde (59)

with dQ2p_; the differential solid angle in D dimensions. 2p_1 is the surface of a D-dimensional
sphere. It can be obtained by using the following formal identity:

D
/ dPe e F = { / dv eﬂ] — 7D/ (60)
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The integral can also be evaluated, using eq. (59), as
o) 1 oo _
/ PLre® = p / e i = p / A2 ()5 ot
0 0

1 [ _.. b2 Qp D
= Qp = r =—TI|—= 1
D2/0 dx e "x 5 (2> (61)

Comparing egs. (60) and (61) we get:

1 1 oo D—2 1 I'(2—-D/2 D_
IoQ0) = F(D/2)/0 de o™= (@ M) = En ( P(2)/ g @

Defining D = 4 — 2¢ (with the understanding that e will be taken to 0 at the end of the day),
and using the small-e¢ expansion:

1
I(e) =~ =%+ 0(¢) (63)
we finally obtain:
1
(47)*Ip(M?) — = —log4nM? — 7, (64)
€

The divergent part of the integral is then regularized as a pole in (D —4). The M-dependent part
of the integral behaves logarithmically, as expected because the integral itself was dimensionless
in D = 4. The 1/e pole can be removed by a subtraction:

1(M2) = I(42) + (47" log (f?) (65)

where the subtraction scale 2 is usually referred to as the “renormalization scale”.

One can prove (and you will find this in the quoted textbooks) that other divergent
integrals which appear in other loop diagrams can be regularized in a similar fashion, with the
appearance of 1/e poles. Explicit calculations and more details on this techinque can be found
in the literature quoted at the end.

3.3 Renormalization

Let us come back now to our quark self-energy diagram, eq. (47). After regulating the divergence
using dimensional regularization, we can eliminate it by adding a counterterm to the Lagrangian:

L— L+X(p)igp = [L+E(p)|ig + ... (66)

In this way, the corrections at O(g?) to the inverse propagator are finite:

w e = i) + D) = 0 (67)

The inclusion of this counterterm can be interpreted as a renormalization of the quark wave
function. To see this, it is sufficient to define:

vn = (1+267) v (69)

and verify that the kinetic part of the Lagrangian written in terms of 1 g takes again the canonical
form.
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It may seem that this regularization /renormalization procedure can always be carried out,
with all possible infinities being removed by ad hoc counterterms. This is not true. That these
subtractions can be performed consistently for any possible type of divergence which develops
in PT is a highly non-trivial fact. To convince you of this, consider the following example.

Let us study the QCD corrections to the interaction of quarks with a photon:

q

o e e e N

, die 1
TN =0 [ s (DGO o

leading div. . o d*e ANy def . 9
-5, —1g (—Q)CF/ (27‘1’)4 EQ(p—l-f)Q(ﬁ—f—f)Q = zefy“V(q )

It is easily recognized that V(¢?) is divergent. The divergence can be removed by adding a
counterterm to the bare Lagrangian:

Lo = —e A"y — —edyhyty — eV () Aphy"
= —[L+V(¢})]e Auy"y (69)

If we take into account the counterterm that was introduced to renormalize the quark self-energy,
the part of the quark Lagrangian describing the interaction with photons is now:

Lon=[1430D] 00 96— [1+ V()] e Ay iy (70)
Defining a renormalized charge by:
1+ V(p?)
=€ —= 5 71
€R € 1+ E(qQ) ( )
we are left with the renormalized Lagrangian:
Lr = Yri@Yr + er Aubr " Yr (72)

Can we blindly accept this result, regardless of the values of the counterterms V (p?) and X(¢?)?
The answer to this question is NO! Charge conservation, in fact, requires eg = e. The electric
charge carried by a quark cannot be affected by the QCD corrections, and cannot be affected by
the renormalization of QCD-induced divergencies. There are many ways to see that if eg # e the
electric charge would not be conserved in strong interactions. The simplest way is to consider
the process etv, — W+ — ud. The electric charge of the initial state is +1 in units of e.
After including QCD corrections (which in the case of the interaction with a W are the same
as those for the interaction of quarks with a photon), the charge of the final state is +1 in
units of eg. Unless egp = e, the total electric charge would not be conserved in this process!
The non-renormalization of the electric charge in presence of strong interactions is the fact that
makes the charge of the proton to equal the sum of the charges of its constituent quarks, in spite
of the complex QCD dynamics that holds the quarks together.

As a result, the renormalization procedure is consistent with charge conservation if and
only if

=0 1. (73)



This identity should hold at all orders of perturbation theory. It represents a fundamental
constraint on the consistency of the theory, and shows that the removal of infinities, by itself, is
not a trivial trick which can be applied to arbitrary theories. Fortunately, the previous identity
can be shown to hold. You can prove it explicitly at the one-loop order by explicitly evaluating
the integrals defining V' (¢) and X(p).

To carry out the renormalization program for QCD at 1-loop order, several other diagrams
in addition to the quark self-energy need to be evaluated. One needs the corrections to the gluon
self-energy, to the coupling of a quark pair to a gluon, and to the 3-gluon coupling. Each of
these corrections gives rise to infinities, which can be regulated in dimensional regularization.
For the purposes of renormalization, it is useful to apply the concept of D dimensions not
only to the evaluation of the infinite integrals, but to the full theory as well. In other words we
should consider the Lagrangian as describing the interactions of fields in D-dimensions. Nothing
changes in its form, but the canonical dimensions of fields and couplings will be shifted. This is
because the action (defined as the integral over space-time of the lagrangian), is a dimensionless
quantity. As a result, the canonical dimensions of the fields, and of the coupling constants, have
to depend on D:

[/deﬁx)} — 0= [ =D=4-2
[Oup "¢l =D = [¢]=1—c¢
(Y] =D = [ =3/2—e€

[pAygl =D = [g] =e

The gauge coupling constant acquires dimensions! This is a prelude to the non-trivial behaviour
of the renormalized coupling constant as a function of the energy scale (“running”). But before
we come to this, let us go back to the calculation of the counter-terms and the construction of
the renormalized Lagrangian.

Replace the bare fields and couplings with renormalized ones':

wbare - Zl/2 le
1/2
Aﬁare = / A%

9bare = Zg :u 9dR

We explicitly extracted the dimensions out of gnare, introducing the dimensional parameter p
(renormalization scale). In this way the renormalized coupling gr is dimensionless (as it should
be once we go back to 4-dimensions).

The Lagrangian, written in terms of renormalized quantities, becomes:

_ 1 _
= Zoighp — ZZgF“ Fr 4 ZngZé/Que g A + (gauge fixing, ghosts,...) (74)

ursa

It is customary to define
7y = 7,7, 73 (75)

If we set Z,, = 1+ §,,, we then obtain:

L = ¢idp— ZF,Z,F“”“ + p g A + [ghosts, GM]

+ b Uiy — 153F,7VF“V“ + 611 g Ay (76)

IFor the sake of simplicity, here and in the following we shall assume the quarks as massless. The inclusion of
the mass terms does not add any interesting new feature in what follows.
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The counter-terms §; are fixed by requiring the 1-loop Green functions to be finite. The explicit
evaluation, which you can find carried out in detail, for example, in refs. [7,3], gives:

s 1
quark self-energy = o = —CFp <a_ —) (77)
AT €
) 4 as 1
1 If- 03 =(7C0a—onsTr) —=
gluon self-energy = 3 <3CA 37 F> T e (78)
1
qqg vertex corrections = 01 = —(Ca + C’F)Z—S - (79)
T €

As usual we introduced the notation as = g2 /4. The strong-coupling renormalization constant
Z,4 can be obtained using these results and eq. (75):
Zl 1 2 def 1 bo

Z, = =1 5—5——5_1————0 Tr| E1-=(2) as (80
J 7,73/ 01— 02 3 T e ATy F] 6(2>a()

Notice the cancellation of the terms proportional to Cr, between the quark self-energy (Z)
and the abelian part of the vertex correction (Z;). This is the same as in the case of the QCD
non-renormalization of the electric coupling, discussed at the beginning of the lecture. The non-
abelian part of the vertex correction contributes viceversa to the QCD coupling renormalization.
This is a consequence of gauge invariance. The separation of the non-abelian contributions to
the self-energy and to the vertex is not gauge-invariant, only their sum is. Notice also that the
consistency of the renormalization procedure requires that the renormalized strong coupling g
defining the strength of the interaction of quarks and gluons should be the same as that defining
the interaction of gluons among themselves. If this didn’t happen, the gauge invariance of the
qq — gg process so painfully achieved in the first lecture by fixing the coefficient of the 3-gluon
coupling would not hold anymore at 1-loop! Once again, this additional constraint can be shown
to hold through an explicit calculation.

3.4 Running of o

The running of a; is a consequence of the renormalization-scale independence of the renormal-
ization process. The bare coupling gpqre knows nothing about our choice of . The parameter p
is an artifact of the regularization prescription, introduced to define the dimensionful coupling
in D dimensions, and should not enter in measurable quantities. As a result:

dg bare

a0 (81)

Using the definition of g: gpare = 12y g, we then get

dz da
2e 72 2e -9 2e¢ r72 s _
€u Zy as+ pt as2Z, p” +p* Z prai 0 (82)
where p p p
a=" 2~ dlog 2 (83)
Z4 depends upon p only via the presence of . If we define
dog
s) = 84
Blas) = (34)
we then get:
Blaw) +255 0 pla,) = - (35)
Qg 7, das g) = —€as
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Using eq. (80) and expanding in powers of oy, we get:

—EQ —EQ
Blas) = & = > —boa + O(« ,e) (86)
° 14+2g P 1 b s

and finally:

' 1 /11 2 N=3

2

Blas) = ~boad with by = o (ECA 2 TF> = Ls3_2my)  (87)
We can now solve eq. (84), assuming by > 0 (which is true provided the number of quark flavours

is less than 16) and get the famous running of «s:

2 1

" bolog(12/A?) 83)

as(p
The parameter A describes the boundary condition of the first order differential equation defining
the running of ay, and corresponds to the scale at which the coupling becomes infinity.

3.5 Renormalization group invariance

The fact that the coupling constant a; depends on the unphysical renormalizaiton scale p should
not be a source of worry. This is because the coupling constant itself is not an observable.
What we observe are decay rates, spectra, or cross sections. These are given by the product
of the coupling constant times some matrix element, which in general will acquire a non-trivial
renormalization-scale dependence through the renormalization procedure. We therefore just
need to check that the scale dependence of the coupling constant and of the matrix elements
cancel each other, leaving results which do not depend on w.

Consider now a physical observable, for example the ratio R = o(e*e™ — hadrons)/o(etTe™
uT 7). R can be calculated in perturbation theory within QCD, giving rise to an expansion in
the renormalized coupling a(u):

R[O‘&S//ﬁ] = l+as fl()+a f2 Za fn) (89)

where t = s/u? (and we omitted a trivial overall factor 33 f Q}) R depends on p explicitly
via the functions f(,)(t) and implicitly through ;. Since R is an observable, it should be
independent of y, and the functions f,(t) cannot be totally arbitrary. In particular, one should

have: iR 9 9
2 2 21 _
s = 0= [ + Blan) 5 | Rlaw, s/ =0 (90)

Before we give the general, formal solution to this differential equation, it is instructive to work
out directly its form within perturbation theory.

2dR 2 df1

s = 0 = Blau) Fit) + ac i + 20, Blas) falt) + o 25

2+ (91)

At order ay (remember that 3 is of order o) we get

dfy

T2 =0 = fi = constant = a; (92)
W

This is by itself a non-trivial result! It says that the evaluation of R at one-loop is finite, all UV
infinities must cancel without charge renormalization. If they didn’t cancel, f; would depend
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explicitly on u. As we saw at the beginning, this is a consequence of the non-renormalization of
the electric charge.

At order a? we have:

d 2
Blas) f1(t) + a? dloj,:u? =0 = fo="byay log % + ay (integration constant) (93)
So up to order a2 we have:
R=1+4+ a7 as +a1b0aglog ,u2/s+a2a§+... (94)
one—loop two—loops

Notice that the requirement of renormalization group invariance allows us to know the coefficient
of the logarithimc term at 2-loops without having to carry out the explicit 2-loop calculation!
It is also important to notice that in the limit of high energy, s — oo, the logarithmic term of
the two-loop contribution becomes very large, and this piece becomes numerically of order o as
soon as log s/u? 2 1/bg as. You can easily check that renormalization scale invariance requires
the presence of such logs at all orders of PT. In particular:

2 n

o0 - o] 1. -

We can collect all these logs as follows:

2 2
R = 1+aas 1‘1’04517010%%+(Ozsbolog%)2+“' +aga? + ... (96)
CMS(,LL) 2 9
=1 .=1 97
ta 1+ as(p)b, log M% T a0 + + ay0,(s) + azag + (97)
In fact:
as(p) 1 1

- - = (s (98)
L+as(wbolog s bylog s +bylog 5 bologzr

RG invariance constrains the form of higher-order corrections. All of the higher-order logarithmic
terms are determined in terms of lower-order finite coefficients. They can be resummed by simply
setting the scale of a5 to s. You can check by yourself that this will work also for the higher-order
terms, such as those proportional to as. So the final result has the form:

R =1+ ajoy(s) + aga?(s) + aza(s) + ... (99)

Of course aq, a9, ... have to be determined by an explicit calculation. However, the truncation
of the series at order n has now an accuracy which is truly of order a?*!, contrary to before
when higher-order terms were as large as lower-order ones. The explicit calculation has been
carried out up to the ag coefficient. In particular,
3 CF
T4 o7
The formal proof of the previous equation can be obtained by showing that the general form of
the equation

1
ay - (100)
T

0 S
2
1% a—'u2+ﬂ(045) R (Oés,ﬁ) =0 (101)
is given by
R(as(s),1) , with
dos B(as) (102)
dlog% — Pl
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4 QCD in e'e™ collisions

ete™ collisions provide one of the cleanest environments in which to study applications of QCD
at high energy. This is the place where theoretical calculations have today reached their best
accuracy, and where experimental data are the most precise, especially thanks to the huge
statistics accumulated by LEP, LEP2 and SLC. The key process is the annihilation of the eTe™
pair into a virtual photon or Z° boson, which will subsequently decay to a ¢ pair. ete™ collisions
have therefore the big advantage of providing an almost point-like source of quark pairs, so that,
contrary to the case of interactions involving hadrons in the initial state, we at least know very
precisely the state of the quarks at the beginning of the interaction process.

Nevertheless, it is by no means obvious that this information is sufficient to predict the
properties of the hadronic final state. We all know that this final state is clearly not simply a
qq pair, but some high-multiplicity set of hadrons. It is therefore not obvious that a calculation
done using the simple picture ete™ — g will have anything to do with reality. For example,
one may wonder why don’t we need to calculate o(ete™ — qgg...g...) for all possible gluon
multiplicities to get an accurate estimate of o(e™e™ — hadrons). And since in any case the final
state is not made of ¢’s and ¢’s, but of 7’s, K’s, p’s, etc., why would o(eTe™ — qgdg...g) be
enough?

The solution to this puzzle lies both in a question of time and energy scales, and in the
dynamics of QCD. When the ¢q pair is produced, the force binding ¢ and ¢ is proportional to
as(s) (/s being the ete™ centre-of-mass energy). Therefore it is weak, and ¢ and g behave to
good approximation like free particles. The radiation emitted in the first instants after the pair
creation is also perturbative, and it will stay so until a time after creation of the order of (1
GeV) ™!, when radiation with wavelengths 2 (1 GeV)~! starts being emitted. At this scale the
coupling constant is large, non-perturbative phenomena and hadronization start playing a role.
However, as we will show, colour emission during the perturbative evolution organizes itself in
such a way as to form colour-neutral, low mass, parton clusters highly localized in phase-space.
As a result, the complete colour-neutralization (i.e., the hadronization) does not involve long-
range interactions between partons far away in phase-space. This is very important, because
the forces acting among coloured objects at this time scale would be huge. If the perturbative
evolution were to separate far apart colour-singlet ¢g pairs, the final-state interactions taking
place during the hadronization phase would totally upset the structure of the final state. As
an additional result of this “pre-confining” evolution, memory of where the local colour-neutral
clusters came from is totally lost. So we expect the properties of hadronization to be universal: a
model that describes hadronization at a given energy will work equally well at some other energy.
Furthermore, so much time has passed since the original ¢g creation, that the hadronization phase
cannot significantly affect the total hadron production rate. Perturbative corrections due to the
emission of the first hard partons should be calculable in PT, providing a finite, meaningful
cross-section.

The nature of non-perturbative corrections to this picture can be explored. Omne can
prove for example that the leading correction to the total rate R,+.- is of order F/s?, where
F oc (0lasFg, F*|0) is the so-called gluon condensate. Since F' ~ O(1 GeV?), these NP
corrections are usually very small. For example, they are of O(1078) at the Z° peak! Corrections
scaling like A?/s or A/y/s can nevertheless appear in other less inclusive quantities, such as event
shapes or fragmentation functions.

We now come back to the perturbative evolution, and will devote the first part of this
lecture to justifying the picture given above. In the second half we shall discuss jet cross-sections
and shape variables.
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4.1 Soft Gluon Emission

Emission of soft gluons plays a fundamental réle in the evolution of the final state [6,15]. Soft
gluons are emitted with large probability, since the emission spectrum behaves like dE/E, typical
of bremstrahlung even in QED. They provide the seed for the bulk of the final-state multiplicity
of hadrons. The study of soft-gluon emission is simplified by the simplicity of their couplings.
Being soft (i.e., long wavelength) they are insensitive to the details of the very-short-distance
dynamics: they cannot distinguish features of the interactions which take place on time scales
shorter than their wavelength. They are also insensitive to the spin of the partons: the only
feature they are sensitive to is the colour charge. To prove this let us consider soft-gluon emission
in the ¢q decay of an off-shell photon:

P ] 2
(99Q.
k, a (103)
k, a
pi pi

At = )R)(ig) = T ) Ny + 1) T 2= (ig)elh) o(p) X

= |5 O B+ BT 0(p) — S )T -+ Rye(k) o(p) |

I used the generic symbol I';, to describe the interaction vertex with the photon to stress the
fact that the following manipulations are independent of the specific form of I',. In particular,
I, can represent an arbitrarily complicated vertex form factor. Neglecting the factors of ¥ in
the numerators (since k < p, p, by definition of soft) and using the Dirac equations, we get:

a b€ De
Asoft - g)\ij (ﬁ - ]3—k‘> ABorn (104)

We then conclude that soft-gluon emission factorizes into the product of an emission factor,
times the Born-level amplitude. From this exercise, one can extract general Feynman rules for

soft-gluon emission:
}p,& p. i =g A 2p" (105)

Exercise: Derive the g — gg soft-emission rules:

a

Cm b. p = igf™ 2p" ¢"* (106)

Example: Consider the “decay” of a virtual gluon into a quark pair. One more diagram should
be added to those considered in the case of the electroweak decay. The fact that the quark pair
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is not in a colour-singlet state anymore makes things a bit more interesting:

k. a P P P ]
(9
k. a (107)
k. a
p- i p 1 p i

k=0 [z g 1 X (%) +g9 (A" (]%) — g (A"\"); (%)] ABorn

= g (A, {% - z—ﬂ +9 (WA Bj—; - %]

The two factors correspond to the two possible ways colour can flow in this process:

AN e 09)
+\bié\\j +\j

In the first case the antiquark (colour label j) is colour connected to the soft gluon (colour label
b), and the quark (colour label i) is connected to the decaying gluon (colour label a). In the
second case, the order is reversed. The two emission factors correspond to the emission of the
soft gluon from the antiquark, and from the quark line, respectively. When squaring the total
amplitude, and summing over initial and final-state colours, the interference between the two
pieces is suppressed by 1/N? relative to the individual squares:

(108)

N2 -1
SO =Dt (AN = Cr = O(N?) (110)
a,b,i,j a,b
a a * a a N2 —1 CA
D ATN)GIAPA) T =D tr(A“APANY) = (Cr — 7) = O(N) (111)
a,b,i,j a,b ——
—3N

As a result, the emission of a soft gluon can be described, to the leading order in 1/N2, as the
incoherent sum of the emission form the two colour currents.

4.2 Angular ordering for soft-gluon emission

The results presented above have important consequences for the perturbative evolution of the
quarks. A key property of the soft-gluon emission is the so-called angular ordering. This
phenomenon consists in the continuous reduction of the opening angle at which successive soft
gluons are emitted by the evolving quark. As a result, this radiation is confined within smaller
and smaller cones around the quark direction, and the final state will look like a collimated
jet of partons. In addition, the structure of the colour flow during the jet evolution forces the
qq pairs which are in a colour-singlet state to be close in phase-space, thereby achieving the
pre-confinement of colour-singlet clusters alluded to at the beginning of the lecture.
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Let us start first by proving the property of colour ordering. Consider the ¢ pair produced
by the decay of a rapidly moving virtual photon. The amplitude for the emission of a soft gluon
was given in eq. (104). Squaring, summing over colours and including the gluon phase-space we
get the following result:

—2pHp” d3k
2
dog = Z|A50ft| 32koz| 0|( k) (pk) g Z NE (27)32k0
Q(PP) 2 (d¢) kOdk"
dog —22_ 2 ¢ (22 d cos 0
ek ¢ T \er) e 0
aCp dk® d 1 — cos 0
= doy BT d¢ k) dcos 0 (112)

T k9 27 (1 —cosB)(1 — cosb)

where 0,3 = 0, — 03, and i, j, k refer to the ¢, ¢ and gluon directions, respectively. We can
write the following identity:

1
1 —cos ;i) (1 — cos b,i) * 1 — cos Oy " 5[

(1 —cosO)(1 —cosbjr) 2

1 — cos b;; 1 cos 05, — cos 8;; 1 o

g [ )= W £ W

(113)

We would like to interpret the two functions W(;) and W(;) as radiation probabilities from the

quark and antiquark lines. Each of them is in fact only singular in the limit of gluon emission
parallel to the respective quark:

W —  finite if k|| j (cos@j, — 1) (114)
Wiy — finiteif k| i (cosOy — 1) (115)
The intepretation as probabilities is however limited by the fact that neither W; nor W(; are
positive definite. However, you can easily prove that

d¢ { 17c§s [ if 9”‘3 < eij

o Wi = (116)

0 otherwise

where the integral is the azimuthal average around the ¢ direction. A similar result holds for
W)

do T—cos,, I Uik ij
27TW( H = { (117)

0 otherwise

As a result, the emission of soft gluons outside the two cones obtained by rotating the antiquark
direction around the quark’s, and viceversa, averages to 0. Inside the two cones, one can
consider the radiation from the emitters as being uncorrelated. In other words, the two colour
lines defined by the quark and antiquark currents act as independent emitters, and the quantum
coherence (i.e. the effects of interference between the two graphs contributing to the gluon-
emission amplitude) is accounted for by constraining the emission to take place within those
fixed cones.

If one repeats now the exercise for emission of one additional gluon, one will find the same
angular constraint, but this time applied to the colour lines defined by the previously established
antenna. As shown in the previous subsection, the ¢gg state can be decomposed at the leading
order in 1/N into two independent emitters, one given by the colour line flowing from the gluon
to the quark, the other given by the colour line flowing from the antiquark to the gluon. So the
emission of the additional gluon will be constrained to take place either within the cone formed
by the quark and the gluon, or within the cone formed by the gluon and the antiquark. Either
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way, the emission angle will be smaller than the angle of the first gluon emission. This leads
to the concept of angular ordering, with successive emission of soft gluons taking place within
cones which get smaller and smaller.

The fact that colour always flows directly from the emitting parton to the emitted one,
the collimation of the jet, and the softening of the radiation emitted at later stages, ensure that
partons forming a colour-singlet cluster are close in phase-space. As a result, hadronization (the
non-perturbative process that will bind together colour-singlet parton pairs) takes place locally
inside the jet and is not a collective process: only pairs of nearby partons are involved. The
inclusive properties of jets (e.g. the particle multiplicity, jet mass, jet broadening, etc.) are
independent of the hadronization model, up to corrections of order (A/y/s)™ (for some integer
power n, which depends on the observable), with A < 1 GeV.

4.3 Jet rates

We now present explicit calculations of interesting observables. For simplicity, we will work
with the soft-gluon approximation for the matrix elements and the phase-space. As a result, the
correction to the differential eT™e™ — ¢ cross-section from one-gluon emission becomes:

200 c % dcos 0
F ko 1—cos?f

with o9 = Born amplitude. (118)

In this equation we used the fact that in the soft-¢ limit the ¢ and ¢ are back-to-back, and
q-G=2qq , q-k :qu‘o(l —COSH), (jk:qu‘o(l-f-COSQ) (119)

Notice the presence in doy of soft and collinear singularities. They will have to cancel in the
total cross-section which, as we saw in the previous lecture, is finite. They do indeed cancel
against the contribution to the total cross-section coming from the virtual correction diagram,
where a gluon is exchanged between the two quarks. In the total cross-section (and for other
sufficiently inclusive observables) the final states produced by the virtual diagrams and by the
real emission diagrams in the soft or collinear limit are the same, and both contribute. In order
for the total cross-section to be finite, the virtual contribution will need to take the following
form:

d2o, 200, V2 dkl v dceost 1

dkodcos® - | T = X 5 1-— 1

dkod cos 0 o0 CF/O Kk /_1 (1= cos2 X 25(160) [6(1 — cos ) + 5(1 + cos §)]
(120)

plus finite corrections. In this way:

Vs/2 1 2o 2o
dko | dcosf J ~— | = finit 121
/0 ’ /_1 o [dkodcosﬂ T dkodeosg | T (121)

With the form of the virtual corrections available (at least in this simplified soft-gluon-dominated
approximation) we can proceed and calculate other quantities.

Jets are usually defined as clusters of particles close-by in phase-space. A typical jet
definition distributes particles in sets of invariant mass smaller than a given parameter M,
requiring that one particle only belongs to one jet, and that no other particles (or jets) can
be added to a given jet without its mass exceeding M. In the case of a three-particle final
state, such as the one we are studying, we get three-jet events if (¢ + k)2, (7 + k)? and (¢ + q)*
are all larger than M?. We will have two-jet events when at least one of these quantities
gets smaller than M?2. For example emission of a gluon near the direction of the quark, with
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2qk = 2¢°k°(1 — cos ) < M?, defines a two-jet event, one jet being given by the ¢, the other by
the system q + k.

One usually introduces the parameter y = M?/s, and studies the jet multiplicity as a
function of y. Let us calculate the two- and three-jet rates at order as. The phase-space domain
for two-jet events is given by two regions. The first one is defined by 2gk = 2qoko(1—cos 6) < ys.
This region consists of two parts:

, ko <yy/'s , ko > yy/s
(Da : {0<cos€<1 ® (Mo {l—yk—‘f<cose<1 (122)

(I)q corresponds to soft gluons at all angles smaller than 7/2 (i.e. in the quark emisphere), while
(I)p corresponds to hard gluons emitted at small angles from the quark.

The second region, (II), is analogous to (I), but the angles are now referred to the direction
of the antiquark. The integrals of do over (I) and (II) are of course the same. The O(ay)
contribution to the two-jet rate is therefore given by:

(ors)

oy 1

m:_F/ dag—|—2/ dag+/ dav]
00 g0 Da D virtual

_ 4a,Cp VW dko /1 d cos § /\/s/2 %/1 d cos f
0 0 Y 1

T ko 1—cos26 N ko _(yk_\f) 1— cos26
B /y\/g @/1 dcos
0 ko Jo 1—cos26

4o CF _/V5/2 %/1 dcosd +/\/5/2 dk:o/l dcos @
N T y/5 ko Jo 1—cos26 W ko Ji—(

ko
_ 40650%“/“”/2 @/1(yic\f)< dcos 6 )
B T Jyss ko Jo 1—cos?6
QOéSCF/ 5/2 dk‘o[ ko . ] a,Cp 2
= — (=) log —= + (finite for y — 0)| = ———— log“2y(123
_— ko()gy\/g( y—0) g 2y(123)

Including the Born contribution, which always gives rise to two and only two jets, we finally
have:

asC
O2—jet = 00 |:1— SﬂFlog2y+..}

C
Qs log® y + ...

O3—jet = 00

If y — 0, 03_jer becomes larger than oo_jes. If y is sufficiently small, we can even get oo_je; < 0!
This is a sign that higher-order corrections become important. In the soft-gluon limit, assuming
that the emission of a second gluon will also factorize 2, we can repeat the calculation at higher
orders and obtain:

C 1 C 2 asC
O2—jet = 00 ll_as - 10g2y+§ (ast 10823/) o =g e g’y
asCrp lOng 6_# log? y

O3—jet ~ 00

1 a,Cp " _asCp 2
T(nt2)—jer ~ 00 (57r 10g2y> e T ey (124)

2This is not true (see later on), but let us just accept it to see how things develop.
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It is immediate to recognize in this series a Poisson distribution, leading to an average number
of jets given by:
asCr

(Njet) ~ 2+ log? y (125)

The smaller the resolution parameter y, the smaller the mass of the jets, the larger the impor-
tance of higher order corrections. If we take the parameter M down to the scale of few hundred
MeV (M ~ Agcp), each particle gets identified with an independent jet. We can therefore
estimate the s-dependence of the average multiplicity of particles produced:

1
Cras log2 S Cr _ log2

A2 T bolog 5

F 1 S
_ O _
7Tb0 & A2

~

(Npart) ~ (126)

s
A2
The final state particle multiplicity grows with log(s).

In practice, things are a bit more complicated than this. Once the first gluon is emitted,
additional gluons can be emitted from it as well. Therefore the final-state multiplicity will be
dominated by the emission of gluons from gluons. The analysis becomes more complicated (see
e.g. refs. [6,8] for the details), and the final result is:

S

=) (127)

20
(npart(s)) ~ exp | =2 log(
b

for the particle multiplicity, and

Cr asCy 91 Cr asCy 91
(i) = 24205 (cosh [ 28 togrd 1) T g [1T 02 L 13y

for the average jet multiplicity.

Other interesting quantities that can be calculated using the simple formulas we developed
so far are the average jet mass and the thrust. To define the jet mass we just divide the final
state into two emispheres, separated by the plane orthogonal to the thrust axis. We now call
jets the two sets of particles on either side of the plane. The (m?) of the jet is then given by

(m3y) = % { /( I)(q +k)?dog + /( H)((I - k)Qdag} (129)

The virtual correction does not enter here, since the pure ¢q final state has jet masses equal to
0. The result of this simple computation leads to

a,Cr

(i) = 2L (130)

Another interesting variable often used in experimental studies is the thrust 7', defined by:

T= max Z \@T! / Z |pi
(A i

where 7' is the thrust axis, defined so as to maximize T'. For three-body final states, T is the
direction of the highest-energy parton, and 71" is proportional to twice its energy:

2 2
@k e (131)

S S

T=2 =1-

S‘Q|
S
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As a result: c
(1-T) =228 (132)

™

At LEP, (1-T) ~ O'iﬂ X % ~ 0.05. The terms neglected in the soft-gluon approximation we used

throughout can be calculated, and give some small correction to the above results. Corrections
will likewise come from higher-order effects. State-of-the-art calculations exist which evaluate
all these “shape variables” (and more!) up to O(a?) accuracy, including a full next-to-leading-
log accurate resummation of higher-order logarithms (such as the log 1/y terms we encountered
in the discussion of jet rates, or terms of the form log"(1 — T') which appear at higher orders
in the evaluation of the thrust distributions). These calculations allow a reliable estimate of
several different observables directly proportional to oy, and provide the theoretical input for
the extraction of a, from the LEP QCD data [8].

Notice that non-perturbative corrections proportional to %, with A ~ 1 GeV, can have a

significant impact on the extraction of as. For example, a % correction to (1 —7T") would be a

Indeed one measures (1 —T)pp = 0.068+0.003, vs the full PT QCD prediction of 0.055 (using
a, = 0.120).

5 QCD and the proton structure at large

The understanding of the structure of the proton at short distances is one of the key ingredients to
be able to predict cross-section for processes involving hadrons in the initial state. All processes
in hadronic collisions, even those intrinsically of electroweak nature such as the production of
W/Z bosons or photons, are in fact induced by the quarks and gluons contained inside the
hadron. In this lecture I will introduce some important concepts, such as the notion of partonic
densities of the proton, and of parton evolution. These are the essential tools used by theorists
to predict production rates for hadronic reactions.

The idea that the parton language [1] and the use of perturbative QCD can be used to
describe the structure of the proton at short distances was developed in the late 60’s and early
70’s (for a nice review, see ref. [17]). While I will not provide you with a rigorous proof of
the legitimacy of this approach, I will try to justify it qualitatively to make it sound at least
plausible. I will then proceed to extract some results based on the application of perturbative
QCD to lepton-hadron interactions.

5.1 The parton model

We all know that quarks are deeply bound inside the proton. It is important to realise, however,
that the binding forces responsible for the quark confinement are due to the exchange of rather
soft gluons. If a quark were to exchange a hard virtual gluon with another quark, in fact, the
recoil would tend to break the proton apart. It is easy to verify that the exchange of gluons
with virtuality larger than () is then proportional to some large power of m,/Q, m, being the
proton mass. Since the gluon coupling constant gets smaller at large (), exchange of hard gluons
is significantly suppressed 3. As a result, the typical time scale for quarks inside the proton

3The fact that the coupling decreases at large @ plays a fundamental role in this argument. Were this not
true, the parton picture could not be used!.
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to interact among themselves is of the order of 1/m,, or longer. If we probe the proton with
an off-shell photon, the interaction should take place during the limited lifetime of the virtual
photon, given by the inverse of its virtuality as a result of the Heisenberg principle. Once the
photon gets “inside” the proton and meets a quark, the struck quark has no time to negotiate
a coherent response with the other quarks, because the time scale for it to “talk” to its pals is
too long compared with the duration of the interaction with the photon itself. As a result, the
struck quark has no option but to interact with the photon as if it were a free particle.

The one thing that the above picture does not tell us, obviously, is in which precise state
the quark was once it got struck by the photon. This depends on the internal wave function
of the proton, which perturbative QCD cannot easily predict. We can however say that the
wave function of the proton, and therefore the state of the “free” quark, are determined by
the dynamics of the soft-gluon exchanges inside the proton itself. Since the time scale of this
dynamics is long relative to the time scale of the photon-quark interaction, we can safely argue
that the photon sees to good approximation a static snapshot of the proton’s inner guts. In
other words, the state of the quark had been prepared long before the photon arrived. This also
suggests that the state of the quark will not depend on the precise nature of the external probe,
provided the time scale of the hard interaction is very short compared to the time it would take
for the quark to readjust itself. As a result, if we could perform some measurement of the quark
state using, say, a virtual-photon probe, we could then use this knowledge on the state of the
quark to perform predictions for the interaction of the proton with any oter probe (e.g. a virtual
W or even a gluon from an opposite beam of hadrons).

In order to make the measurement of the proton structure as simple as possible, it is
therefore wise to use a probe as simple as possible. A virtual photon emitted from a beam
of high-energy electrons provides such a probe. The relative process is called deeply inelastic
scattering (DIS), and was historically the first phenomenon which led people to introduce the
concept of partons [2].

Assuming the parton picture outlined above, we can describe the cross-section for the
interaction of the virtual photon with the proton as follows:

1
o= [ do 3 € fiw) oolv'a — 2 (133)
i
where the 0 subscript anticipates that this description represents a leading order approximation.
In the above equation, f;(z) represents the density of quarks of flavour i carrying a fraction = of
the proton momentum. The hatted cross-section represents the interaction between the photon
and a free (massless) quark:

1 = a3y’
A * / — M * /\ |2 2 454 /I o
Go(Y" g — ) —ﬂuxz Moy = ) gy 2m)' 0N —a - p)
1 —
= —— |Mo|*2ms(p™ 134
Tz Mol 28 (o) (134)
Using p' = 2P + ¢, where P is the proton momentum, we get
(p)=22P-q+¢*=22P q—Q? (135)
e — 1
50(Y* N=—"— Mo|> —— 6(x — ap; 136
60(v"q — q') ﬂmZ| ol T (x — x5) (136)

where zp; = % is the so-called Bjorken-x variable. Finally:

=1/ 12
bej filwyy) €8 = % Z:L?Lgo'f}(%j) (137)

7
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The measurement of the inclusive ep cross-section as a function of @* and P - ¢ (= m,(E' — E)
in the proton rest frame, with £/ = energy of final-state lepton and F = energy of initial-state
lepton) probes the quark momentum distribution inside the proton.

5.2 Parton evolution

Let us now study the QCD corrections to the LO parton-model description of DIS. This study will
exhibit many important aspects of QCD (structure of collinear singularities, renormalization-
group invariance) and will take us to an important element of the DIS phenomenology, namely
scaling violations. We start from real-emission corrections to the Born level process:

q q k

P+ p' (138)

p p

The first diagram is proportional to 1/(p — k)? = 1/2(pk), which diverges when k is emitted
parallel to p:

pk=pk (1—cosf) =10 (139)

The second diagram is also divergent, if k is emitted parallel to p’. This second divergence turns
out to be harmless, since we are summing over all possible final states. Whether the final-state
quark keeps all of its energy, or whether it decides to share it with a gluon emitted collinearly, an
inclusive final-state measurement will not care. The collinear divergence can then be cancelled
by a similar divergence appearing in the final-state quark self-energy corrections.

The first divergence is more serious, since from the point of view of the incoming photon
(which only sees the quark, not the gluon) it does make a difference whether the momentum
is all carried by the quark or is shared between the quark and the gluon. This means that no
cancellation between collinear singularities in the real emission and virtual emission is possible.
So let us go ahead, calculate explicitly the contribution of these diagrams, and learn how to deal
with their singularities.

First of all note that while the second diagram is not singular in the region k£ -p — 0,
its interference with the first one is. It is possible, however, to select a gauge for which the
interference of the two diagrams is finite in this limit. You can show that the right choice is

. kp,plll + kl/plu
> e (k) = —gu + e (140)

Notice that in this gauge not only k - e(k) = 0, but also p’ - e(k) = 0. The key to getting to
the end of a QCD calculation in a finite amount of time is choosing a proper gauge (which we
just did) and the proper parametrization of the momenta involved. In our case, since we are
interested in isolating the region where k becomes parallel with p, it is useful to set

k= (1= 2)pu + B, + (k1) (141)
with &, -p =k, -p' = 0. 3 is obtained by imposing

P =0=281-2)p-p+k (142)
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Defining k2 = —k?, we then get

g
a9 )
2
by = (1= 2)py+ gt + (), (144

(k1) is therefore the gluon momentum vector transverse to the incoming quark, in a frame
where v* and ¢ are aligned. k; is the value of this transverse momentum. We also get

K

50 —2) and k-p = (1—2)p-p (145)

kep = pBpp=
As aresult (p—k)? = —k?/(1—z). The amplitude for the only diagram carrying the initial-state
singularity is:

M, = igh% a(p)T ﬁ &(k)ulp) (146)

(where we introduced the notation a = 4= a,y"). We indicated by I' the interaction vertex
with the external current ¢. It is important to keep I' arbitrary, because we would like to get
results which do not depend on the details of the interaction with the external probe. It is
important that the singular part of the QCD correction, and therefore its renormalization, be
process independent. Only in this way we can hope to achieve a true universality of the parton
densities! So we will keep I' generic, and make sure that our algebra does not depend on its
form, at least in the p - k£ — 0 limit. Squaring the most singular part of the amplitude, and
summing over colours and spins, we get:

NXCF

aya 1 ~ ~ TN\ 2 o 2k (o 7.
> M =gty AN xg x Y T TR -k)ép e (p—k) T (147)

g polariz.
and colours

with t = (p — k)2 = —k?/(1 — z). Let us look first at

—Z

D EPE = D eues Y = =AY+ [ (p'pk + kpp') = T (ko gp')  (148)
€

(we used: abé + éba = 2(a-b)é—2(a-¢)b+2(b- ¢) @ and some of the kinematical relations from
the previous page). Then take

(B—k)(k+B0)p—k) =Gk k(p—k) +B(G—k)p (k) (149)

In the second term, proportional to 3, we can approximate k= (1 — z)p. This is because the
other pieces (0p’ 4+ k1 ) multiplied by § would cancel entirely the tig singularity, and would only
contribute a non-singular term, which we are currently neglecting. So Eq. (149) becomes

pkp + B2%pp'p = 2(p - k)p+ B222(p - p')p = 2(p - k) (1 + 2)p (150)
and )
1— 1
S My 2 = 262 O kf) (ﬁi) N Te[pTHI] (151)
t -

The last factor with the trace corresponds to the Born amplitude squared. So the one-gluon
emission process factorizes in the collinear limit into the Born process times a factor which is
independent of the beam’s nature! If we add the gluon phase-space:

Bk dkyde 1 dk?} dz= 1 5

dk] = ——— = —L — _— = dk 152
ldk] (2m)32k0 KO 27m 872 2 (1—2z2) 1672 - (152)
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we get:

Stk = G (52 ) o) Sl (153)
where )
1+2z

qu(z) = CF 1_> (154)

is the so-called Altarelli-Parisi splitting function for the ¢ — ¢ transition (z is the momentum
fraction of the original quark taken away by the quark after gluon emission). We are now ready
to calculate the corrections to the parton-model cross-section:

_ 1 dl{:2 g — 9 9
0y = [de @) g [a= ~(52) Puale) il 2ms(o?) (155)
Using (p/)2 = (p —k+q)* ~ (2p + ¢)? = (x2P + ¢q)? and
?) = o o= ") = ™ ga— ) (156)

we finally obtain:

07 (BB T [ [ (2) o

We then find that the inclusion of the O(«ay) correction is equivalent to a contribution to the

parton density: X
o) — i)+ 52 [ [ R () (15%)

Notice the presence of the integral [ dk? 1/ k2 The upper limit of integration is proportional to
Q?. The lower limit is 0. Had we included a quark mass, the propagator would have behaved
like 1/(k? +m?). But the quark is bound inside the hadron, so we do not quite know what m
should be. Let us then assume that we cutoff the integral at a k; value equal to some scale py,
and see what happens. The effective parton density becomes:

2 z T
£(2.Q%) = (o) + log (ff) = [ Erer (L) (159)

0 z z

The dependence on the scale pg, which is a non-perturbative scale, can be removed by defining
f(x,Q?) in terms of the parton density f measured at a large, perturbative scale p?:

2
9 7 Ldz x
F(ar,1?) = F(x) +lo (?3) o [ Cruf() (160)
We can then perform a subtraction, and write:
f@,Q%) = f(z,p®) + 1o ¢ Ly ()f<§> (161)
xz, - €x, g Mg 27‘1’ . 2 qq\#? P

The scale p plays here a similar role to the renormalization scale introduced in the second lecture.
Its choice is arbitrary, and f(x, @?) should not depend on it. Requiring this independence, we
get the following “renormalization-group invariance” condition:

df (2, Q) _ o df(z,p?) dz r
dlnp? ? d,u2 27r . 2 qu(z)f(;>

0 (162)
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and then 0 (o) L g )

M27d/;2u = % /:E — B ( ) f (;7M2> (163)
This equation is usually called the DGLAP (Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) equa-
tion. As in the case of the resummation of leading logarithms in R.+.- induced by the RG
invariance constraints, the DGLAP equation — which is the result of RG-invariance — resums a
full tower of leading logarithms of Q2.

Proof: Let us define t = log . We can then expand f (:c t) in powers of ¢:

fat) = @0+t 5 w0+ L w0+ (161)
x,t) = f(x — — —= e

’ dt " 2! dt?

The first derivative is given by the DGLAP equation itself. Higher derivatives can be obtained

by differentiating it:
dz df =«
"(z,t) = / —P, Jt
et = 52 [ Erye) T

s s 1 dZ, X
= %/x ?qu(z)%/% 7qu(2)f(g,t)

' 1 dz() " x
FW@y = 2 —/ o S P () (165)

2 T 27 /z2 ...

The n-th term in this expansion, proportional to (ast)™, corresponds to the emission of n gluons
(it is just the n-fold iteration of what we did studying the one-gluon emission case).

With similar calculations one can include the effect of the other O(ay) correction, originating
from the splitting into a ¢g pair of a gluon contained in the proton. With the addition of this
term, the evolution equation for the density of the ith quark flavour becomes:

1 1
dolort) _ o o [ Z P 50 + P fy(Ea] L with Py =3 [+ (- 27
(166)
In the case of interactions with a coloured probe (say a gluon) we meet the following corrections,
which affect the evolution of the gluon density f,(x):

Bl _ e [ [ DY 5 (1) + Bl (ft)] (167)

i=q,q
with
1—=z z
+1

z —Z

1+ (1—2)2
z

Pyy(2) = Pye(1 — 2) = CFp and  Pyy(z) =2Cx { +2(1— z)} (168)

Defining the moments of an arbitrary function g(z) as follows:

Ldx
In = o ? z" g\x ( )
it is easy to prove that the evolution equations turn into ordinary linear differential equations:
df z(n) Qs n) £(n) n) g(n
T SR g (169
df n) aS n n n
el AR PR AR (170
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5.3 Properties of the evolution equations

We now study some general properties of these equations. It is convenient to introduce the
concepts of valence (V(x,t)) and singlet (X(z,t)) densities:

Vi) = Y 5 - Y he) ()
@) = Y )+ Y ) (172)

where the index 7 refers to the antiquark flavours. The evolution equations then become:

dv ()

Os n ‘r n 7

dz(n) Os n ) n n n 7
a  or [Pq(q) ( )+2”qu(g)ig( )} (174)

dfé") Qs n ) n n n 7

Note that the equation for the valence density decouples from the evolution of the gluon and
singlet densities, which are coupled among themselves. This is physically very reasonable, since
in perturbation theory the contribution to the quark and the antiquark densities coming form
the evolution of gluons (via their splitting into ¢q pairs) is the same, and will cancel out in the
definition of the valence. The valence therefore only evolves because of gluon emission. On the
contrary, gluons and ¢q pairs in the proton sea evolve into one another.

The first moment of V(z), V() = [ dzV(x), counts the number of valence quarks. We
therefore expect it to be independent of Q?:
dv Qg

— 1 1
—=0=PPV =0 (176)

Since V() itself in different from 0, we obtain a constraint on the first moment of the splitting
function: Pq(l) = 0. This constraint is satisfied by including the effect of the virtual corrections,
which generate a contribution to Py (%) proportional to 6(1— z). This correction is incorporated
in Py,(z) via the redefinition:

2 52 1 2
Paq(2) — <11tz> = 11—tz _5(1_2)/0 dy <1+y ) (177)
Jr

where the + sign turns Py,(2) into a distribution. In this way, fol dz Pyy(z) = 0 and the valence
sum-rule is obeyed at all Q2.

Another sum rule which does not depend on Q? is the momentum sum rule, which imposes
the constraint that all of the momentum of the proton is carried by its constituents (valence
plus sea plus gluons):

/0 v [Z filz) + fg(g;)] =2@ 4+ 1@ =1 (178)

Once more this relation should hold for all Q2 values, and you can prove by using the evolution
equations that this implies:

PP +PP = 0 (179)
PP +2n; PR = 0 (180)
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You can check using the definition of second moment, and the explicit expressions of the Py, and
P,, splitting functions, that the first condition is automatically satisfied. The second condition
is satisfied by including the virtual effects in the gluon propagator, which contribute a term
proportional to §(1 — z). It is a simple exercise to verify that the final form of the P4(2)
splitting function, satisfying eq. (180), is:

T +1—IL‘
(I—x)4 T

Py — QCA{

(1 — x)} +6(1 - 2) [M}

- (181)

5.4 Solution of the evolution equations

The evolution equations formulated in the previous section can be solved analytically in moment
space. The boundary conditions are given by the moments of the parton densities at a given
scale 1, where in principle they can be obtained from a direct measurement. The solution at
different values of the scale () can then be obtained by inverting numerically the expression for
the moments back to x space. The resulting evolved densities can then be used to calculate
cross sections for an arbitrary process involving hadrons, at an arbitrary scale ). We shall
limit ourselves here to studying some properties of the analytic solutions, and will present and
comment some plots obtained from numerical studies available in the literature.

As an exercise, you can show that the solution of the evolution equation for the valence
density is the following;:

(™) /9mb
log Q2/A2] 1 /2700
ﬂ] = V(L2 (182)

P(")/2 b
O (/“1’2) “ e
log 2 /A?

V(”)(QQ) _ V(”)(,uQ) l 0D

where the running of a,(u?) has to be taken into account to get the right result. Since all
moments P(™ are negative, the evolution to larger values of Q makes the valence distribution
softer and softer. This is physically reasonable, since the only thing that the valence quarks can
do is to loose energy because of gluon emission.

The solutions for the gluon and singlet distributions f, and X can be obtained by diag-
onalizing the 2x2 system in egs. (174) and (175). We study the case of the second moments,
which correspond to the momentum fractions carried by quarks and gluons separately. In the

asymptotic limit X goes to a constant, and dE(Q) = 0. Then, using the momentum sum rule:
PO 2@ o0, PAFD = 0 (183)
2@ 4+ @ =1 (184)

The solution of this system is:
2@ = H%CF (= 15/31 for ny = 5) (185)
£ = wfifw (= 16/31 for ny = 5) (186)

As a result, the fraction of momentum carried by gluons is asymptotically approximately 50% of
the total proton momentum. It is interesting to note that, experimentally, this asymptotic value
is actually reached already at rather low values of Q2. It was indeed observed already since the
early days of the DIS experiments that only approximately 50% of the proton momentum was
carried by charged constituents. This was one of the early evidences for the existence of gluons.
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As I mentioned earlier, a complete solution for the evolved parton densities in x space can
only be obtained from a numerical analysis. This work has been done in the past by several
groups (see e.g. the discussions in ref. [8]), and is continuously being updated by including
the most up-to-date experimental results used for the determination of the input densities at
a fixed scale. Figure 2(a) describes the up-quark valence momentum density at different scales

X Uval(X’Qz) X G(X,Qz)

109 ] T RERRE g 103 ] T RERRE R
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-
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Fig. 2: Left:Valence up-quark momentum-density distribution, for different scales @). Right: gluon momentum-

density distribution.

Q. Note the anticipated softening at large scales, and the clear log@Q? evolution. The most
likely momentum fraction carried by a valence up quark in the proton goes from z ~ 20% at
Q =3 GeV, to x S 10% at @ = 1000 GeV. Notice finally that the density vanishes at small x.

Figure 2b shows instead the gluon momentum density at different scales ). This time
the density grows at small-z, with an approximate g(x) ~ 1/2'7% behaviour, and § > 0 slowly
increasing at large Q2. This low-z growth is due to the 1/2 emission probability for the radiation
of gluons, which was discussed in the previous lecture and which is represented by the 1/x factors
in the Pyq(x) and Pyy(x) splitting functions.

Figure 3a shows the up-quark sea momentum density at different scales ). Shape and
evolution match those of the gluon density, a consequence of the fact that sea quarks come
from the splitting of gluons. Since the gluon-splitting probability is proportional to ay, the
approximate ratio sea/gluon ~ 0.1 which can be obtained by comparing figs. 2b and 3a is
perfectly justified.

Finally, the momentum densities for gluons, up-sea, charm and up-valence distributions
are shown in fig.3b for @ = 1000 GeV. Note here that use, and charm are approximately the
same at very large ) and small x;, The proton momentum is mostly carried by valence quarks
and by gluons. The contribution of sea quarks is negligible.

6 QCD in hadronic collisions

In hadronic collisions, all phenomena are QCD-related. The dynamics is more complex than in
ete™ or DIS, since both beam and target have a non-trivial partonic structure. As a result,
calculations (and experimental analyses) are more complicated. QCD phenomenology is however
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Fig. 3: Left: Sea up-quark momentum-density distribution, for different scales Q. Right: Momentum-density
distribution for several parton species, at @ = 1000 GeV.

much richer, and the higher energies available in hadronic collisions allow to probe the structure
of the proton and of its constituents at the smallest scales attainable in a laboratory.

Contrary to the case of eTe™ and lepton-hadron collisions, where calculations are rou-
tinely available up to next-to-next-to-leading order (NNLO) accuracy, theoretical calculations
for hadronic collisions are available at best with next-to-leading-order (NLO) accuracy. The
only exception is the case of Drell-Yan production, where NNLO results are known for the total
cross sections. So we generally have relatively small precision in the theoretical predictions, and
theoretical uncertainties which are large when compared to LEP or HERA.

However, pp collider physics is primarily discovery physics, rather than precision physics
(there are exceptions, such as the measurements of the W mass and of the properties of b-hadrons.
But these are not QCD-related measurements). As such, knowledge of QCD is essential both for
the estimate of the expected signals, and for the evaluation of the backgrounds. Tests of QCD
in pp collisions confirm our understanding of perturbation theory, or, when they fail, point to
areas where our approximations need to be improved. (see, e.g., the theory advances prompted
by the measurements of i) production at CDF!).

Finally, a reliable theoretical control over the details of production dynamics allows one
to extract important information on the structure of the proton (parton densities) in regions
of Q? and x otherwise unaccessible. Control of QCD at the current machines (the Tevatron at
Fermilab) is therefore essential for the extrapolation of predictions to higher energies (say for
applications at the future LHC, at CERN).

The key ingredients for the calculation of production rates and distributions in hadronic
collisions are:

e the matrix elements for the hard, partonic process (e.g., gg — gg,99 — bb,q@ — W,...),
e the hadronic parton densities, discussed in the previous lecture

Then the production rate for a given final state H is given by a factorization formula similar to
the one used to describe DIS:

do(pp— H+ X) = /dxl dry 3 filwr, Q) f(22.Q) do(ij — H) (187)
5,J
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where the parton densities f;’s are evaluated at a scale @) typical of the hard process under
consideration. For example () >~ Mpy for production of a Drell-Yan pair, () >~ Ep for high
transverse-energy (Er) jets, Q2 ~ p2T + m2Q for high-pr heavy quarks, etc.

In this lecture we will briefly explore two of the QCD phenomena currently studied in
hadronic collisions: Drell-Yan, and inclusive jet production. More details can be found in
ref. [8,4].

6.1 Drell-Yan processes

While the Z boson has been recently studied with great precision by the LEP experiments, it
was actually discovered, together with the W boson, by the CERN experiments UA1 and UA2
in pp collisions. W physics is now being studied in great detail at LEP2, but the best direct
measurements of its mass by a single group still belong to pp experiments (CDF and DO at
the Tevatron). Even after the ultimate luminosity will have been accumulated at LEP2, with a
great improvement in the determination of the parameters of the W boson, the monopoly of W
studies will immediately return to hadron colliders, with the Tevatron data-taking resuming in
the year 2000, and later on with the start of the LHC experiments.

Precision measurements of W production in hadronic collisions are important for several
reasons:

e this is the only process in hadronic collisions which is known to NNLO accuracy

e the rapidity distribution of the charged leptons from W decays is sensitive to the ratio of
the up and down quark densities, and can contribute to our understanding of the proton
structure.

e deviations from the expected production rates of highly virtual W’s (pp — W* — ev) are a
possible signal of the existence of new W bosons, and therefore of new gauge interactions.

The partonic cross-section for the production of a W boson from the annihilation of a gg
pair can be easily calculated, giving the following result [8,4]:

L V2 R R
(g — W) =« 3 Vi[> Gr M, 6(5 — M) = Ay My (3 — M) (188)

where 5 is partonic center of mass energy squared, and V;; is the element of the Cabibbo-
Kobayashi-Maskawa matrix. The delta function comes from the 2 — 1 phase space, which
forces the center-of-mass energy of the initial state to coincide with the W mass. It is useful to
introduce the two variables

~

S

T = = 2129 189
Shad (189)
1 Ew+py) 1 (x1>
= -1 — 7 | =1 — 190
y 5 108 <Ew—p§v> plog () (190)

where Sp,q is the hadronic center of mass energy squared. The variable y is called rapidity.
For slowly moving objects it reduces to the standard velocity, but, contrary to the velocity, it
transforms additively even at high energies under Lorentz boosts along the direction of motion.
Written in terms of 7 and y, the integration measure over the initial-state parton momenta
becomes: dxidre = drdy. Using this expression and eq. (188) in eq. (187), we obtain the
following result for the LO total W production cross section:

Ajs Ld Ajs
opy = Z 7;\42] T‘/T ?x fix) f; <Z> = > 7;\4,1%/]7'[,1‘]'(7') (191)

X



where the function £;;(7) is usually called partonic luminosity. In the case of ud collisions, the
overall factor in front of this expression has a value of approximately 6.5 nb. It is interesting to
study the partonic luminosity as a function of the hadronic CoM energy. This can be done by
taking a simple approximation for the parton densities. Following the indications of the figures
presented in the previous lecture, we shall assume that f;(x) ~ 1/2'79, with § < 1. Then

Ldr 1 AN 1 Ldx 1 1
e = [ (7)) —rm [ 5 = e (d) 1)
and 5
1 S S
s had had
ow ~ 71 ° log (;) = (MI%V> log (Mx%[/) (193)

The DY cross-section grows therefore at least logarithmically with the hadronic CM energy.
This is to be compared with the behaviour of the Z production cross section in e*e™ collisions,
which is steeply diminuishing for values of s well above the production threshold. The reason for
the different behaviour in hadronic collisions is that while the energy of the hadronic initial state
grows, it will always be possible to find partons inside the hadrons with the appropriate energy
to produce the W directly on-shell. The number of partons available for the production of a
W is furthermore increasing with the increase in hadronic energy, since the larger the hadron
energy, the smaller will be the value of hadron momentum fraction x necessary to produce the
W. The increasing number of partons available at smaller and smaller values of x causes then
the growth of the total W production cross section.

A comparison between the best available prediction for the production rates of W and Z
bosons in hadronic collisions, and the experimental data, is shown in fig. 4. The experimental
uncertainties will soon be dominated by the limited knowledge of the machine luminosity, and
will exceed the accuracy of the NNLO predictions. This suggests that in the future the total
rate of produced W bosons could be used as an accurate luminometer.

It is also interesting to note that an accurate measurement of the relative W and Z
production rates (which is not affected by the knowledge of the total integrated luminosity, that
will cancel in their ratio) provides a tool to measure the total W width. This can be seen from
the following equation:

N°(Z — ete™) [ow+ ry
I'w = I'z
Nobs(W — etv) oz FeZJre,
T NS T
measure calculable LEP/SLC

As of today, this technique provides the best measurement of I'yy: 'y = 2.06 £0.06 GeV, which
is a factor of 5 more accurate than the current best direct measurements from LEP2.

6.2 W Rapidity Asymmetry

The measurement of the charge asymmetry in the rapidity distribution of W bosons produced
in pp collisions can provide an important measurement of the ratio of the u-quark and d-quark
momentum distributions. Using the formulas provided above, you can in fact easily check as an
exercise that:

T fhlan) fhea) + Filon) fiea) (194)
R O COR TS (195)
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Fig. 4: Comparison of measured (a) o - B(W — ev) and (b) ¢ - B(Z° — eTe™) to 2-loop theoretical predictions
using MRSA parton distribution functions. The UA1 and UA2 measurements and D0 measurements are offset
horizontally by £ 0.02 TeV for clarity. In the inset, the shaded area shows the 1o region of the CDF measurement;
the stars show the predictions using various parton distribution function sets (1) MRSA, (2) MRSD(’, (3) MRSD-
" (4) MRSH and (5) CTEQ2M. The theoretical points include a common uncertainty in the predictions from
choice of renormalization scale (Mw /2 to 2Mw).

We can then construct the following charge asymmetry (assuming the dominance of the quark
densities over the antiquark ones, which is valid in the kinematical region of interest for W
production at the Tevatron):

doy, + doy, —

C Tay o fR() fi(xa) — fi(x1) fR(x9)
AW = Byr B = i) fle) T f5(en) () (196)
Setting fi(z) = fu(z) R(z) we then get:
Afy) = Blx2) = Blw) (197)

which measures the R(z) ratio since x12 are known in principle from the kinematics: x12 =
VTexp(£y)t. The current CDF data provide the most accurate measurement to date of this
quantity (see ref. [8]).

4In practice one cannot determine z; » with arbitrary precision on an event-by-event basis, since the longitudi-
nal momentum of the neutrino cannot be easily measured. The actual measurement is therefore done by studying
the charge asymmetry in the rapidity distribution of the charged lepton.
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6.3 Jet Production

Jet production is the hard process with the largest rate in hadronic collisions. For example,
the cross section for producing at the Tevatron (vV/Shaa = 1.8 TeV) jets of transverse energy
EjTet < 50 GeV is of the order of a ub. This means 50 events/sec at the luminosities available at
the Tevatron. The data collected at the Tevatron so far extend all the way up to the Ep values
of the order of 450 GeV. These events are generated by collisions among partons which carry
over 50% of the available pp energy, and allow to probe the shortest distances ever reached. The
leading mechanisms for jet production are shown in fig. 5.

b, S
D

Fig. 5: Representative diagrams for the production of jet pairs in hadronic collisions.

The 2-jet inclusive cross section can be obtained from the formula

A ikt

do = dxy dxs £ (@, ) f](HQ)(ﬂﬁQ,M) 4D,

ijkl

4, (198)

that has to be expressed in terms of the rapidity and transverse momentum of the quarks (or
jets), in order to make contact with physical reality. The two-particle phase space is given by

d3

d®: 527 0((p1 +p2 — k)%, (199)

~ 2K9(2m)

and, in the CM of the colliding partons, we get

_ 1 2 o 4/17.0N2
AP, = TeE Ay dy 26(5 — 4(k°)?) (200)

where kp is the transverse momentum of the final-state partons. Here y is the rapidity of the
produced parton in the parton CM frame. It is given by

:yl_y2
Y 2

(201)

where y; and y, are the rapidities of the produced partons in the laboratory frame (in fact, in
any frame). One also introduces

Y1+ y2 1 T s
— — Zloo 2= = = . 202
Yo 2 2 08 i) ’ T Shad 1 ( )
We have
dxl dxg = dyo dr . (203)
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We obtain

A&
do = Hi) (H2) ij—k+1 2d ko
°T ijkl (1, 1) f] (w2, 1) dds 2(27T) Y T
which can also be written as
do (Ha) doij k4
dy1 dy2 d2kT Shad 2(2m)2 Zf @1, ) £ (w2, ) D,

The variables 1, x2 can be obtained from 31, y2 and kpr from the equations

_n + Y2
Yo 5
_ Ny
Y 2
2k
i
V' Shad
1 = xzre¥ coshy
9 = xzpe ¥ coshy .

(204)

(205)

(206)
(207)

(208)

(209)
(210)

For the partonic variables, we need § and the scattering angle in the parton CM frame 6, since

t= (1 —cosb), u= (14 cosf).

l\DICtJ>
l\DlCIJ>

(211)

Neglecting the parton masses, you can show that the rapidity can also be written as:

log ta 0
— n— =
g 5 n,

with 1 being usually referred to as pseudorapidity.

(212)

The leading-order Born cross sections for parton parton scattering are reported in table 1.
It is interesting to note that a good approximation to the exact results can be easily obtained

Process d(fli

¢ — ad % s iHt

99— 99 | 3% [% (ggtﬂf + Sijf) - 2—872—1}
97 — q'q 2%%52;112

a1 | 3 |3 (SFE + B5E) - 5]
97 — gg 14 [REEE - s

99 — q4 % |35 - 152

99 — 9q > [—%gQQﬂQQ + @25“;2]
99-09| 333(3-%-%-3%)

Table 1: Cross sections for light parton scattering. The notation is p1p2 — kI, § = (p1 +p2)2,

a=(p1—1)%
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by using the soft-gluon techniques introduced in the third lecture. Based on the fact that even at
90° min(|t|, |u|) does not exceed s/2, and that therefore everything else being equal a propagator
in the t or w channel contributes to the square of an amplitude 4 times more than a propagator
in the s channel, it is reasonable to assume that the amplitudes are dominated by the diagrams
with a gluon exchanged in the ¢ (or u) channel. It is easy to calculate the amplitudes in this
limit using the soft-gluon approximation. For example, the amplitude for the exchange of a soft
gluon among a ¢q¢' pair is given by:

p-p

1 a va 4 2s
(A%) (Akz)qu 2, = X My —— = 3

t LAY (213)

The p,, and p:L factors represent the coupling of the exchanged gluon to the g and ¢’ quark lines,
respectively (see eq. (105). Squaring, and summing and averaging over spins and colours, gives

—— 1 [(N2-1) 452 852
2 _
Y Myl = N2 <74 ) =52 (214)

colours,spin

Since for this process the diagram with a t-channel gluon exchange is symmetric for s < u
exchange, and since u — —s in the ¢ — 0 limit, the above result can be rewritten in an explicitly
(s,u) symmetric way as

4 s 4 u?

9 2
which indeed exactly agrees with the result of the exact calculation, as given in table 1. The
corrections which appear from s or u gluon exchange when the quark flavours are the same or
when we study a qg process are small, as can be seen by comparing the above result to the
expressions in the table.

(215)

As another example we consider the case of qg — qg scattering. The amplitude will be
exactly the same as in the q¢’ — ¢¢’ case, up to the different colour factors. A simple calculation
then gives:

T 9 = s? + u?
Z |*ng|2 = Z Z|qu/|2: 2 (216)

colours,spin

The exact result is
u?+ 5% 4 u?+s?
2 9 us
which even at 90°, the point where the t-channel exchange approximation is worse, only differs
from this latter by no more than 25%.

(217)

As a final example we consider the case of gg — gg scattering, which in our approximation

> My =

By u < t symmetry we should expect the simple improvement:

gives:
52

= (218)

l\3|©

— 9 82 82
2
D IMggl* ~ 5 (t_g + ;) ~ (219)
This only differs by 20% from the exact result at 90°.

Notice that at small ¢ the following relation holds:

Ggg t Oqg  Oqq = <§> Pl (g) (220)
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The 9/4 factors are simply the ratios of the colour factors for the coupling to gluons of a gluon
(Ca) and of a quark (Tr), after including the respective colour-average factors (1/(N? — 1) for
the gluon, and 1/N for the quark). Using eq. (220), we can then write:

dJ}mdr = /dacl d.il?Q Z fz(xl) fj(xg) d&ij = /dacl d.il?Q F(.’/Ul) F(.CI?Q) d&QQ(gg —>jets) (221)
.3

where the object: A
F(z) = fo(@) + 5> lag(x) + 45(2)] (222)
f

is usually called the effective structure function. This result indicates that the measurement of
the inclusive jet cross section does not allow in principle to disentangle the independent contri-
bution of the various partonic components of the proton, unless of course one is considering a
kinematical region where the production is dominated by a single process. The relative contri-
butions of the different channels, as predicted using the global fits of parton densities available
in the literature, are shown in fig. 6

08 T | | | ]
Fractional Contribution to do/dE; at =0 ]
0.6 GG QQ t—channel
NN 0.4 —
0.2 —
0.0 |
0 100 200 300 400

E; (GeV)

Fig. 6: Relative contribution to the inclusive jet- Er rates from the different production channels.

Predictions for jet production at colliders are available today at the next-to-leading order
in QCD. A comparison between these calculations and the available data is given in figs. 7
and 8. At the Tevatron, jets up to 450 GeV transverse momentum have been observed. That is
z 2 0.5 and Q2 ~ 160,000 GeV2. This is a domain of z and Q? not accessible to HERA. The
current agreement between theory and data is at the level of 30 % over 8 orders of magnitude
of cross-section, from Er ~ 20 to Ep ~ 450 GeV. The small deviation observed by CDF at high
FE7 is under active investigation both experimentally and theoretically. It is still premature to
say whether it can be a signal of new phenomena, or whether it is the result of our incomplete
knowledge of the gluon density at large x. Either way, future higher-statistics measurements at
the Tevatron will provide some important input on these fundamental questions. The resulting
knowledge will enable theorists to reliably predict production rates for all interesting processes
that will take place at the LHC.
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