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Introduction

HERA data on deep inelastic scattering (DIS) at small  show a very striking
property: the total cross section o;,”, which is a priori function of two independent
variables — the photon virtuality @ and the Bjorken variable z — seems to
depend only on the variable 7 = Q?R?(x), see Fig. 1. This scaling behaviour,
first noticed by Stasto, Golec-Biernat and Kwieciriski [1], is usually referred as
”geometric scaling”.

In [1] the authors build up a simple model which captures the main features
of the scaling behaviour. In their model R?(z) = Q3 (z/x0)*, with Qo = 1 GeV,
A =0.3—-04, g = 3 x 107% in order to fit the data. Though this model is in
good agreement with all the HERA data (in the small z region, x < 0.01), its
assumptions are quite arbitrary and it can’t be derived from first principles, so
from a theoretical point of view it is unsatisfactory.

We may then wonder whether it is possible to explain geometric scaling within
the framework of perturbative QCD. To answer this question, first of all we have to
improve the standard perturbative QCD in order to obtain a fully reliable theory
in the kinematic region of geometric scaling. In this region indeed a “naive”
perturbative treatment fails, because of many effects.

First, this region is characterised by large values of Q%. Now, a n—loop con-
tribution to an amplitude involving momenta of order () is found to contain up
to n factors log(Q?/u?) (where y is the renormalization scale) as well as factors
a”, so standard perturbation theory breaks down if alog(Q?/u?) is large, even
though ay is small. In other words, if Q? is large enough that aslog(Q?/u?) ~ 1,
all terms of order (as log(Q2/A2))lc and a;s (s log(QQ//ﬂ))k must be resummed in
order to achieve an accuracy up to O (ag). This resummation is accomplished by
the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equation (see e.g. [2]),
one of the standard tools of traditional perturbative QCD.

However, in the geometric scaling kinematic region we can’t limit ourselves to
the DGLAP resummation. This region indeed is characterised not only by large
values of 2, but also by small values of x (or equivalently by large values of the
center of mass energy squared for the sub-process v* + P — X). Hence there are
many small x phenomena that we cannot neglect. First, when z is small enough
that aslog(1/z) ~ 1, all terms of the form (e, log(1/2))", which are present in the
splitting functions [2], must be resummed. This time the resummation is performed
by the Balitsky-Fadin-Kuraev-Lipatov (BFKL) equation [3]. Thus BFKL effects
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Figure 1: The original geometric scaling observation

must be considered in order to obtain a realistic splitting function for the DGLAP
evolution.

Another important small-x effect could be the saturation of the parton dis-
tributions. At very high energy (i.e. at very small x) partons must recombine
in order to ensure the unitarity of the theory. Both DGLAP and BFKL theories
break down in this limit. The DGLAP approach fails because parton recombina-
tion is a higher twist effect, while the DGLAP equation is a leading twist result.
The BFKL approach fails because it doesn’t take in account multiple interactions.



ITI

Even if our knowledge of high energy QCD is far from complete, there are some
interesting results, namely new evolution equations: the Balitsky/JIMWLK hi-
erarchy [5, 6] and the Balitsky-Kovchegov [5, 7] equation. For large values of @Q?
(say Q% > Q%(z), where Qs(z) is an opportune z—dependent saturation scale)
these equations reduce to the standard BFKL equation, while in the saturated
regime Q? < Q?(x) their solutions noticeably differ from the BFKL solution. For
what concerns geometric scaling, the key point with these new equations is that
in the saturated regime they admit solutions with scaling behaviour.

One may then be tempted to interpret geometric scaling as a manifestation
of parton saturation. However at HERA the saturation scale should be at most
several GeV?, while data exhibit scaling behaviour also for @Q? much larger. Iancu
and others [8], using BFKL methods, have shown that geometric scaling is appro-
ximatively valid also in the region 1 < log(Q?/Q?) < log(Qg/AéCD). This region
is usually referred as the “extended geometric scaling region”. At HERA a realistic
estimate for the saturation scale is Qs ~ 2 GeV, which would imply approximate
geometric scaling for Q% < 400 Gev?, i.e. for almost all of HERA data considered
in [1].

All this seems to suggest that the geometric scaling observation at HERA is

in fact a signal of parton saturation. In other words, the small-z HERA dynamics
should be determined by saturation effects. But this is at least strange. First of all
the derivation in [8] is a fixed coupling one and it doesn’t take in account DGLAP
evolution (i.e. it doesn’t resum large-Q? logarithms). It would be astonishing if
it would work in such a wide kinematic window (0.05 GeV? < Q? < 450 GeV?).
Furthermore, we do know that the DGLAP theory works very well in most of the
geometric scaling window. For instance, the Bjorken scaling violations predicted
by the DGLAP theory are clearly visible at HERA. Moreover, the parton distri-
bution functions (PDFs) extracted from HERA data using the DGLAP evolution
have been used as input for the calculation of other processes, for example for
the Drell-Yan production, and they always led to results in good agreement with
phenomenology.
A complete failure of the traditional DGLAP-based perturbative QCD in all the
geometric scaling kinematic range seems then if not impossible at least unlikely.
Hence the traditional explanation of geometric scaling in terms of saturation only
is not fully convincing. In other words, a satisfactory understanding of geometric
scaling in still missing.

In order to understand geometric scaling, we have first to study the true evo-
lution in the small x HERA range. From a theoretical point of view, this study is
interesting because in this regime we have to deal with a non abelian gauge the-
ory in presence of two large scales (Q? and 1/x) and with a quantum field theory
near the unitarity bound. The outcomes of this study are important also from a
phenomenological point of view. Consider indeed for instance the parton distribu-
tion functions extracted from HERA data. Until now indeed they are extracted
using the DGLAP evolution. Hence if in the small x region the real evolution is
dominated by saturation effects our HERA small x PDF's are wrong and must be
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adjusted. This is not a minor problem, since the HERA PDFs will be used as
input at LHC.

Summarizing, it is very important to understand the real small x behaviour
of HERA data. The aim of this thesis is exactly to investigate, both from a
theoretical and from a phenomenological point of view, the small z HERA region
in order to understand the true nature of geometric scaling and hence of the small
x evolution.
This thesis will be organised as follows. In the first chapter we will deal with
standard QCD evolution equations. We will give a brief derivation of the DGLAP
and BFKL equations in the context of DIS and we will revise their standard
solutions. We will then show how to improve the DGLAP kernel using the BFKL
one and vice versa. Chapter two will be devoted to high energy QCD. We will show
that most of the known results in this area can be obtained within the framework of
perturbative QCD. Following an approach pioneered by Mueller [21], we will derive
the BK equation as a non linear generalization of the BFKL equation. We will
then see that the BK equation can predict geometric scaling. In chapter three we
will study in detail geometric scaling. First of all we will show that the traditional
derivation of geometric scaling has little to do with saturation. Then we will give a
derivation of geometric scaling using only the traditional QCD evolution. Finally,
we will test our theory on the existing HERA data.



Chapter 1

QCD evolution equations

This first chapter will be devoted to the study of the traditional evolution equations
of perturbative QCD, that is to the study of the DGLAP and BFKL equations.
In Sec. 1.1 we will introduce the deep inelastic lepton-hadron scattering (DIS) and
the structure functions, just to fix the conventions.

Then in Sec. 1.2 we will review the derivation of the DGLAP equation in the
context of DIS. Using the collinear factorization we will show that this equation is
nothing but a renormalization group equation. Then we will calculate the leading
order kernel of the DGLAP equation and by generalizing this calculation we will
give an interpretation of the DGLAP theory in terms of Feynman graphs. We will
close the section by quoting one of the standard solution of the DGLAP equation,
the double scaling solution.

In Sec. 1.3 we will introduce the kr factorization and we will use its symmetries to
derive the BFKL equation. Then we will sketch out the calculation of the BFKL
kernel and show its principal features. We won’t go any further in this direction
because we will calculate the full BFKL kernel in the next chapter, in the context
of the colour dipole approach to DIS. After showing the traditional solutions of
the BFKL equation, we will quote the main problems of the BFKL theory. In the
next chapters we will show how this problems can be solved (or at least how the
theory can be improved).

Sec. 1.4 will be devoted to perturbative resummations. This way we can improve
the DGLAP and BFKL theory in order that they are reliable both in the high Q2
and in the small z region. We will see that these resummations solve most of the
problems of the BFKL evolution.

Our exposition will be far from complete, we will limit ourselves to a rapid
overview. For a detailed discussion we refer to the literature, for example to [10]
and references therein. A good and complete introduction to the BFKL theory in
the context of jet physics can be found in [12].



2 QCD EVOLUTION EQUATIONS

1.1 Deep Inelastic Scattering

Consider the deep inelastic lepton-proton scattering:

/lg/

q
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>

Figure 1.1: Deep Inelastic Scattering

It is customary to parametrize this process in terms of the variables!

Q* Q*
-q Q>+s
where s is the Mandelstam variable referred to the sub-process v* + P — X. It is
clear from (1.1) that the small z limit corresponds to s >> Q?, while the large x
limit corresponds to the soft region, s ~ 0.

As long as only photons are exchanged (that is, no parity-breaking electroweak
effects are present), the DIS cross section can be written as

Q2 = _q27 &€

(1.1)

do dra? q-p 2 1 q-p
= =L 1-—— F+—(1——)[F—2zF 1.2
ma = ot || (- E) A s (1- ) 1B 2R 0

The structure functions F; = F; (m,Qz) encode all the non trivial information
about the proton structure. At the lowest order in the perturbative expansion
they obey the Callan-Gross relation 2z F; = F5. Even if this relation is spoiled by
radiative corrections, it is often convenient to introduce the factor R = Fy/2xF; —1
and to write the cross section as

2 ) N2
do _ 2mag, |, o4 P, (1P 1
dzdQ? Q*x k-p k-p) 1+R

Fy(x, Q?). (1.3)

"'We will neglect systematically proton mass
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1.2 DGLAP equation

1.2.1 Operator Product Expansion and factorization

One of the most powerful tools of perturbative QCD is the factorization theorem,
which states that for a general hard process with incoming hadrons all the non-
perturbative effects can be factored out into universal (i.e. process-independent)
parton distribution functions.

To see how this work in DIS, we first have to write down the cross section
(1.2) as o o< L, WH, that is to split the cross section into a leptonic part L, =
4e? (kuk], + kyky — guuk - K ), fully determined from QED, and a hadronic part
WH = 1/(4r) [ d*xel®® (P|JH(0)J" (x)|P), where P is the proton state and J
the electromagnetic current.

Following (1.2) we can parametrize the hadronic tensor as

7 ) ) E
WH = <—g“” + qqg ) P+ (p“ - q"“pq2q> <p” - q”pq) —2 (1.4)

@ )pq
Recalling the Callan-Gross relation Fy = 2xFj, we may introduce a longitudinal
structure function Fy = Fy — 2z F] and rewrite Eq. (1.4) as:

Iy, F2
g 1.
%% 233€L+2x62’ (1.5)
with
e
e = M”_ng
1.6
1 i 2z wo v 1791} 4$2uu ( )
€ =—9 —?(pq +pq)—fq2pp-

F5/2x and Fr/2x can be extracted from W by the mean of the projectors:

1 3x Q?
Q5 = —-g" + — p'p”, o = P (1.7)
L2 pea b
Using the optical theorem, we can relate the hadronic tensor to the imaginary
part of the forward Compton scattering, that is

W = o dm [ dat (PIT(94(0)0" (@) |P) = 5 Tm (P2 P). (18)

The time ordered product of the two electromagnetic currents can be Wilson ex-
panded. We may categorize the operators that contribute to this operator product
expansion (OPE) according to the irriducible representation of the Lorentz group
to which they belong, that is according to their spin. We can then write the Wilson
expansion as

K12 Hs

™ = / dhac T (J(2)07(0)) ~ D Oty (g) OFF2(19)

S
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where OHF1-#s is symmetric and traceless (that is it is an operator with spin s). In
Eq. (1.9) “~” means that this expansion is valid for all matrix elements, provided
¢ is much larger than the characteristic momentum in any of the external states.
Having in mind (1.5), we parametrize the expansion (1.9) as

v s fls v q#qy L v
o (q) Ot =N Kg“ — q2> G G2 CF + (0" Gy Qs+
S

S
—g" g% g%+ gtg” v oK 2 l S@muz~~us 1.10
9" 9@+ 4G G + 479" Q) CF) | Qs -G e . (1.10)

In order to obtain a result for W, we have to evaluate the matrix element
of O on the proton state. This matrix element can depend only on the proton
momentum p, that is

(P |OrHzBs| Py = 2 A (pz) pHLpH2 | pts, (1.11)

where the factor 2 is for future convenience.
Using Eq. (1.10) and (1.11) we then obtain

(PP =Y (i) (24, (%) CE (Q¥) &4 + 24, (%) C2) (@) ).
(1.12)

Let us now discuss the contribution of an operator of dimension d and spin s to
this expansion. From Eq. (1.11) it follows that the coefficient A4 has dimension
[A] = do — s — 2. Since (P |T"|P) is dimensionless, this implies that Cs has
dimension [C] = —dp + s + 2. In other words, the contribution of the operator

OF1--Hs ig of order
P>N 1 s @ do—s—QE 1 s @ t—2’
x Q x Q
(1.13

where we have introduced the twist t = d — s.

In the deep inelastic region, Q% — oo, we can consider only small-twist operators,
the others being suppressed by powers of 1/Q). This approximation is usually
referred as the leading twist approximation. In our case the operators with lowest
possible twist are:

0?1”2“3”'“3 = @f'y‘” iDF2 i DFS . iDFee)y — traces (1.14)

051“2“3“'“5 = FIMY iDF2D#Fs [ {D™%s=t Fls — traces, (1.15)

<P |C}Z]H2-.-us (Q) OH1H2:---Hs

where the symmetrization is implicit. Here f is a flavour index, a is a colour index
and D is the covariant derivative.

Let us now see how all of this can be related W, that is to the structure
functions F'. For definiteness we will focus on F5, that is we will consider Ty =
QL (T,,,). From Eq. (1.12) we obtain

Ty=>)_ (;)S 2C, Ay, (1.16)

S
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where we have dropped the index 2 in C' in order to shorten the notation. Using
the Cauchy’s theorem we can extract CiAg:

1 1
Crlp = — Im/ daTy(x)z" 2, (1.17)
2w 0
But recalling Eq. (1.8) this implies
x

1 1
CrA, = /0 deFy(z)zh 2 = /0 dx%xkfl = M [Fy/x] (k), (1.18)

that is C;A; are related to Fy by Mellin transform? .
Introducing

Ot @) = | AN vl (@)

e ;;Z (1.19)
@@= [ RN al@)
and using the Laplace convolution theorem we obtain
ny
Py(z,Q) =2 Ci®(a+a)+Cy®y, (1.20)
i=1

red= [ 27 (%) o

where ny is the number of active flavours.

Equation (1.20) express the factorization theorem. The parton distribution
functions q;, g are target dependent and are not perturbative quantities. As their
name suggests, they represent (at least at the lowest order in the perturbative
expansion) the probability density of finding a parton with momentum zp in a
proton with momentum p.

The coefficient functions C; are target independent and can be calculated in or-
dinary perturbative QCD, for example with DIS on parton. At leading order we
have

Ci(x,Q*) = ef6(1 —z), Cy(z,Q?) =0, (1.21)

where e; is the carge of the flavour ¢. It is always possible to choose a scheme such
that (1.21) are true at all order in perturbation theory. In such schemes we can
then write

Fy(,Q*) =2 e (a2, Q%) +i(x, Q7). (1.22)

2The Mellin transform is nothing but a Laplace transform with respect to the variable

¢ = log (1/x).
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1.2.2 Renormalization group and DGLAP equation

Although the partonic distribution functions are essentially non perturbative quan-
tities, it is possible to calculate their dependence on the energy scale using the
renormalization group.

To simplify the notation, we suppose there is only one flavour. Suppose there is
a typical energy scale, say a renormalization scale 1. Then C; = C; (Q?/p?, cs(11?))
and A; = Aj (as(p?)). Since Fj is an observable, it can’t depend on the renor-

malization scale, that is qu%QFQ (Q?/p?, 4?) = 0. This in turn implies

d
0= MQdTﬂ (C5 (Q%/1?, as(1?)) Aj (as(1r?))) :
Lood 1 od 2
" dMZC] -l dMQAJ = (0sl). -

Since C} is a perturbative quantity, the anomalous dimension v must be perturba-
tive too. Thus the logarithmic derivative with respect to u? of Aj is a perturbative
quantity, even if A; are target-dependent and essentially non perturbative. We
have the main result

2 A ) = 25 (@) A3, (124)

Introducing ¢t = log (QQ/AEQCD> Eq. (1.24) is rewritten as

SA(@) =7 (1)) 44(QP) (1.25)

The general solution of (1.25) is

QS(QQ) (z
Aj(Q2) = Aj(MZ)eXp (/ ) dzfg((z))> = Fj(QQ,,uQ)Aj(MQ), (1.26)
as(p

where (8 is the usual QCD pS-function, that is %as(t) = B (as(t)). Similarly one
can obtain

Cj (@12, (1)) = Cj (1,a5(Q%) Tj(@Q%, 1?) (1.27)
In general then we can rewrite (1.18) as
1
[ dea e @) = [ (L@ Tu@ )] 467, (129

where we have separated the perturbative part (in square bracket) from the non
perturbative one.
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When more than one flavour is active (1.25) becomes a matrix equation, which
can be written as

d< g(N, 1) ):a 0 TN, as(t))gy v (N, as(t))y,, < g(N,1) )
dt \ ¢(N,t) ’ YV, as(t)) g 7 (N, s(t)) g, ’
(1.29)
where we put ¢;(N,t) = A% (¢).
Eq. (1.29) is the celebrated Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)
equation in Mellin space.
Defining the splitting function P(x,as(t)) as the inverse Mellin transform of

the anomalous dimension,

c+io0o
P (2, 0(t)) = — / 27"y (N, as(£)) dN, (1.30)

270 Jo—ioo

we obtain the DGLAP equation in coordinate space:

d (x7t) _ P(as(t))gg P(Ozs(t))gqj (t)
% ( i(l?,t) > - Ols(t) ( P(as(t))qig P(aS(t))qiqj ) ® ( qg](t) > . (131)

1.2.3 The LO solution of the DGLAP equation

In this section we will derive the leading order expression of the evolution factor
I' in Eq. (1.26). From this solution we will see that the DGLAP equation at this
order resums all the logarithmic terms of the form «;log (Q2 / ,uQ).

Our starting point is just Eq. (1.28). Since v(j) is target-independent, we
can evaluate it with DIS on parton. Our normalizations were chosen such that
Aj(p?) = 1 on parton state, hence for a partonic process Eq. (1.28) becomes:

1
/0 dza" 2 Fy(z,Q%) = Cp (1,5(Q%)) Ty, (Q%, 11?) (1.32)

where the hat is a reminder that we are dealing with partons.
The functions vy (as), B(as) and Cn(1, as) admit a perturbative expansion. At
leading order we can write

'7N(as) = ’YO(N) + O(OZ?), B(O‘s) = —Boag + O(a:s)))

) (1.33)
Cn (1,a5) = Co(N) + C1(N)as + O(as3).
This in turn implies that at this level of accuracy we can write
as(Q?)
Iy (Q% %) = exp < / ”g((z)) dz) -
e (112 z

<aS(Q2)>—’Yo(N)/5o

) 2 Y0(N)/Bo
o) (1 mes@ee (7))
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From this equation it is clear that at this order the DGLAP equation resums all
k

the logarithms of the form (as(QQ) log (%;)) , that is it resums all the leading

logarithms (LL) of Q2. Tt is easy to see that at NL the DGLAP equation resums

k
the NLL terms aj <ozs(Q2) log (%j)) and so on.

Consider again Eq. (1.34). If we consider only the LO (and not the LL)
approximation, that is if we don’t consider the log ? resummation, we can write:

2
Iy (@2 p?) =1+ ~0(N)as log (f;) +0(a?). (1.35)

But this and Eq. (1.27) imply

2
Cn (Q%/1?, as(p?)) = (Co(N) + as(Q*)C1(N)) <1 +70(N)as(Q%) log %) =

= Cy(N) <1 + as70(N) log 5322) +0(a?). (1.36)

If we Mellin-antitransform this last equation we obtain
Q2
C (m, Q2/,u2, ozs) = Cy(z) + asCy ® Pylog (,u2> . (1.37)

If we replace Cj with its actual expression Cy = €?6(1 — z) we obtain:
QQ
C (x, Q2/u2,as) =é? (5(1 —x) + asPy(x) log <MQ>> : (1.38)

But C (x, Q?/u?, as) is just Fg/x, that is the partonic structure function. Then if
we consider DIS on parton and we calculate Fg, the coefficient of the logarithmic
term log (Q2 / ;ﬂ) gives us the leading order splitting function. In the following
section we will do exactly this calculation.

1.2.4 The LO splitting functions

As we have said in the previous section, to calculate the LO splitting functions
all we have to do is to consider DIS on parton at O(as) (which is a perturbative
process) and to pick up the coefficient of the logarithm log (Q2 / uz). Logarithmic
terms of this form can be produced within the framework of Feynman graphs in
two ways: either by loop integrals or by phase space integrals. Tree level diagrams
and loop corrections have the same kinematic structure, so their contribution to
the splitting functions will be a trivial one (nonetheless they are important, since
they are necessary to regularize the infrared divergences at x — 1). The truly
interesting part will come from phase space integrals, that is from real emission.
To see how this machinery works let us consider partonic DIS with one gluon
emission. In order to obtain (1.38) we have to evaluate the two Feynman graphs
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q

Figure 1.2: Real gluon emission in partonic DIS

in Fig. (1.2).
Consider first the diagram on the left. A straightforward calculation leads to

(2m)*0(p + q — py)

1
v — —ae® (v + 00— 0"y ) 1.39
Wo" = 4e” (PP} + 070 — 9" -y 2r)? 25, (1.39)
In this case x = 1. Indeed
2 2 2 2
2p-q (p+q)”—¢* @—p; «q
This condition must be enforced by §(E; — E;). Using the relation
E
dz By (1.41)
dEy  p-q
we may write
5(Ef—E¢): o(x—1) :6(m—1) (1.42)
Ey E; dEy/dx D-q
Then Eq. (1.39) can be rewritten as:
01—
W, = e (p“p? + "0 —g"p- pf) W. (1.43)
From this it immediately follows (see (1.7)):
Q‘L”'WW =0—F, =0 (Callan-Gross relation) (1.44)
oy L oes B o201 —
Q" Wy = 5¢ 0(1l—z) — =Cy =¢€“0(1 — x), (1.45)
x

in agreement with (1.21).
Consider now the real gluon emission. It is convenient to introduce the Sudakov
parametrization, that is

1
p= (P)O707P)7 n= E(1707O7_1)7 k:(l_z)p+kT+y777 (146)
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where kr = (0, ks, ky, 0) and y is fixed by the mass-shell condition 0 = k% = —k2.+
(1—2)y. In this parametrization p’ = p—k = 2p —k; —yn and p? = —k2./(1 - 2),
while the invariant phase space is

A3k 1 A’k p dz

(2m)32k0 — (273 2(1— 2)p +y/(2p) (1.47)

Logarithmic singularities can arise only from the quark propagator going on-shell
(we are neglecting quark masses). So we are interested in the collinear region, that
is in the limit k; — 0, y — 0. In this limit we can rewrite the phase space as

&k d*kp  dz
2(2m)3K0 T 2(27)3 1 — 2

(1.48)

Since in the propagator we have an ”almost-real” quark, we may use the Weizsécker-
Williams approximation:

/ —

z% :iZM—i—O(k%). (1.49)

/2
p ‘ol p

Consider now the matrix element for the process p+~* — k+pys. Using (1.49)
we can split the squared amplitude:

1
‘Merv*prJrk’Q ~ ‘Mp’Jrv*ﬁpf’z]ﬁ‘Mpﬁker"z, (1.50)

where we have neglected terms which don’t give birth to logarithms. In this
approximation we can write

dgpf 9 A
Wy = ((271')32Ef ’Mp/—l—»y*—)pf‘ (2m)*6(P; — Pf) )

dsz dz 2 1
’ <2(27r)3 1— 2 ‘Mp%kﬂ"‘ Zﬁ :
Consider for the moment the first line only. With the replacement p’ — p this is

exactly like Wy. Let us then discuss the effects of p’. First of all, it changes the
kinematics. In this case indeed we have

(1.51)

2 2 2

q q q
- - _ R — 1.52
wa 2avq Woq (1:52)

hence we will have 6(x — z). Then WH” becomes:
» 0(z—x
W esps = e? (p’“p? + 0"l — g™y -pf> (p » ) _
(1.53)
0(z—x)

= (p“p? +p"p —g"p- Pf) 0
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This implies that the LO coefficient Cy can be written as

() = ¢ (5(1 — )+ /dz (;(221;3; Jom— pl4> (2 6z — z))) _

&Pkr =z 2 1
=e? <5(1 —x)+ |:2(27T)31—:C ‘Mp—>k+p/‘ p,4:|> . (1.54)

Consider now the term between the square brackets. Extracting the g2 term

from the amplitude and recalling that in our parametrization p'? = —k2./(1 — x)
we obtain
d*kr 2 1 g? dk2 z(1 — ) 2
_— / _— = / 1.55
[2(2ﬂ)3 1—2 ‘Mp%kﬂo ‘ P/ 1672 / k% k% ‘Mp%ker ( )

Assume now that |M|?/k2 is independent on ky. Then Eq. (1.55) becomes

2) log <322> , (1.56)

where 2 is an infrared regulator. But now from Eq. (1.56), (1.54) and (1.38) it
follows that?

|: koT T

2 1 z(1l—x)
202731 — = ‘Mp%kw" ]9/4] = Qs < ‘MIHHP’

471@%

x(1—x) 2

Po(z) = 47‘(’]{3%

| Mp—htp (1.57)

This argument can be easily generalized to the case of more than one flavour.
In this case we have four splitting functions, one for each sub-process shown in Fig.
1.3. The origin of the name splitting functions is then clear: Pj_; = Pj; express
somehow the probability for a parton ¢ to splitting into a parton j.

DN N ™

qu qu qu ng

Figure 1.3: Leading order contribution to the splitting functions

3In fact, this splitting function is correct only if < 1, i.e. it is not infrared safe. In
order to obtain the true infrared regularised splitting function we have to evaluate also
the virtual diagrams.
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At LO one obtain [2]:

PO (x) = Cr [(;jgﬂi + 35(1 - x)} O = g (1.58)
Po(x)=Tg 2"+ (1—=)?], Tr= % (1.59)
Py, (z) = Cp [H(lx_“c)?] (1.60)
PO (z) = 2N, [(1 _ﬁm T a;)} +6(1— x)%. (1.61)

Note that only gluon entries are singular as  — 0.

1.2.5 Feynman graphs interpretation of the LL series

We can think at the LL DGLAP evolution as a geometrical series in terms of
Feynman graphs. For simplicity, we will deal only with real gluon emission.

We saw that a term «;log (%2) is produced by the process in Fig. (1.3a). At

the same way we can produce all the logarithms <ozs log (%22)) by iterating this

mechanism, that is we can obtain the leading log series by the gluon ladder shown
in Fig. 1.4.

+ + ... +
ki,

Figure 1.4: Gluon ladder

The LL series is then produced by the phase-space integrals

/ v di, / B bt / ok, R e (2) 1)
— cee o - O 2 : ’
I k%’n IS k %n— 1 n? k%z w k%l n : Iu2

Note that the LL series is generated only if k1, < kp, < ... < k7, otherwise
kr, would act as an ultraviolet cut-off and no large logarithms would be produced.
In order to see this, consider just two gluon emission. The first quark propagator
has an off-shellness equal to —k:%l/ (1 — z1), while the second equal to —(kp, +
kr7,)?/(1 — x5). Hence we have the factors

/ dkr, dkt, (1.63)
(le + kT2)2 k%l
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From this it is clear that only if k7, > kr, we have the logarithmic structure as
in Eq. (1.62). This argument can be easily generalized to multiple emissions.

Consider now the first step of the ladder, k7, = p. It is just the factorization
scale. Above this scale we have factorization and perturbative DGLAP equation.
Non perturbative effects enter trivially, just as boundary condition. Under this
scale instead there are all the non trivial non perturbative phenomena that deter-
mine the parton distribution functions.

Since the intermediate quarks are increasingly virtual as we go up the ladder,
one can interpret them as components of the proton when this is probed at suc-
cessively higher scales. In other words, an intermediate quark with k:% ~ ()% can
be thought of as a constituent of the proton made visible when the wave function
of the proton is analysed with a resolution Az ~ 1/Q?. In this picture, the proton
seen at one scale can be resolved at a finer scale into a more virtual quark and a
number of gluons.

In this picture we can derive the DGLAP equation in an intuitive way. Assume
indeed to consider the quark distribution at some scale @ and then to slightly
increase Q% to Q? + AQ?. This opens up a new region of phase space for the
emission of a quark with transverse momentum Q? < k‘% < Q%>+ AQ?. This quark
can be emitted both from a quark and a from gluon, with probabilities respectively
equal to asPyg(2)AQ?/Q* and s Pyy(2)AQ?/Q?. But then at this scale we may
write

q (7, Q*+AQ% —q(x,Q%) =

2,1 1
AQ% /0 dx//o dz (qu(z)q(xl, Q% + Pyy(2)g(2, Q2)) §(x —2'z) = (1.64)

“ag [ (o (5.0 + oo (2.),

:as

z

which in the limit AQ? — 0 reduces to
d q(x,Q?) Ldz T x
22\ - bt L 02 T 42
Q dQ? O‘S/x > (qu(z)q (ZaQ ) + Pyy(2)g (ZvQ )) ) (1.65)

i.e. to the (fixed coupling) evolution equation for gq.

1.2.6 The double scaling solution

In order to see how the DGLAP equation works in practice, in this section we will
derive one of its standard solutions, the double scaling solution. This is a solution
valid in the region of large Q? and small z, that is it may be valid in the kinematic
window of geometric scaling.

We start from the expression

7’Lf
Fy(z,Q%) =2 €2 (q:(2, Q%) +Gi(x, Q%)) . (1.66)
i=1
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It is convenient to introduce the singlet and non singlet quark distributions, defined
respectively as

nf nf 2
g5=> (G+T), QNSEZ< 5 —1> (¢ + @), (1.67)

i=1 i=1

where (e?) = % S ez

Then Eq. (1.66) becomes
By(z,t) = (e*)z (gs(z,t) + qns(z, 1)), (1.68)

while the DGLAP equation (1.31) becomes

d (g P, P g
a4 —a,t)( Lo Lo ®< ) 1.69
dt(‘]S) a()(qu Pq%) as ( )

d

Vs = as(t)Pag ® ans. (1.70)

In order to find the solution to these equations, it is convenient to work in
the N-Mellin space. In this space indeed the leading order solution for a generic
parton distribution p(NN,T) is just

p(N, 1) = p(N, to)es "¢ (1.71)

with ¢ = log(t/tp). If we want the solution in the x space, we must antitransform
Eq. (1.71):
c+ioco dN N
p(x,t) /c_ioo 57 € p(N, 1), (1.72)
where £ = log(1/x).

Assume for the moment that all the singularities of the initial condition p(V, t¢)
are to the left of those of () (which are always poles on the real axis at non-
positive integer values of N). Then at small z, i.e. at large &, the integral may be
evaluated by the saddle point method, with the saddle point condition

&+ 610;?[@‘ =0. (1.73)
We may thus obtain the leading small x behaviour of the DGLAP equation by ex-
panding the matrix of the anomalous dimensions around its rightmost singularity,
determining the corresponding splitting functions by inverse Mellin transforma-
tion, and then solving the resulting simplified DGLAP equation. It is convenient
to work with new parton distribution defined as ) = xq, G = zg. Because of the
x factor the anomalous dimensions associated to () and G are not the same as the
ones associated to ¢ and g. However it is trivial to obtain the relation between
vAB and Ygp:
YaB(N) = vap(N +1), (1.74)
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where A, B =Q,G and a,b=q,g.

Expanding the LO anomalous dimensions y4p obtained from the splitting fun-
ctions (1.58) we obtain:

_ 1 (204 2CF HCa—2Trny —3Cp
~ Cf Cr
Yns(N) = N1 + 2 +O(N +1), (1.75)

where C'4 = N. = 3. From what we have said it is clear that gyg behaves like xqg
or xg, hence it may be neglected at small z. In the following then we will consider
only the singlet distribution.

In order to solve the DGLAP equation we have to diagonalize the anomalous
dimension matrix (1.75). The resulting eigenvalues are

1 11 2 4Cp
Ay =204 — —C =T ———T 1.76
+ AN+<6 A+3Rnf 304 Rnf> ( )

4CF
A =——-—T 1.77
3 CA RNf, ( )
with associated eigenvectors

2Trny Ca

= - NG _=——C 1.78

Note that only Ay is singular at N = 0, hence in the small x limit Fy will be
dominated by the “large” eigenvector G ..

In z space the eigenfunctions obey the following decoupled differential equa-
tions:

02 o B
<8§8C+5+a§_7 )G+(£7C)_O

9 (1.79)
<6C - 5) G*(é-a C) = 07
with
114 24 16 12
5+(£7C) = TZY7 o = Tlgonfv 72 = % (180)

and By = 11 — %nf.

From what we have said, the evolution is dominated by G, which obeys a two
dimensional wave equation with ‘time’ %(f + () and ‘space’ %(5 — (). From this
some properties of the solution G follow. First of all, the equation is essentially
symmetrical in £ and (, hence G evolves equally in z and ¢ (up to the small
asymmetry induced by the damping term proportional to d4). Any further asym-
metry in £ and ¢ must thus come from the boundary condition. Moreover, the
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propagation is “timelike” into the forward light-cone at the origin (£,¢) = (0,0),
along the “characteristics” £ =constant and { =constant. Furthermore, at a given
point (&,¢), G+ depends only on the boundary conditions contained within the
backward light cone formed by the two characteristics through (&, (), that is to
calculate G4 (§,() is is unnecessary to know what happens at smaller values of z
or larger values of t. Note finally that the equation is linear, hence contributions
to G4 from different parts of the boundary are simply added together.

Let us now write the solutions of Eq. (1.79). The solution to the second
equation is trivial, we only have to integrate. Thus the general solution is:

G_(§.¢)=e"CG_(£,0). (1.81)

For the first equation, if we write z = 2v4/&( it becomes a Bessel equation. Then
the general solution for G is

G1(&,0) =1o (27\/§»C> e "G (0,0)+
¢ / — 0 /

+/O de'Io (27\/(5—5’)4) e Ma?,@ (€,0)+ (1.82)
C !

+ /0 d'Io (2yv/E(C = ¢7)) e+ (=) <68< +6+) G+ (0,¢)

with

Io(2) = nzooo (El*j)); - leez (1 +0 <i)> . (1.83)

Obviously the behaviour of G depends on the boundary conditions. Let us con-
sider two classes of relevant boundary conditions. First assume that G(z,ty) =~
constant for small z. In this case the leading singularity comes from the anomalous
dimension, hence our argument applies. Expanding the Bessel function Iy in Eq.
(1.82) we obtain:

Clo,p) ~ G (0,p) ~ — 17045 <1+o<1)>, (1.84)

Ao o

where we have introduced the double scaling variables

c=VE,  p=E/C (1.85)

Assume now that G(z,ty) o< z*, with A > 0. In this case we can’t neglect
the singularity of the boundary condition. Evaluating the Mellin inversion integral
(1.72) in the saddle point approximation we obtain

2
)\crp-i- (’YT—(S+)

For small enough x this behaviour overwhelms the behaviour of Eq. (1.84). How-
ever, if ¢ is large enough, that is if p < (7/A), the leading behaviour is again the
one of Eq. ((1.84).

G(o,p) ~e (1.86)
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Hence we obtain a universal prediction for Fy: if ( is large enough indeed we
have
2 TRnf 8G+ —

FQ(Uap)%Q-F:g CA

N v o 1 1
- s (oo-a5) o () o ()]

where the boundary dependence is only in the trivial overall factor N.
This means that away from the boundaries perturbative QCD allows us to predict
in a parameter-free way (i.e. independently of the precise form of the boundary
conditions) the asymptotic behaviour of F.

Let us summarize our results. Recalling Eq. (1.84) we can say that: log G(o, p)
at fixed p is asymptotically a linear function of o, with slope independent of p (up

to terms which vanish as 1/p), while at fixed o it is asymptotically a flat function
log G(,p)
a

(1.87)

of p. In other words, is asymptotically independent of both p and o, up
to corrections which vanish as 1/p and 1/0. This property is usually referred as
the “double asymptotic scaling” of G, hence the solution Eq. (1.87) is called the
double scaling solution of the DGLAP equation.
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1.3 BFKL equation

1.3.1 The high energy region and large z-logarithms

In the previous section we have shown that the (LO) DGLAP equation resums all
the contributions of the form (043 log QQ)k, hence it is fundamental when we are
in the high virtuality region. Assume now that we are in the high energy region,
5> Q2

If s is such that aslog(s/Q?) = aslog(1/x) ~ 1, we have to resum all the
contributions of the form (o log(1/2))* to obtain an accuracy up to O(as)2. Let
us see if the DGLAP equation can perform this resummation. Consider again Eq.
(1.34). It is clear then that the leading order DGLAP equation resums terms of the
form (s log(Q?) log(l/x))k, that is it resums the double leading log series (DLL)
. Unfortunately this resummation neglects those terms which contain the leading
power of log(1/x) but which aren’t accompanied by the leading power of log(Q?).
The resummation of these terms, which are present in the evolution of the parton
densities, is accomplished by the BFKL equation [3].

This section will be devoted to the derivation of the BFKL equation. There
are many approach to BFKL theory. We will follow the k7 factorization one, since
it exploits explicitly the parallelism between DGLAP and BFKL equations.

1.3.2 kp factorization and BFKL-like equation

In order to obtain the BFKL equation, we need a more general form of the fac-
torization theorem (1.20). It is possible to prove that the two-particle reducible
contribution to an inelastic v*P — X scattering satisfies, at least at leading log =
(LLx), the fundamental factorization [9]:

d W?2/4 dk2 2
o(z,Q%) = / y/ <z,§2,as(u2)> Fly K 1?), (1.88)

where ¢ is the adimensional cross-section, k is a transverse momentum, W is
the square of the center-of-mass energy for the subprocess v*P — X, C is a
perturbatively calculable quantity and f is the unintegrated parton distribution,
which is related to the usual integrated one by

@ k>
F(x,Q2)=/0 5 — f(x, k?). (1.89)

Eq. (1.88) expresses the kp factorization theorem.
For our purposes it is useful to introduce S% = A%/z, 12 = A%/y, so that (1.88)
becomes

di? [ di? | ($* QP 2 k2
o(S? /i, Q% /u®, 1?) —/0 / (lg,gyas(uz)) f <,2,u2>,
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where the formal extension of the integration limits is of no consequence for our
application (provided that the definitions of C' and f are suitably extended). The
symmetry of (1.90) is now totally manifest. Just as the high virtuality limit cor-
responds to Q% — oo at fixed S?, so the high energy limit is now S? — oo at fixed
Q.

Eq. (1.90) assumes a simpler form in the Mellin space. If we define

© 192 /A2 N oonZ A2 N 2 Qz
ewanity= [T () [ G (@) o (o). oo

the double factorization (1.90) can be expressed as

o(N,M)=C (N, M, a,(1?)) f(N, M, u?) (1.92)

To derive the BFKL equation from (1.92), we will adopt the following strategy:
first we will show how the mass factorization (and hence the DGLAP equation)
follows from (1.88), then we will use the manifest symmetry of (1.88) to obtain
the high energy factorization (and hence the BFKL equation).

Consider then the large @Q? limit. We can rewrite (1.92) as

o(N,Q*/u?, p?) =/

—100

c+1i00 dM (Q2

A2> C(M,N,as (%) f(N, M, 1) (1.93)

2

Since the Mellin transform of (A%/Q?)*log"(A%/Q?) is n!/(M — k)"*1, it follows
that the leading singularity at large Q? is at M = 0, singularities further to the
left vanish as powers of 1/Q? (and hence they are neglected in the leading twist
approximation).

It is possible to prove that in a nonabelian gauge theory only two-particle
reducible diagrams can contain logarithmic singularities [10],[11]. Hence the two-
particle irreducible unintegrated distribution function has at most a pole at M = 0,
while the two-particle reducible coefficient function may contain (and in fact it
does) logarithmic singularities which correspond to multiple poles at M = 0. We
may then perform a Laurent expansion of the coefficient function

C (N, M,ap?) = i Cy, (N, ag(p?)) M~ (1.94)

1=—00

so that at leading twist we have
00 1 -
C(N,Q*/N* p*) =) %cm N, as(p?)) (log(Q?/A?)) (1.95)
m=0

The logarithmic singularities are generated perturbatively, so Cy, (N, as) will begin

at O(a").
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We can proceed similarly with f. Power counting arguments [11] show that f
is regular at M = 0, so

F(N. M, pi?) Zszu (1.96)
with ,
Vi) = o [ Cor 2)™ PN ). (197

To obtain the leading twist behaviour of F5, we must combine Eq. (1.94) and
(1.96) and keep only the M = 0 singularities. Moreover, at leading log accuracy,
we have to keep only terms like (g log(QQ))k. Since Cy, (N, a) begins at O(al"),
this implies that at leading log in (1.96) only the first term survives. But fo(N, u?)
is the integrated distribution function F(N, 1i?), so we obtain from (1.93) the mass
factorization theorem:

o(N,Q*/u?, 1i?) = O(N, Q[ 1i?, as(1*)) F (N, 1i%) + O(1/Q%) (1.98)

From (1.98) the general DGLAP-like equation (1.25) and the general solution
(1.28) follow immediately.

We can now exploit the symmetry between N and M to derive an energy facto-
rization theorem. Let us consider the high-energy limit S?/A? — oo. From [10],[11]
it follows that only two-particle reducible graphs produce logarithmic singularities.
Moreover, it can be shown by explicit calculation that only two-gluon reducible
graphs grow logarithmically. We may then separate two-gluon reducible graphs
from the others (two-quark reducible and two-particle irreducible), see Fig(1.5).

For the two-gluon reducible contribution Eq. (1.88) holds, so in analogy with

(1.93) we can write
CHC N (S
AN <A2

N
o5 ) = | ) C (N, M, ag(4)) (N, M, 2). (1.99)

—100

Just as the leading twist contribution were determined by M = 0 singularities, so
the high-energy large logarithms arise from N = 0 singularities. We then expand
C and f around N = 0. Recalling that (as for the M-behaviour) f has at most a
pole at N = 0, while C' has multiple poles, we can write

C (N, M, a,(u* ZC M, ag(p?)) N~
(1.100)
F(N, M, p?) 1an (M, 1i?)
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Contributions to the forward scattering. (a) is two-gluon reducible, (b) is two-
gluon irreducible but two-quark reducible, (c) is two-particle irreducible. At high
Q? (a) and (b) are leading twist and evolve, while (c) is higher twist and hence
power-suppressed. At high S? none of them are power suppressed, but only (a)
evolves, while (b) and (c) are asymptotically constant.

Figure 1.5: Contributions to the forward amplitude.
with

1 [ di? n.o O
fn(M,u2)=/0 7z (log(u* /1)) P =5 f(M, 1/, %) =

"!1 X ) (1.101)
= _n!/o dy (logy)" 5 F(M. y, %)
Defining? F'(M, pi?) = fo(M, %) we can write in analogy with (1.98)
o(M,S? /12, pu?) = C (M, S?/ i, as (1)) F(M, pi®)+
+09(M, S?/ %, p?) + O(1/5?), (1.102)

where 09(M) contains the two-gluon irreducible terms (which approach a constant
in the high energy limit)®.

Using the results of the DGLAP section then from (1.102) it follows immedi-
ately:

S2£2F(M, S?) = x (M, as(S?)) F(M,S?), (1.103)
o(M,S?/u?) = C (M, 1,as(5%) Tar(S?, u?)F(M, 1), (1.104)
with (5%
2 %) =ex h dia «
FM(S ) [ ) = exp </asw2) ﬂ(a)X(M’ )) (1'105)

4Note that this definition of F'(M, u?) is not directly related to F/(N, u?)
°In (1.98) such a contribution is neglected since it is in the higher twist, see Fig(1.5).
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If we hold the coupling fixed, we can write our evolution equation as

%au\/, 1) = 7(N, as)o(N, 1) (1.106)
6016 M) = X(M,a)o(6. M), (1.107)

where £ = log(1/x).

Eq. (1.106) and (1.107) express respectively the (fixed coupling) DGLAP and
BFKL evolution. Since the BFKL kernel is calculated at fixed coupling, we may
refer to (1.107) as the true BFKL equation. Let us now discuss the running
coupling. We have derived these equations starting from the kp factorization,
which holds surely only at LLx. Hence we can’t trust Eq. (1.106) and Eq. (1.107)
at NLLx. But running coupling effects are NLLx, thus we can’t trust our equations
if the coupling runs. In other words, our derivation is valid only with fixed coupling.
For the DGLAP equation, we have seen in the previous section that the collinear
factorization is an all-order result, so we can let the coupling run without problems.
Unfortunately there isn’t an analogous result for the high-energy factorization,
hence we must limit ourselves to the fixed coupling BFKL equation.

In the derivation of our equation, we considered for simplicity only one parton
type. Consider now all the quark flavours and the gluon. In Sec. 1.2.6 we have
shown that we can diagonalize the anomalous dimension matrix and consider sepa-
rately the evolution of the two eigenvectors G4 and G_. Moreover, it is possible to
prove that [23] only the gluon entries of the anomalous dimension matrix contain
LLx singularities. From this it follows that only one evolution has x—logarithms,
hence that only G = G4 obeys the BFKL equation, while d%G, = 0 (for a detailed
discussion, see [22]).

To sum up our results, we obtained that in the limit Q?> — oo, z fixed the
evolution is described by the DGLAP equation

d
£G(N, t) =~ (NV,as(t)) G(N, t), (1.108)

while in the limit + — 0, Q? fixed (in particular at fixed ay) the evolution is
described by the BFKL equation

d
where G is the eigenfunction associated to the largest eigenvalue 7 of the ;; singlet
matrix.
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1.3.3 The BFKL kernel

It is clear from the discussion above that the BFKL kernel can be calculated
evaluating the process in Fig. (1.6),

|
|

Figure 1.6: Gluon-mediated DIS

where A is the virtual photon and B the proton.

We are interested in the forward A+ B — A+ B scattering amplitude 7', since
from the optical theorem Im T is related to the total cross section o.
Using the kr factorization theorem we can write

&2k, [ d’k ctico N
gw/ 1/ k22¢A (k1) ¢B(k2)/ ——TI'n(k1, k), (1.110)

— 400 27T

where k; are transverse momentum vectors of the gluons with virtuality —(k)?,
¢; are suitable (unintegrated) structure functions, I'y is the g — g kernel and
s = 2papp is the squared invariant mass of the colliding particles.

It can be proved (see e.g. [12]) that the g — g kernel obeys a generalised BFKL
equation:

N I'y(ky, ko) = da(ky — ko) + /koK(kl,k)FN(k,kg). (1.111)

In order to obtain the x evolution equation (1.107) we have to invert the N-Mellin
transform (remember N < d/df).
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At the integrated level we thus obtain

dG(,Q%) [ dk? Q?
dé _/Ook:?K<as’k:2

)G(g,k@) =K®G. (1.112)

We may perform an M-Mellin transform to undo the convolution in (1.112). Eq.
(1.109) is then obtained, with

© 402 2 2\ —M
XLy = [ Q%K <aC]32> <C’k92> . (1.113)

Note that the N-Mellin transform in Eq. (1.110) is perform with respect to the
symmetric variable s/kiks. Previously we defined it with respect to s/Q?, with @Q?
the virtuality of one of the two particles (say Q* = k?). This difference is irrelevant
at LO, but at NLO it must be taken in account and it modifies the relation (1.113)
between y and K.

Order by order in perturbation theory the Feynman graphs leading to K are
symmetric upon the exchange ky <+ ko. This in turn implies

1 2 1 k2
o () = (&) .

and hence a symmetry upon the exchange M — 1 — M in the kernel y. This
symmetry is spoiled by running coupling effects.

The BFKL kernel y is known up to O(a?). An approximate form for the
NLL contribution is also known, [13]. One may wonder how we can write a O(a?)
BFKL kernel if we know that the BFKL equation holds only at LLx. Now, explicit
calculations have shown that this equation should hold also at NLLx. Moreover,
we will see in the next chapter that within the framework of the ABF formalism
one can show that G obeys a (running coupling) BFKL-like equation order by
order in perturbation theory. Hence we can legitimately consider the BFKL kernel
at any given order in perturbation theory. If we write

X(as, M) = agxo(M) + aZx1 (M) + O(a) (1.115)

then
x(as, M) = as% (2¢(1) = (M) — (1 — M)) = asxo(M), (1.116)

where ¢(z) =T"(z)/T'(x) and T is the Euler gamma function. Note the symmetry
M <+ 1 — M. The kernel yq is shown if Fig. 1.7.

The perturbative expansion (1.115) is very unstable, see Fig. 1.8. Even for o
very small, the NL term completely overwhelms the LO term. This bad behaviour
of the perturbative series can be understood and regularized in the context of the
ABF formalism, as we will see in Sec. 1.4.
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Figure 1.7: The LO BFKL kernel

1.3.4 Standard solutions of the BFKL equation
The general solution of the LO BFKL equation (1.109) in M —Mellin space is

G(&, M) = G(&, M)er oM (1.117)
By taking the inverse Mellin transform we obtain

1

c+1i00

G(&,t) = — / G(&o, M)e2sxo(M)E+Mt (1.118)
2mi c—100

If t and £ are both large, we can evaluate (1.118) in the saddle point approximation.

The saddle condition is

t

d
—— (asxo(M)E + Mt)]V[:MO =0, — XB(M) = o ¢ =

dM

~R. (1.119)

We can then distinguish three interesting regions.

Consider first the limit R — oo, that is the limit Q? — oo, z fixed. In this case
the general solution (1.118) is determined by the behaviour of x near the origin.
We can then expand

N. (1

Xo(M) = —= (M +2¢(3)M? 4 2¢(5)M* + > , (1.120)
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Figure 1.8: The NL. BFKL kernel , ay = 0.2

where ((z) is the Riemann-zeta function. Keeping only the M = 0 pole we obtain

My = \/—aﬁvc% and

s

G(£,1) o exp < 40‘5Ncgt> , (1.121)

that is the fixed coupling version of the double scaling solution (1.84) (if we neglect
the small damping term proportional to d;). This solution is quite obvious, since
the R — oo region is exactly the double scaling region.

Consider now the limit R ~ 0, that is the limit z — 0 with Q? fixed. We expect
this region being dominated by the large xz-logarithms, which aren’t resummed in
the DLL approximation. We expect then a departure from the double scaling
solution. In fact if R ~ 0 we may expand x( near its minimum, that is near
M=1/2:

N, 1\?
Xo(M) = —< <4log2 — w”(l/?) (M — 2) + ) , (1.122)
T
which leads to the asymptotic behaviour

G(&,1) oc exp (asx0(1/2)€) ™0, Ny = a5%4log 2. (1.123)
T

This is the Pomeron prediction.
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Finally, consider the limit R — —oo. This corresponds to the region Q% — 0
with x large but fixed. This is the photoproduction limit. We then expect a linear
vanishing of G in Q. In Mellin space this limit correspond to the M ~ 1 region.
Expanding yg near M = 1 we then obtain

aché
]’

4
My=1- G(&,t) o Q% exp ( o, f\t\) (1.124)
We obtain the right qualitative behaviour, even though quantitatively we can’t
trust (1.124), since near Q% =~ 0 non perturbative effects must be important.

1.3.5 Problems with the BFKL evolution

The standard BFKL approach has a series of major problems. First of all, we have
said that the BFKL equation can be derived only at LLx. The original BFKL equa-
tion was written as an evolution equation for the unintegrated gluon distribution
F. In this context, we can’t say if the BFKL theory holds also beyond the leading
order. The key point is the validity of a BFKL-like equation, that is of a universal
property of the unintegrated gluon distribution. Explicit calculations have shown
that at NLLx the BFKL theory should hold, that is the calculations of different
processes have all given the same result for 7. Of course this is not a proof, but
rather a hint of the validity of the BFKL theory. However, at NNLLx one can
see that different processes lead to different results for F. Hence we do know that
at NNLLx the original BFKL theory fails. However, if we limit ourselves to the
integrated distribution G, then in the next section we will show that a BFKL-like
equation holds order by order in perturbation theory. Within that context we will
show that all the traditional problems with the running coupling version of the
BFKL equation can be solved.

Another major problem of the BFKL theory is the perturbative instability. We
have seen that for reasonable values of oy the NL correction asy; completely over-
whelms the leading order term. This problem too can be solved with perturbative
resummations, as we will show in the next section.

Apart from these, the standard BFKL approach has other two problems,
namely the violation of unitarity and the infrared diffusion. Consider the gen-
uine BFKL prediction, i.e. the Pomeron solution. With a quadratic kernel the
complete solution is

1 N, 1t
G0 \/ 20 N (1/2)y eXp( 410g2€+ T %N, N 4p(1/2) € )_
o Qm —anen t2

with A = 4log 2 ~ 2.77 and § = —2¢"(1/2) ~ 33.66.
The first problem of (1.125) is unitarity. Froissart-Martin theorem states that
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a cross section can grow at most as log®(s), that is log?(1/x). Since A > 0,
Eq. (1.125) violates asymptotically the bound. This violation is typical of linear
evolution, as we shall see in the next chapter.
Another problem is the infrared diffusion. Consider ¢ = G/Q, where G is the hard
Pomeron solution (1.125). Neglecting the dilatation factor e®Ne/™¢& 4 is solution
of the diffusion equation
¢ _ B¢
o0& 20t
which express t-diffusion with time variable £. Eq. (1.126) implies that as the
energy grows the infrared region of transverse momenta becomes more relevant,
that is the perturbative treatment fails.

It is not clear whether these problems persist also after the perturbative re-
summations of both log Q? and log 1/z terms. We know that these resummations
ameliorate the situation, but both the violation of unitarity and the infrared diffu-
sion seem to persist. However we will see in the next chapter that these problems
can be solved within the framework of the BK theory, which should be the correct
theory in the very high energy regime.

(1.126)



1.4 ImPROVING DGLAP anD BFKL: THE ABF FORMALISM 29

1.4 Improving DGLAP and BFKL: the ABF
formalism

In the previous sections we have obtained two evolution equations that resum

terms of the form (o log Q2)k (DGLAP equation, ¢ evolution) and (a,log1/z)"
(BFKL equation, x evolution). Both the equations in the DLL approximation

resum the (ozs log Q? log l/x)k contributions.

We may then ask if it is possible to resum both (v log 1/z)" and (cvs log Qz)k.
The answer is yes, thanks to the Altarelli-Ball-Forte (ABF) formalism. This section
will be devoted to the explanation of this technique.

1.4.1 Fixed coupling duality

In a region such that Q2 and 1/ are large both DGLAP (1.108) and BFKL (1.109)
equations are valid. Their mutual consistency implies a duality relation [14],[15]
between the kernels v and y:

X (s, v(as, N)) =N, v (as, x(as, M)) = M. (1.127)
In order to obtain (1.127), consider the N-Mellin transform of Eq. (1.109):
0o _Ne d
dée d—ng,M =x(M, as)G(N,M). (1.128)
0

Integration by parts leads to
NG, M)}:’ + NG(N, M) = (M, as)G(N, M). (1.129)

The square bracket on the l.h.s provides an N independent boundary condition,
say Ho(M) = G(0, M). Solving for G(N, M) we find
Hoy(M)

G(N,M)= ——2"7 1.130

( ) N — X(M7 Oés> ( )

The leading twist behaviour of G(NN,t) is determined by the rightmost sin-

gularity of G(N, M) in the M-plane, the contributions of additional singularities

further on the left being suppressed by powers of Q2. Perturbative singularities

are given by solutions of the equation x(as, M) = N, while singularities of the

boundary condition Hy(M) are non perturbative. If we suppose that the leading
singularity is a perturbative one, we obtain

c+100 dﬂeMt _Ho(M) o HO(Ms) eMSt

G(N? t) - /C\’Loo 271 N — X(OZS,M) - X/(a57MS) 7

where Mj is such that y(as, Ms) = N.
Consider now the analogous DGLAP solution

) — ~0 s . .
G(N,t) = Ho(N)e¥ @Mt (1.132)

(1.131)
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Provided the t-independent boundary condition Hy(N) is related to Hy(M) by
Ho(N) = _X{I(%i‘,/[;/l)s’ the solutions (1.131) and (1.132) coincide (up to higher twist
and nonperturbative terms) if My = «(N), that is if the duality relations (1.127)
hold.

Using (1.127), knowledge of LO and NLO BFKL kernel determines the coeffi-

cients of the expansion of y(a, N) in powers of o, at fixed $:

Vs, N) =7 (%) + Qs Yss (%) +o (1.133)

To see how this works write down the duality relation in the form
Qs Qs
AsX0 ['Ys (ﬁ) + OsYss (N) + } +

(6] (6%
+a2xi |7 (ﬁ) + Qg Yes (N) +o ]+ =N (1.134)

and expand in a4 at ag/N fixed:

05 (3)) o (5 (5)) 7 () e (5 (5)) = . 0

From this we find

X0 ('ys (%)) = OJZ (1.136)
7 (52) = —M (1.137)

This new expansion contains all the logarithmic singularities we want to resum: if

for example we write
o
Qg (s) [ Qs k
(%) =2 (F) (1.138)

then the associated splitting functions reads

(s)

etico N N « = g
= T NE T8 k k—1
Py(asé) = /C_ioo omialC e (N) g—l = 1>!(as§) . (1.139)

Similarly Py, resums the subleading singularities o, (g log(1/2))* and so on.
Note that the splitting function coefficients are factorially suppressed with respect
to those of the anomalous dimension, hence the radius of convergence of P; is
infinite. This is very important, since it ensures that we can use our results even
for very small x.

Obviously analogous results hold for y; in this case the expansion ys + Xss =+ ..
resum all the contributions of the form o (o log(Qg/Az))k.
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(a)

Graphical representation of different expansions of (a) v and (b) x in powers of
as and (a) 1/N and (b) 1/M. Vertical lines correspond to terms of the same fixed
order in ay, while diagonal lines correspond to terms of the same order in « at fixed
as/N (a) or ag/M (b). The solid lines denote terms of the same order in the DL
expansion. Note that the traditional (vertical) and the duality-obtained (diagonal)
expansions have in general one common term, which is the term retained in the
DLL approximation.

Figure 1.9: Double leading expansion

We may then reorganize the expansion of our kernels into a double leading (DL)
expansion, organized in terms of ”"envelopes” of the contributions summarized in
Fig. 1.9. Consider for example v. Up to NLO the DL expansion is

V(as, N) = [QS’YO(N) + 7 (%) - a%] +
s [%%(N) + Yss (%) — Qs <]z\)[22 + %) - bo] + .. (1.140)

The terms a and b; remove double counting terms, corresponding to those terms
in Fig.1.9a with (m,n) = (1,1),(1,0),(2,1),(2,2). In particular we obtain a =
asNe/7 (the DLL term) and by = g5 = 0,b1 = ¢5* = nyN. (5 + 13/(2N?2)) /(187?),
bo = — (11/2N3 + ny) / (67N?).
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1.4.2 The momentum conservation constraint

The DL expansion (1.140) can be further improved if we consider momentum
conservation constraints.

Remember the OPE expansion (1.12). The spin two operator in (1.14) is just the
stress-energy tensor. Since it is a conserved tensor, its anomalous dimension must
vanish (see e.g. [19]).

This in turn implies ygq( v, 2) + Ygq(vs,2) = 0 and vyg4q(as, 2) + v49(ws,2) = 0, or
(recall (1.74)) voq(aw, 1) +vaq(as, 1) = 0 and yoa(as, 1) + vaa(as, 1) = 0. But
from this it follows

Yas 1) =7 (a5 1) =0, 77 (as,1) =19q(as, 1) —vgalas, 1), (1.141)

We can then improve (1.140) by adding a term which implement the condition
~v(as, 1) = 0. From the DL point of view such a term is subleading, but it may be
important for the phenomenology.

Let us now consider the BFKL kernel x. The momentum conservation con-
straint also explains the bad behaviour of the traditional perturbative expansion
of x. Duality indeed implies

X (as>O) =X (a87'7(a8a 1)) =1 (1'142)

Since xo(M) ~ 1/M for M ~ 0, because of momentum conservation the pertur-
bative expansion must be badly behaved. A simple model for this behaviour is to
think of replacing /M with

s/ (M + ag) = ag/M — ag/M? + ... (1.143)

in order to satisfy the momentum conservation constraint.
Consider now the DL expansion
043> N, ozs} N

e M) = [O‘S’“’(m e (§) -7

+as |asx1(M) + Xss (%) — Qg (% + %) + co} + .. (1.144)

At LO the momentum conservation constraint is satisfied exactly. Indeed yo(1) = 0
and [xo((M) — N./mM] ~ M? near M = 0. At NLO the constraint is not exactly
satisfied because the constant contribution to y; does not vanish, even though
it is numerically very small. We can then restore the constraint by adding a
(subleading) correction.

The bad behaviour of the perturbative expansion is tamed in the DL reor-
ganization, see Fig. 1.10. The new expansion is stable up to M < 0.3 — 0.4.
Furthermore in this region y evaluated in the DL expansion is very close to the
exact DGLAP dual. This show that in this region the dominant contribution to x
(and thus to v) comes from the resummation of large-Q? logarithms.

Beyond M ~ 0.4 the DL expansion becomes unstable because of the M = 1
singularities. In the next section we will see how to stabilize these singularities
exploiting the full symmetry of y.
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Figure 1.10: Different approximations to the the y functions

1.4.3 Fixed coupling symmetrization

We said that order by order in perturbation theory the kernel K (kj, ko) is sym-
metric upon the exchange ki <+ ko, that is y is symmetric upon the exchange
M <> 1 — M. However this symmetry can be spoiled by two effects: an asymme-
tric choice for the N-Mellin transform and running coupling.

With the coupling held fixed, the kernel asymmetry is due only to the choice
of the definition of &. If we choose a symmetric definition for &, for example
€ = log(s/+/Q?k?), the resulting (fixed coupling) kernel y, must be symmetric.
It can be shown [16] that the effect of changing variables from the symmetric

¢ =log (s/\/QQkQ) to the DIS & = log (s/Q?) choice is a change of the kernel y
from x, to xx. The symmetric and the DIS kernels are related by [16]

X3 M+EXU(M) = Xo(M) = Xo y—lm(@/) =x=(v), (1.145)
< 2 ) ( 2 >

where we have omitted the dependence on «  in order to shorten the notation.
The regularization of M = 1 poles is then done in three steps: first we perform the
DL resummation of M = 0 poles, then we determine the associated y, through
(1.145) and symmetrize it, finally we going back in DIS variables by using (1.145)
in reverse.

We will perform this regularization in a toy model, pretending that the all-
order anomalous dimension is asy9(V), that is x = xs. This corresponds to a
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leading log Q? (or collinear) approximation to the BFKL kernel. The calculation
with the real DL kernels can be found in [4].

In order to perform this change of variables it is convenient to define for a
generic kernel y (as, M) an ”off-shell” generalization x(as, M, N) such that

X(O‘&M) :X(Q&MaX(O‘S’M))' (1'146)

Using duality relations (1.127) the on-shellness condition (1.146) can be rewritten
as
N:X(asay(ast)vN)v (1147)

We then obtain y(as, M or y(as, N) by putting either N or M ”on-shell” (i.e. set
N = x(as, M) or M = y(as, N)) in the off-shell relation N = y(as, M, N).

With the off-shell kernels the change of variables is trivial. The (non sym-
metrized) off-shell version of x, is obtained simply by the shift M — M + N/2 in
Xs- Then we can perform the desired symmetrization. Note the this is allowed at
leading log Q?, because the symmetrizing terms are by construction free of poles
at M = 0 and thus subleading in log Q2. Finally we can return to the DIS kernel
Xx by performing the inverse shift M — M — N/2. We thus obtain the kernels

_ g s Os
M.N) = — AT T AT /O 1_ M+ N/9
XU(O[57 s ) XS<M+N/2>—>XS<M+N/2)+XS<1—M+N/2>7

X=(as, M, N) = xs <%> + Xs <%V> .

(1.148)

Consider the large-N behaviour of xyy ~ xs (%) + Xs (%) = Xs (%) + 0 (%) .
Putting M on shell we obtain N = y, (ﬁ) +0 (%) =N+O0 (%), thus the
resummation does not spoil the identification of the resummed kernel with the
DGLAP result at large N. This in turn guarantees that the resulting anomalous
dimension matches smoothly to the DGLAP anomalous dimension.

Our resummed kernel (1.148) is still unsatisfactory, since it violates the mo-
mentum conservation constraint because of the symmetrizing term. However this
violation in subleading. Near M ~ 0 the symmetrizing contribution behaves as
Xs (as/(1 =M + N)) = xs(as)(1 + O(N)). From the on-shellness relation N =
X(as, M) = xs(as/M) = O (as/M) it follows immediately O(N) = O(as/M),
then the momentum violation is O(ay) = O (a?“M *”), thus next-to-leading in a
DL expansion. We can then enforce momentum conservation without spoiling the
restored symmetry by simply adding the subleading term

Xm (s, N) = cm(as) f(IN), (1.149)

with fi,(1) = 1, fn(0) = fm(co) = 0. The infinity condition ensures that the
extra term does not spoil the large-N identification of the resummed kernel with
the DGLAP result, while the condition f,,,(0) = 0 ensures that x, is subleading,
since ¢, = O(as).
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Let us now turn to the generic properties of the symmetrized on-shell kernels.
From the momentum conservation condition in DIS variables, x(as,0) = 1 we
obtain

2

3 = 1+1 = ! =1 (1150)
Xo 04&2 = Xo | Qs, 9 = Xo | Qs, 5 )~ " .

Going back in DIS variables these in turn imply

1 1
1:XE(QS7O)ZXU 043,0*5)(2(045,0) =Xo | Gs, —35 |

XZ(a570) = XE(QSaQ) = 1. (1151)

Since in the central region M ~ 1/2, x = O(«as) and thus rather less than one,
momentum conservation implies that, at least for small enough values of «a; the
symmetrized kernel will have a minimum order by order in the DL expansion.
Since the change of variables from symmetric to DIS variables is just a shift M —
M — N/2, there will be a minimum in DIS variables too.

Consider now the position and curvature around the minimum. By construc-
tion x, has a minimum for M = 1/2, while the minimum of yy is displaced.
Moreover, differentiating (1.145) with respect to M we obtain

/
Xy (g, M —1/2xs (M
XIE(O‘&M): 1( ,S / 1 D)
L+ 35x5 (as, M — 5)@(2\4))

Voo, M~ 1/2xs(M))
(14 3x, (s, M = Lxs(M)))?

The minimum of xyx is then at M, determined by M, = % + %XZ(CV& M), which

X5 (s, M) = (1.152)

implies

1

> = X%(O‘&Ms)a (1'153)

1
Xo <a57 > = XE(aS,MS)v Xg <as, 9

2

that is the intercept and curvature of xs». and x, are the same.

1.4.4 Running coupling effects

So far we considered only fixed coupling duality. When one goes beyond LLx,
that is beyond leading-order approximation for y, running coupling effects can’t
be neglected.

In M space the usual running coupling as(t) becomes a differential operator
&, since in Mellin space t <+ —0as. Hence the BFKL evolution equation (1.109)
becomes [17]

CZG(@“,M) = x(as, M)G(&, M). (1.154)
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Figure 1.11: Effects of symmetrization

Since M and &g do not commute,
(651, M] = =B + asBofr + ... (1.155)

Eq. (1.154) is meaningless if we don’t fix an operator ordering. Different ordering
choices correspond to different choices for the running coupling argument.

In order to see this, we consider the BFKL equation (1.112) with two different
arguments of the running coupling. Let us start with the traditional argument
t =log (Q*/p?). We then write Eq. (1.112) as:

dG(&vt) o / ~ / /
d§ :/_Oodt pzzjias(t)pf(gm(t—t)a(g,t). (1.156)

Consider now the Mellin transform of the r.h.s.:

/dt/dt’as(t)KL(t — )G (&, t)e ™Mt =

= as(—aM)/dt'eMt’G(g,t’)/dtKL(t—t')eM<”’> = dxr(M)G(E, M).
(1.157)

We see that if the coupling runs as usual with Q? the derivative w.r.t. M in (1.154)
acts both on the kernel and on G.
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Assume now that the coupling runs with k2. Then Eq. (1.112) becomes:

dGi(e, |
fé _/ d’fzas Y KR )G (E,1), (1.158)

with #' = log(k%/p?). In Mellin space the r.h.s. becomes

/ dt/ dt' s (V) Kr(t — ¥)G(E, 1)e ™" =

- [as(_aM) / dt’e_Mt,G(g,t’)} / dtKp(t —t)e M) = [ (M)a,G(E, M)

(1.159)
In this case the derivative w.r.t. M acts only on GG and not on the kernel.
Consider now the symmetrizing procedure of the previous section. Because it
is based on the interchange @Q? « k2, it is now clear that the running coupling
symmetrized version of &% f(M) = 5 (&% f(M) + f(1 — M)ak).

1.4.5 LO running coupling duality

In this section we will consider the leading running coupling effects, that is we will
deal with the one-loop expansion for &g

g= — (1.160)
1- 50asm
and with kernels linear in &g:
X = asp(as, M). (1.161)

Note that ¢ could obviously be the leading order yj.
In this approximation the double Mellin transform of (1.154) becomes

(1 - ﬁoanL) NG(N, M)+ F(M) = a,p(M)G(N, M), (1.162)

where F'(M) is a boundary condition.
The general solution of (1.162) can be written as

G(N,M) = H(N, M)+

M ! M — M’ 1 " " F(M,)
—i—/MO dM exp[ Boa. BN dM o(M )] o N (1.163)

where H(N, M) is the solution of the homogeneous equation

M — M, 1
Bos BON

H(N, M) = H(N, M) exp [ dM B(M )] . (1.164)
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If we change the integration variable from M’ to
1 M

M, M) =
y( ) BOasN M’

[N —asp(M")] dM", (1.165)

then Eq. (1.163) becomes

F(M'(y, M))
N —as¢ (M/(yv M))

vavMO
G(N, M) = H(N, M) + / eV dy, (1.166)
0

with H proportional to e Y. Since y — oo in the limit ay — 0, as/N fixed,
the homogeneous term vanishes to all orders in the perturbative expansion. The

perturbative solution then is reproduced only by the inhomogeneous term.
Consider now the N Mellin transform of the inhomogeneous term:

G(N,t) =
c+ioo M — My 1 M I(N,M)
= — Mt — dM" (M| 2 (1.1
- exp[ o Tl ML )} " )
where
M’ / M’ !
My— M 1 F(M')
I(N, M) = / dM' exp + dM" (M| ——2. (1.168
( ) Mo [ Boas BoN S, oM7) Boas ( )

We can solve (1.167) in the saddle point approximation. Assuming I(N, M) to be
a smooth function of M the saddle condition is

1 1 1 1
Bocs a 507N¢(M8) B ﬁOas(t) - m

Identifying M, with the anomalous dimension v, and ¢ with yg we obtain

o (0)) - arm

that is a running coupling generalization of the leading order duality relation
Eq.(1.136). Substituting back the saddle condition in the exponent of Eq. (1.167)
we get (differentiating the duality relation with respect to t)

M, My 1 Ms ot as(t’)>
asBo  asbo BN Jagy dMqﬁ(M)—/todt%( ) aam

t+

B(My) = 0. (1.169)

where o = as(tp).
Performing the saddle integral we obtain

G(N,t) = mexp (/t: dt'~s <O‘$]£;,))> I(N]’VMS) + ... (1.172)
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Eq. (1.172) has two major problems: first it seems to violate factorization because
of the t-dependent factor M in the boundary condition I, second it seems to violate
duality because the t-dependent prefactor 1/4/—¢'(Mj) spoils the identification of
the anomalous dimension 4. Both this problems are fictitious.

In order to check duality, consider the prefactor 1/1/—¢'(M,). Differentiating
the duality relation it can be rewritten as

1
V=9 (s (as(t') /N))

t 8 (on(t)/N) b las(t)/N) |
50/% 352 (an(0))N) O‘S“)} s

b / 1
= exp [/;O dt' A~yss (as(t )/N)} \/—¢’ ((as(to)/N)). (1.173)

The ty dependent factor can be absorbed in a redefinition of the boundary condi-
tion. Duality is then preserved provided we add to v the extra factor Avyss. We
can treat the same way all the contributions generated by the saddle expansion.
The result is a new anomalous dimension of the form [18]

VTre (as(t/)/N) =Ts (as (t/)/N) + ﬁOOZS(t)ArYSS (O[S (t/)/N) +

+ [Boas (1)) Aysss (as(t')/N) + ... (1.174)

Consider now factorization. I(N, M) can be written in terms of the variable
y, Eq. (1.165), as

~exp— B log ¢/ (s (as(t) /N))} _

:exp[

F(M'(y, Mo))
N — o(M'(y, Mo))

y(Ms)
I(N, My) :/ dye™Y (1.175)
0
If we take 1—as /N¢ < 0 and M’ < My, then in the perturbative limit y(My) — oo.
Factorization is thus preserved, since the ¢ dependence disappears to all orders in
the perturbative expansion (even though the boundary condition still depends on
to because M’ = M'(y, My)).
Exploiting this property we can rewrite the general solution (1.167) as

N

(1.176)
In the next subsection we will try to solve explicitly Eq. (1.176) with approximate
kernels ¢.

Note that in this section we have shown that the running coupling BFKL
equation is equivalent to the usual DGLAP equation (with of course a suitable
kernel). Hence at this order the existence of a BFKL-like equation is ensured
by the existence of the DGLAP equation. One can show that the results of this
section hold to any given order in the perturbative expansion [24]. But then this

etico dn M — My 1 M I(N,t)
G(N,t :/ —eMlex — dMm” M”]’.
( ) c—ico 2miM P Boas BoN My ¢( )
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implies that a BFKL-like equation for G holds at any given perturbative order,
since we know that the DGLAP equation for GG is an all order result. In other
words, perturbative duality ensures that a BFKL-like equation for G holds also
beyond LLx, even if our derivation of Eq. (1.109) was based on the kr factorization
(which is valid only at LLx). We stress that the BFKL equation holds for G: an
explicit calculation shows that beyond NLLx it doesn’t hold for the unintegrated
gluon distribution.

The DLL approximation

In order to check Eq. (1.176) consider the DLL kernel, that is ¢(M) = e L. We
know that in the DLL approximation the solution G(N,t) is

N
Gprr(N,t) < exp {—BOFN log (as(t)/as)} (1.177)
In the DLL approximation the integrand of (1.176) is
1 NC _ _Ne¢ M—L
N, M M — logM| =M 7PoNe™ as(® 1.1
pvany ey M () = Setogar| = ar A=,y

that is we have to perform a Mellin inversion of M % with respect to the
variable z = 1/a,(t). The inversion can be done exactly with the result

F(N, 1) o (a:(t))w% , (1.179)

that is the correct (1.177) behaviour.

Quadratic kernel and asymptotic behaviour

Consider a generic kernel ¢ expanded around is minimum:

o(M) :c+§(M—Mmm)2+%(M—Mmm)?’—k... (1.180)
It can be shown [18] that only the first two terms are relevant in order to derive
the asymptotic small-x behaviour of G, the other terms lead to contributions that
vanish in the & — oo limitS. In this subsection then we will limit ourselves to
quadratic kernels.
In this case the Mellin inversion (1.176) can be done exactly. If we set M, =
1/2 (the minimum of x,) and choose My = 1/2 we get

I(N,tp)

G(N,t) = K(N)e'/ZhoasM)Aj [z (ay(t), N)] T

(1.181)

SFrom here it is clear the importance of the symmetrizing procedure discussed in Sec.
1.4.3, since it ensures that order by order in the DL expansion the kernel x has a minimum.
Without symmetrizing this property is spoiled, see Fig. 1.10.
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where K is a t-independent factor,

280N 1
K(N) = e!/(2f0os) < bo )3 -, (1.182)
k 7r
1
2BN\3 1 [1 ¢
Sy = R D NE ) 1.1
z(as, N) ( p > Bo [as N] (1.183)
and Ai(z) is the Airy function, which satisfies
Ai"(z) — zAi(z) = 0, (1.184)
and that behaves asymptotically as
1 2
Ai(z) = §7r_1/22_1/4 exp <—323/2> (1 + 0(2_3/2)> . (1.185)

In order to determine the large-¢ behaviour of G(&,t) we must distinguish three
cases, depending on the sign of ¢. Here we will discuss only the case ¢ > 0, which
is the one corresponding to the LO kernel xg. The interested reader can found an
exhaustive treatment off all the possible cases in [18].

For large £, we may determine G(&,t) by evaluating by saddle point the N-Mellin
inversion integral of G(N,t) (1.181). The saddle condition is dominated by the
Airy function and has the form

_ dAi[z(as, N)] /AN
~Aifz(as, N)]

3 (1.186)

As £ grows, the saddle is drawn towards the N — 0; however for IV small enough
the derivative changes sign and the real saddle is lost. The saddle condition still
has a pair of complex solutions, which can (for ¢ large enough) be determined
explicitly using the asymptotic expansion (1.185). We have N+ = e*™/4(q/£)1/2,
with a a constant factor. The large & asymptotic behaviour is then dominated by
the contribution from this pair of complex saddle point, which add to give cosine
oscillations:

G(&,t) ~ exp (@) cos (2k¢€) . (1.187)

As & becomes large, G(&,t) becomes negative and starts to oscillate, so the solution
looks unphysical. In order to solve this puzzling situation, consider the general
solution of G(N,t), Eq. (1.26), with boundary G(N,tg) = Fo(N):

G(N,t) = T'(t, to, N) Fy(N), (1.188)

with in this case

_ GINL) 1280 (1 fas (8)—1 s (o)) All2(as(t), N)]
(et N) = Gy oy = © Ao (1189
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Since for large ¢ the oscillations (1.187) are t-independent, they cancel in the ratio
G(N,t)/G(N,tp), leaving I" smooth and asymptotically monotonic in £ as §& — oo.
The oscillations are then factored out in the initial condition.

From I'" we can extract the anomalous dimension

2501\7) 3 AV [2(as(t), N)]
k Ai[z(as(t), N)]

(1.190)

Y4 (as(t), N) = %bgG(N,t) = % + <

The large-N behaviour of 4 is easily determined using the asymptotic expansion
(1.185):

Ya(os, N) ~ L. % [N — c], (1.191)

which is the "naive” dual anomalous dimension, that is the anomalous dimension
obtained by fixed-order duality with the replacement as — a(t).

3 T T T T T T T T T T T T
I I I

Figure 1.12: The Airy anomalous dimension v4 for ¢ = 1 and ay = 0.2

As N decreases 74 increases indefinitely until it blows up for the value N = Ny(t)
corresponding to the first zero of the Airy function, zg ~ —2.338 (see Fig. 1.12).
Ai'(z) is regular at z = zp, so at N = Ny the anomalous dimension has a simple
pole.

From Eq. (1.189) it then follows directly the asymptotic behaviour of G:
approximating the Airy function with its pole we get

G(E, t) ~ g~ Nolto) (1.192)
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Expanding the LO kernel x( around its minimum we find ¢ =~ 2.65, k ~ 32,
which lead to Ny ~ 0.3 for Q% = 1 GeV? and Ny ~ 0.25 for Q% = 10 GeV?.
We see that the running coupling resummation softens the hard pomeron (1.123)
prediction.

1.4.6 NL kernels with running coupling

If we want to evaluate the running-coupling kernels beyond LO accuracy, we must
refine the approximations of the previous section. The asymptotic behaviour of
is again determined by the quadratic approximation of x near its minimum. Since
the intercept and the curvature of y, and yy are the same, we can expand Y.
around the well-known minimum M,,;, = 1/2:

1

2
Xo(as, M) = c(as) + %k(as) (M - 2) . (1.193)

Beyond LO accuracy c(as) — c(és),k(as) — k(ds). At NL accuracy it is sufficient
to consider the linear term in the expansion of ¢(é&;) and k(&) in powers of &g — g
[4], that is

(6) = cla) + (65 — )¢ () + O [(ﬁod;;)] (1.194)

and similarly for k.

The solution of (1.176) can then be expressed in terms of the Bateman function.
For a complete derivation we refer the interested reader to [4], here we will limit
ourselves to cite the main results of the NL running coupling resummation. We
saw that the small-x behaviour of G is determined by the leading singularity of the
anomalous dimension. In Fig. 1.13 we report the dependence of this singularity
on ay for various anomalous dimensions.

Note that the general effect of resummation is to soften the small-z behaviour. The
most accurate calculation (NLO Bateman) gives the softest behaviour prediction,
say G ~ 792 for gy ~ 0.2.

For a large enough the NLO BFKL seems to produce a soft pomeron predic-
tion. However, we can’t trust this prediction because of the bad behaviour of the
unresummed perturbative expansion of y. Note instead that the resummed LO
and NLO predictions are close to each other.

Consider now the full anomalous dimension and its associated splitting func-
tion, shown in Fig. 1.14. Note that the resummed NLO anomalous dimension
follows closely the traditional one up to N ~ 0.2, then its rise grows faster because
of the pole in the Bateman function. A careful analysis of these plots shows that
up to very small x, say x ~ 107°, the difference between the full resummed split-
ting function and the DGLAP NL result is practically unnoticeable. Considerable
differences start only from x ~ 107%. Hence, even if aglog1/z ~ 1 already for
much larger values of z (say = ~ 1072 with as ~ 0.2), their influence is negligible
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The rightmost singularity for various anomalous dimensions. BFKL LO, res fix
LO and res fix NLO denote the location of the cut for respectively asxo, Xoro
and xonro with By = 0. LO Airy, LO Bateman and NLO Bateman denote the
location of the pole for the running coupling resummation of the corresponding
three curves. BFKL NLO denotes the location of the stationary point of the NLO
kernel.

Figure 1.13: Leading singularity for various anomalous dimensions

in the perturbative HERA domain. This explain why standard phenomenologi-
cal analysis of HERA data, which are based upon pure DGLAP evolution, are so
successful even in the small-z region.

On the other hand, in the HERA domain these resummation effects cannot be
responsible for ”strange” phenomena, that is in this region saturation effects (if
they are present) cannot be explained by perturbative resummations.
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Chapter 2
High energy QCD

2.1 The idea of parton saturation

We saw that in the very high energy limit the traditional BFKL approach fails,
since it violates the Froissart-Martin unitarity bound. In the early ’80s Gribov,
Levin and Ryskin [25] and somewhat later Mueller and Qiu [26] suggested that
this breakdown could be due to saturation effects. In the high energy limit the
gluon splitting leads to a very high gluon density, but this process cannot go on
indefinitely: when the density inside the proton becomes too high gluons can no
longer be treated as free. We must consider parton recombination, that is gluon
fusion.

A schematic picture of this process is shown in Fig. 2.1, which depicts the x
and Q2 evolution of the parton distribution functions. Consider first the horizontal
direction, i.e. DGLAP evolution. Using the uncertainty principle we can associate
to each parton a typical size r ~ 1/kp. The DGLAP kinematic regime of strong
transverse ordering then implies that partons on the right are ”smaller” than
partons on the left. Now consider the vertical direction, i.e. BFKL evolution.
We will show that in this case the & evolution is obtained through the emission
of partons without ordering of transverse momenta, that is of partons with k7, ~
kr, =~ ... ~ kg, ~ ¢* (where k7, is the transverse momentum of the parent parton).
Because of this kinematic constraint then the size of the upper partons is bounded
to be of the same order as the original ones. Hence for a given Q)2 a point is reached
where the finite size of the hadron will soon impose an upper bound to the number
of partons that can be accommodated without overlapping. Conversely, for a given
x there is a saturation momentum Qs(x) beyond which we cannot neglect parton
recombination effects. Since we may expect that bigger partons reach a saturated
regime sooner, the saturation scale Qs(z) should be an increasing function of x.

The first step towards a theory for the saturated regime was made by Balitsky
[5] who constructed an infinite hierarchy of coupled equations for Wilson line
operators in the small-z approximation. Indipendently Kovchegov derived in the
colour dipole approach a non linear generalization of the BFKL equation, valid
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Figure 2.1: Schematic picture of parton saturation

in the large-N. (see Appendix A) approximation and at leading log1/z [7]. In
the large-N, limit the Balitsky hierarchy decouples and its first term reduces to
the Kovchegov equation. Thus, this equation is usually referred as the Balitsy-
Kovchegov (BK) equation. An alternative approach is the Jalilian-Marian-Iancu-
McLerran-Weigert-Kovner-Leonidov (JIMWKL) hierarchy [6], that describes the
change of the correlation functions of the colour charge density in the hadron
wavefunction. This equation can be derived in the Color-Glass-Condensate (CGC)
approach, an effective theory in which one consider the radiation of soft gluons in
a strong background field. In the large N, the JIMWKL hierarchy decouples and
becomes equivalent to the BK equation.

An exhaustive presentation of all these derivation goes beyond the scope of this
thesis. In the following we will limit ourselves to the Kovchegov theory, which is
by far the simplest and it is model independent. Moreover, its link with the BFKL
theory is transparent. To see this, we must derive the BFKL equation in the colour
dipole formalism [21]. This chapter is hence organised as follows. In section 2.2
we introduce the colour dipole approach to DIS and within that context we give
a precise definition of geometric scaling. Then in section 2.3 we use the dipole
formalism to derive the BFKL equation and we evaluate the leading order kernel.
This derivation is generalized in section 2.4 to multiple interactions, leading to the
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BK equation. In section 2.5 we show how geometric scaling arises from the BK
equation. Section 2.6 is devoted to the extended geometric scaling region, that is
to geometric scaling above the saturation scale.

2.2 The colour dipole approach to DIS

The colour dipole is an alternative approach to DIS which at small x is very useful,
since it shows that the v* P interaction in this limit can be factorized in a v* — qq
part and in a qq — P interaction.

Consider indeed the structure of the interaction in the proton rest frame. In
order to have non trivial QCD interactions the virtual photon must split in a qq
pair, that is in a colour dipole. In addition, we will have in general several extra
gluons. This situation is depicted in Fig. 2.2.

=y
2y

Figure 2.2: The virtual photon splitting

The effect of the extra gluons can be thought of as a binding energy. Hence we
can write the energy difference between the ¢q state and the photon state as:

AE = Bpir — By = \[M2y, + @ = Eye = /M2, + Q* + B2 — By =

2 2 2 2\ 2
lepair—i_Q +0 (Mpair+Q> , (2.1)

2 B, E,-

where M,q;, is the invariant mass of the ¢g pair.
Remembering that in the proton rest frame x = Q?/ (2mpE,~), in the high virtu-
ality limit Q? > Mgair Eq. (2.1) reduces to

AE =mp x+ O {(mp 56)2] . (2.2)

In the small-z limit we can then estimate the life time of the pair as Tjqir ~
ﬁpm ~ 1/(mp z). On the other hand the typical interaction time is Tj,; ~ R,
with I, the proton radius. For small x then Tj,; < Tjqi. This implies that in
the high energy limit the ¢g pair is ”frozen” during the interaction. Thus we can
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Figure 2.3: Colour dipole approach to DIS

factorize DIS in a v* — ¢q splitting and in a fixed-size dipole scattering off a
proton, as shown in Fig. (2.3).
All the above statement can formalised [27],[28]. The result is that it is possible

.
. . P
to write the total cross section o), as

@@= 3 [ r [ aslutr s PN G) (2.3)

i=T,L

where 17 1, is the wave function for the splitting of a transverse (T") or longitudinal
(L) polarized virtual photon into a ¢g pair and N is the total dipole cross section.
In addition, r is the separation of the quarks in the ¢q pair and z is the light-cone
momentum fraction of the photon carried by the quark (or antiquark).

The wave functions of the virtual photon can be calculated in perturbative QED.
At the lowest order in «.,, and neglecting quark masses they are given by [28]:

| = 3aem Z [ (1—2)%) 2(1 — 2)Q°K7 (\/z(l - z)Qr)}

r|? = 20‘”” Z [4@2 2(1 — 2)2K2 (\/ﬁQrﬂ , (2.4)

where K¢ 1(x) are the Bessel—McDonanld functions.
The original geometric scaling observation [1] was made in terms of JZ;P, that
is

Utot (37 Q*) = Utot (Q2/Q5(x)2). (2.5)
Since F3 is related to atot by

Q2 'yP

. 2.6
47r2aem Otot ( )

FQ(I’ Qz)
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we can express geometric scaling in terms of Fy:

Fy(z,Q?%)

QZ

Using (2.4) it is straightforward to see that the geometric condition (2.5) is equi-
valent to

= [ (Q*/Qs(2)?) (2.7)

N(r,z) = N (rQs(x)), (2.8)

thus in order to understand geometric scaling we can limit ourselves to the dipole
cross section.

2.3 BFKL in the colour dipole approach

2.3.1 BFKL from Feynman graphs: general strategy

Before starting our derivation in the colour dipole approach, let us consider the
connection between BFKL and Feynman graphs, as we did for DGLAP in Sec.
1.2.5. We have essentially two purposes: first to understand which diagrams are
relevant in the BFKL theory and second to find out the correct kinematic regime.
This section will be stopped half-way: the effective calculation of the BFKL kernel
will be done in the next section, within the colour dipole formalism.

To obtain BFKL, we have to evaluate the kernel I' shown in Fig. 1.6. We
could use a technique similar to that used in Sec. 1.2.5: write down an evolution
equation from a ladder graph. But how should this ladder be built? Since we are
interested in small-z logarithms, which can arise by phase space integration in dzx,
we have to consider only terms which behave like ~ 1/ near = 0. Consider the
basic “building blocks” of the DGLAP evolution, i.e. F;;: only the gluon entries
P,y and Py, have such a behaviour, hence only the ¢ — gq and g — gg splitting
are relevant in our ladder. Moreover, only the first “rung” of this ladder can be of
quark type in a leading log approximation. Consider indeed Fig 2.4. The graph on
the left has a quark rung in the middle of the ladder, associated to the subprocess
q¢ — gq (marked in green). Since P, is singular in z = 0, this emission will
produce the desired term «aglog1/z. But consider now the lower rung, marked in
red in the figure. It must be associated to a ¢ — ¢q or to a g — ¢ splitting. The
corresponding splitting functions are regular in x = 0, hence this emission will
lead to a factor as but unaccompanied by a log 1/z term. Thus this graph can be
neglected in a leading log approximation. Consider now the ladder on the right.
Since in this case the quark rung is the lowest one, there is only the ¢ — g splitting.
Hence this graph is leading order. Then in the leading log approximation only the
first rung can be of quark type, i.e. quark emission cannot be iterated. Thus we
may consider gluon-only ladders, the eventual first quark rung being only a trivial
prefactor.

Until now we have considered only the DGLAP-relevant building blocks. In fact,
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3

Figure 2.4: Quark and gluon ladder

there is another process which can produce large energy logarithms, namely a s-
channel gluon emission. The two basic blocks of our ladder are then shown in Fig.
2.5.

Consider now the kinematics. In the P~* center of mass frame we can write p =

(P,0,0,P), g = (\/—QZ ¥ P2,0,0, —P), hence /5 = Ep+Eye = /—Q2 + P2+ P
and P = (Q*+s)/(2y/s). In the high energy limit s > Q2 then we can write
p=+/5/2(1,0,0,1), ¢ = v/s/2(1,0,0,—1). We can use these vectors as a basis for
a Sudakov parametrization:

ki = xip + viq + ki, (2.9)

where k; is the transverse momentum.
We want now to evaluate the phase space for the gluon ladder. For simplicity, we
don’t consider the dipole-proton interaction but a simpler process, namely a qq
scattering with gluon emission. One can easily convince oneself that the results
hold also in the qG — P case.

Consider then the q¢ — qq+ g + g process shown in Fig 2.6, where the blob A
represents one of the graphs in Fig. 2.5. In this case [y plays the role of p and [y
of ¢, that is k; = x;l1 + y;lo + k;.
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A= (z1,m) A= (z1,m)

B= (1’1 — X9, kl)

C = (21 — 23, p2)

B’ = (zg — w3, ka)

C = (w3, p3) C = (w3,p3)

Diagrams for gluon emission contributing to the BFKL kernel yg. For each line
the parton’s energy (in units of p) and transverse momentum are indicated.

Figure 2.5: BFKL ladder building blocks

Figure 2.6: t-channel gluon emission

In the following we will assume that A stands for the ¢-channel gluon emission
(Fig. 2.5 on the left). It can be shown with a similar procedure that the results
are the same for the s-channel emission (Fig. 2.5 on the right).

Neglecting all the quark masses we can write the phase space for our process as

4 4 4 4
J a2 = [ s st e ()8 (9) 8 (kD)8 (43)

1
(2m)*64 (11 + 1o — ko — k3 — k1 — ko) = @) /d4p1d4p2d4p3'

-0 ([h —p1]2> ) ([12 +p3]2) J <[p2 —p3]2> 0 ([m —p1]2> ; (2.10)



54 HicH ENERGY QCD

where we have used in the first step the momentum-conservation d4 to eliminate
the integration over ko and in the second step we have performed the change of
variables kg = l1 — p1, k3 = lo + p3, ko = p2 — p3 and k1 = p1 — po. In the Sudakov
parametrization Eq. (2.10) becomes

oy 142 1 (2+42)-3—4 2+1
e O R C S

2
6 (swa(ws +ys) — ps’) [ [0 (s(wi — wirn) (i — wir1) — (pi — Pir1)?), (211
i=1
with the obvious n-gluon generalization

l4n /1 \3nt2 ntl
/d(I)2+n _ <§) <%) / <H dxldyld2pl ) (—Syl(l — CL'l) - p12) .
=1

n
0 (82011 (@nr1 + yni1) — Poir) [0 (@i = zia) (Wi — 1) — (pi — Pit1)?) -
=1
Z (2.12)
The form (2.12) is totally generic, while we are interested in the leading log
x (LLx) region. One can see that large x-logarithms arises by strong ordering of
longitudinal momenta, that is z1 > zo > ... > zp11, |y1] < ... < |yn+1]- Indeed
it is easy to see that in this regime the phase space factor Eq. (2.12) simplifies to

n 1 dis n+1
/d<I>2+" = H/ x.l Hdgpz‘, (2.13)
i=17%iH1 7 ) =1

with |y1| ~ p,?/s and x,, 41 ~ pn2+1/s. We recognize immediately the “logarithmic”
term fxl dry /11 fxll dro/zs... ‘fxln_l dryn/z, = 1/n!log"(1/x).

Consider now an evolution from z¢ to x, with both xzy and = small, say O(1/s)
(and the same for y). Then from s x;y;1+1 ~ (p; —Ppi+1)> we obtain p? ~ pz. Hence
the virtual gluons have transverse momenta of the same order. This implies that
an emitted gluon has approximatively no transverse momentum. Then, since both
x; and y; are small and k; =~ 0, the emitted gluons are soft, that is k; < l1, 2. Let
us summarize the main features of such an emission:

k2 q2
<o € ... € Ty %?7 1 < [Yny1l <<--~<<|?Jn|z?a

2 2
P APy N..®Poq ~q’, Kk soft. (2.14)
Eq. 2.14 defines the multi-Regge kinematics. The BFKL theory holds exactly in
this regime.
Now we have all the necessary tools to derive the BFKL equation: we can
calculate the amplitudes for the graphs in Fig. 2.5 and write a z-evolution equation
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exactly in the same way we did for DGLAP in Sec. 1.2.5. This is the fastest way
to obtain BFKL, but it is not easily generalised for multiple scattering (i.e. for the
non linear evolution). Moreover, the effective calculation is quite long and difficult,
mainly because of the virtual corrections. We will adopt then a slightly different
technique. BFKL can be viewed as an evolution equation for the probability that
the gluon on the bottom of the ladder is generated by a parent gluon on the top
through a x evolution. In the following we will derive a generating functional for
this probability. Of course this is rather an awkward way to obtain BFKL, but
with our generating functional we will be able to consider multiple scattering and
hence to obtain in Sec. 2.4 the BK equation.

Our derivation of this generating functional will go through some steps. First
we will calculate the probability P, that our original ¢qq dipole emits n gluons and
express it through a generating functional. Then we will rewrite this generating
functional in terms of creation/annihilation operators. This will enable us to eval-
uate the gluon ladder diagram and hence to obtain the BFKL equation. From the
very beginning of our derivation we will work in the large-N, limit (see Appendix
A if you are not familiar with the large-N, expansion). At the end we will show
that for BFKL this is not an approximation, indeed all the leading log terms of
BFKL are also leading N.. Unfortunately this is not the case for the non linear
generalizations.

2.3.2 The dipole branching generating functional

In order to obtain the probability for the n gluon emission, we first need the
amplitude for the process q¢ — qq@ + ng. We may write this amplitude as a wave
function:

wé%)(kh koo kn) = (Ga(qg — k1 — ko — .. — k) qa(k1) g(k2)...g(kn)¥),  (2.15)

where o and ( are spinor indexes and [¢) stands for our quark-antiquark pair
(onium) of momentum ¢. Of course if ag = 0 we have W(O) ‘2 =1 and ¢ =0 for
n # 0 (obviously as long as only QCD is involved).

We will work in the multi-Regge kinematic regime of strong longitudinal or-
dered ((1—z1), 21 > x2 > x3...) and soft (k; < ki, ko) gluons. We will parametrize

the emitted gluon four momenta and polarizations as
ki =zip+yn+ki, €& =win+e, (2.16)

with p = (@,0,0,Q) and n = 1/(2Q)(1,0,0, —1). Note that x; are defined as in the
previous section (remembering the multi-Regge kinematics we have x; —z;11 =~ x;),
while y and w are easily calculated respectively from the on-shell and transversality

conditions:
k? k-e
Yy=— W= .
x x
In the multi-Regge regime we can use the eikonal approximation: we write the qqg

vertex as gsu(kg + kg)v'u(kq) = gsu(kq)v*u(kq) = 2gsk4. This holds up to terms

(2.17)
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which are suppressed by powers of x. Note that from this it follows that a quark
propagates as a scalar particle. That is, when gluons are soft we can neglect the
spin of the quarks.

We are ready now to calculate our wave function. We start with the simplest
case, that is with /(). The relation between this and the 0-gluon wave function
is depicted in Fig. 2.7. Suppose we know 1(?). Then we can evaluate 1) by

Figure 2.7: 0-gluon and 1-gluon onium wave functions

simply evaluating the Feynman graphs in Fig. 2.7. Up to an overall phase factor
the result is:

ko - €2

k .
YO (k1 ka) = gt |9 (ky) — O (ky + k) 2| (2.18)
ko - ko ky - ko
which in the multi-Regge limit simplifies to
ko -
W (ky, 21, Ko, 20) ~ 2g5t™ W]) (ky,x1) — O (kg + kg,:cl)] 2k;2 (2.19)
2

We see that the 1-gluon wave function is created from different configurations of the
0-gluon function. When we add more gluons, the number of possible configurations
grows and the resulting function is very difficult to deal with. The situation is
simplified if we Fourier-transform the transverse momenta:

.
w("‘”(bl,xl,...,bn,xn):/H(%)Qelkzblw D(ky, 21, o Ky ). (2.20)
=1

Using the well-known result F [a-k/k?] =i/(2m) a-b/b? we obtain (once again
neglecting an overall phase factor):

s b b
w(l)(bl,ﬂfl,bg,ﬂfg) — itA¢(0)(bl>x2) <§2 - 212> + €2, (221)
™ bha 1o
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with bij = bj —b;, bg = 0.

What we are interested in is not the amplitude associated to the gluon emission,
but its probability. We have then to evaluate the square of the wave function,
summed over all colours and polarizations and integrated over the phase space,

that is
2

d*ks dx
W (ky, 1) = E / 2; = ‘w(l (ki,21, ko, 22)| . (2.22)
col, hel

In terms of transverse coordinates we obtain

21 duy asCr b2
W (by,z1) = / d’by / 8 F 0O (by, ay), (2.23)
P o X2 T b02b

where p and zg are just cutoffs that will not appear in physical quantities. The
integrand on the r.h.s. can be rewritten as

b2 1 1 2bgs - bis
Cr—2_ =Cp <+— . (2.24)
babt b bla  biobly

These terms are shown in Fig. 2.8 in the double-line representation. The first two
terms correspond to the top two graphs, while the interaction term corresponds
to the bottom ones.

Figure 2.8: 1-gluon contributions to the onium squared wave function

All these contributions arise from planar graphs with one boundary quark loop.
For large N, we may then expect a behaviour like V.. Indeed this is the case, since
Cr — N¢/2 in this limit.

Consider now the emission of an additional gluon. We have to evaluate two
classes of diagrams, illustrated in Fig. 2.9. Graphs similar to A are planar, hence
they have a colour factor O(N.), while graphs similar to B have only one colour loop
and are associated with a colour factor O(1/N,). In the large- N, approximation we
retain only planar graphs. Consider the non-planar graph Fig. 2.9B. It corresponds
to the interference between different dipoles. One can easily convince oneself that
this is the case for all non-planar graphs. Our approximation hence corresponds
to neglecting interference effects.
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Figure 2.9: 2-gluon contributions to the onium squared wave function

Planar graphs can be thought of as composed by colour dipoles: the emission of
the first gluon converts a single colour dipole into two colour dipoles. The “quark
part” of the gluon line forms a colour dipole with the antiquark and conversely
for the “antiquark part”. From each new dipole a new gluon can be emitted.
Obviously the emission of a quark part and of an actual quark would be in general
different. But in the multi-Regge regime the only ggg relevant coupling for the
emission of a soft gluon 3 from a gluon 2 is 2gsko - €3, that is the emission of a
dipole quark part is exactly the same as an emission of an actual quark (it can
be easily shown that the quartic interaction is suppressed by factors of the form
I3 / :ZJQ).

Neglecting all the interferences, we obtain for the two-gluon emission the factorized
form:

d Ld
@ (by, 1) =/d2b2d2b3/ x2/ ﬁfo1—>2 (In1 53 4 Too3) @, (2.25)
xo

where I;;_,j is the factor associated to the splitting of the dipole ij due to the
emission of k:

2 2
a,Cr bz] asN. bl]

Lii = . 2.26

VRS TR e om? b2 (2.26)

One can easily convince oneself that also the n-gluon term will be factorized in
multiple splittings. This is the power of the large-N. approximation: we can
neglect interferences and then obtain the desired probability in a factorized form.
From this factorized form we could easily write down a BFKL equation for
the unintegrated onium gluon distribution (see e.g. [2]). However we want a
formulation that can be easily generalized to the case of multiple scattering, hence
we must push the formalism a little further.
We can express the features of the dipole branching using a generating functional
Z(bo1,&1,& u). We define Z such that the probability of finding n dipoles of
transverse size ¢ with rapidity less than £ generated from a parent of size bg; and
rapidity & is?!
iénZ(bm,&,f,u)
n! du(c)

Pn(b()laélagac) = (227)

u=0

Note that our definition of Z is slightly different from [21].
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It is easy to obtain a perturbative equation for Z. In the trivial case a; = 0 we
can have only the original dipole, that is P;(bo1,&1,&,¢) = d(bo1 — ¢), (in the spirit
of the multi-Regge kinematics we assume & > &), P, = 0 for n # 1. Hence we
can write Z(bo1,&1,&,u) = u(bo1) + O(as). At the next order in s we may have
one gluon emission, i.e. one dipole splitting. The probability for the splitting
bo1(&1) — b12 +bo2(&2 < &) (that is for the emission of a gluon with transverse size
by and rapidity less than &) is

- 3 13
P(bor, £1,6,by) = / d€aT1 20 (bor, 1) = / dEalps +0(2).  (2.28)

&1 &

Then we have Py(bo1, €1, &, ba, bs) = P(boy, &1, €, b2)d (b3 —bia)+permutations, hence

3
Z(bo1,&1,&,u) :U(501)+/d2bk/ dylo1pu(be)u(biy) + O(a?). (2.29)

By iterating this procedure it is easy to see that in the multi-Regge kinematics the
full result is

&
Z(b017£17£7u) :u(b01)+/d2bk‘/£ dyl()l—ﬂcz(bkvyvU)Z(b1k7y7u)' (230)
1

This equation express nothing but the factorization of the probability, with the
“branching ratio” given by I;;_, as shown in Fig. 2.10.

-y

Figure 2.10: Graphical representation of Eq. (2.30)

However Eq. (2.30) can’t be true. Consider indeed the normalization condition
> Pn=1. From Eq. (2.30) it follows Z|,—o = 0, then we can write:

Y P=> % 1" = Z]yer. (2.31)
n=1 n=0 u=0

Now, it is easy to see from Eq. (2.30) that Z|,—1 # 1. This is because until now
we have considered only real emissions, neglecting virtual corrections. The fastest
way to encorporate these effects is to enforce the condition Z = 1 order by order
in perturbation theory.
Start from O(ay). From (2.30) we obtain

d*by,

C
Z(bo1,&1,€,1) =1+ as§(§ - fl)/bzbgb?n +0(a3) =
a p OxV1k
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=1+ as%(f — & )4mlog <b'?> +0(a?). (2.32)

In order to keep the correct normalization we must then shift the coefficient of the
linear term in u from 1 to 1 — 4043%”(5 —&o) log(bo1/p):

Z(bo1,&1,&,u) = u(bor) <1 - 4%%(5 — &) log(bm/P)) +

3
1

Iterating this procedure we obtain for Z the correct result

Z(bo1,&1,&,u) = u(bor) exp [—4a;CF log (b,(;> (& - 51)} +

bo1

f dasC
/ dgbk /5 dy 6_ T - 10g<7> (g_y)101—>kZ(bk?7 Y, u)Z(blka Y, u) (234)
1

2.3.3 The generating functional in operator language

In the previous section we have obtained a generating functional for the probability
of the process q¢ — qq + ng, with each gluon characterised by a transverse coor-
dinate b; (the Fourier transform of its transverse momentum) and having rapidity
&i less than a choosen value £. Moreover, in deriving Eq. (2.34) we have supposed
& < & <. <&, ie. each splitting leads to an increase in rapidity. This is not
yet what we need, that is an equation which describes the rapidity evolution of
our original gluon ladder. In order to obtain such an equation we must rewrite
our generating functional in terms of creation and annihilation operators. Within
this approach indeed we will be able to link the gluon ladder with the generating
functional. The evolution of the former will then follow immediately from the
evolution of the latter. In this section therefore we will build up the operator
formalism, while in the next one we will show the link between Z and the gluon
ladder.

What we want to describe is the evolution in rapidity of an ensemble of dipoles.
We will use an approach analogous to the classical perturbation theory in the
interaction picture, with & playing the role of the time variable. We start by
defining the states of our theory. To this purpose we define an operator af(b),
which creates a dipole with transverse momentum b, and an analogous annihilation
operator a(b), with fundamental commutator

[a(b), af(b'ﬂ = 3(b—b). (2.35)

The basic process of the theory is dipole branching, leading to a triple-dipole
vertex carrying a factor I;; ;. We must consider the virtual correction too. From
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(2.34) we obtain that the matrix element for the process bg; — b1 is not 1 but
1— f d?bsIy_s2, thus in this case also we have a factor I;; 1. These interaction
vertices are resumed in Fig. 2.11, where a double line stands for a dipole (note
that this has nothing in common with the 't Hooft double line representation).

_49sCr bij
4= log(p)

Figure 2.11: Feynman rules for the dipole picture
Our interaction Hamiltonian will be then V' = V,.cai + Viirtual, with

Vieal = /d2b01d2b2101—>2 a’(bs)a’(byz)a(bgr) =

_ O [ @ 5t bt )al(b)al &a &b &’ d
= V2 (a+b+c)a'(b)a'(c)a(a) d°a c an

Viirtual = —/d2b01d2b2101—>2 a'(bo1)a(bgr) =

_ _daCr /d2blog (b> a’(b)a(b). (2.36)
™ p

Consider now Py(by,&1,€,ba, ...,by) in the operator approach. First of all we

must create the dipole by. Then we have to evolve in rapidity, considering all the

possible branchings. Assume the rapidity is increased in (§ — &;1)/0& small steps.

For each step the branchings are determined by the operator 1 + V£, hence we

can write the rapidity-evolved state |b}) as

Ibh) = (14 V) E=8% |by). (2.37)

In order to obtain Py, all we have to do is to project |b}) over the k-dipole state
(ba, ...,bg|. In the limit 6§ — 0 we obtain

Pi(b1, 61,6, by, . by) = <0 )a(bg)...a(bk)ve—&)aT(bl)) 0> . (2.38)
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Note that because of our definition of V' this is in fact a probability, and not an
amplitude (and correspondingly a Feynman graph built up from Fig. 2.11 is in
fact the square of a traditional Feynman graph, integrated over the phase space).
From Eq. (2.38) it follows immediately an analogous expression for the generating
functional Z:

Z(blaglvfau) = <O

exp ( / e u(c)a(c)) eV (€€ g (by)

In order to verify that Eq. (2.39) is the correct form for Z, let us check the
condition Z|,—=1 = 1. To simplify this calculation we must rewrite (2.39) in a
slightly different way. We introduce the notation

0> : (2.39)

= / Pba(bu(b).  [a,al(b)] = u(b). (2.40)

From this, using the Baker-Campbell-Hausdorff formula, it follows

[eau,af(b)} - <[au,aT(b)} +% [au, [au,af(b)” + > ¥ = u(b)e™  (2.41)

and hence
e% f (aT(b)) = f (aT(b) + u(b)) e (2.42)
Since e®|0) = |0), we can then rewrite Eq. (2.39) as (dropping & ):
Z(b1,€,u) = (0]exp ((V(a,a” + u)¢) (o (b1) + u(b))|0), (2.43)
with o )
vV (a,aT + u> = OC‘:TF /d2a d’b d*c bg?(%a—i_ b +c)-
. [(alaiaa + ubalaa + a;;ucaa + ubucaa) — <a£aa + uaaa>] . (2.44)

If uw = 1 the linear term in a cancels, leaving only terms of the form afa or afafa.
Then
<0 ‘eW“’“*“)aT’ 0> —0, <0 ‘eV(W“) : 1’ 0> ~1, (2.45)

leading to the desired condition Z|,—1 = 1.

2.3.4 The gluon ladder from the generating functional

Consider again Eq. (2.39), and expand the exponential e®. Then Z becomes:

Z(blaé)u) = Pb1—>0 +

1
+ / d*bau(ba) P, p, + 3 / d*bad?b3u(ba)u(b3) (Poy sbybs + Py sbsby) + ---
(2.46)
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@ _— u(b)

Figure 2.12: Feynman rule for an external field u

. . ®

Figure 2.13: Graphical representation of a term contributing to Z

We can think of u as an external field coupled to our dipoles, with the associated
Feynman rule shown in Fig. 2.12:
A typical contribution to the sum (2.46) is depicted in Fig. 2.13. By differentiating
once w.r.t. u we select a dipole in the final state, thus differentiate w.r.t. u corre-
sponds to cutting away a crossed external vertex and replacing it by an effective
dipole. Consider now the external legs ending on a crossed vertex. Putting u = 0
or u = 1 corresponds respectively to destroying these legs or to summing over all
the possible configurations (i.e. summing over all the possible dipole emissions),
see Eq. (2.46).
Now we are ready to state the main result of the dipole approach to BFKL.
Define
_ §*Z (bg, &0, &, u
du(by)ou(bg)...0u(bg) |,_;’

ng (bo,&),f,bhbg,...,bk) (2.47)
then nj represents the inclusive probability for the process bg — b1 +bo+ ... + by,
obtained through an evolution in rapidity. Here inclusive means that we sum over
all the possible dipole emissions.

Let us now go back to gluon-language. Then nj gives the probability that a
gluon by of rapidity &y evolves to a collection of k£ gluons with rapidities £y < & < &
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through all the possible intermediate emissions of gluons. In particular, note that
n1 is nothing but our resummed gluon ladder! Moreover, this is exactly our ladder,
hence in this case the large N, limit is not an approximation.

In Fig. 2.14 we show some of the typical Feynman graphs resummed by n;. These
diagrams are usually referred as fan graphs.

Representation of ny, no, n3. The yellow blob is the BFKL kernel T'.

Figure 2.14: Ladder and fan graphs
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2.3.5 The BFKL equation

Now we have all that we need to obtain the BFKL equation for the dipole cross
section V.
We start by writing an evolution equation for ni. From Eq. (2.34) it follows

that o ;
1 (bor, £,¢) = 6(c) exp [—4‘“;  log (;1) s] '

5 _ asCp o bo1 b2
/ dye™ RS (6 >/d2b 2j gz (11 (Bo2,§,€) + m (b, €, 0)).
0 12
(2.48)
Differentiating w.r.t. & and recalling that in the large N, limit Cp = N./2 we
obtain the evolution equation:

a,Cr

2

4, (bo1, &, ¢) = aslVe /d2b b, (n(bg, &, ¢) +n(bia, & c) — n(boy, &, c))
dé. 1\P01, S - 271_2 2b(2nb% 2,8 125Gy 015G, )
(2.49)

which is the BFKL equation for the kernel n;. Note that the dependence on the
cutoff p has disappeared.

Consider now N. Using the kr factorization we can write IV as the convolution
of the gluon ladder n; and a suitable proton (unintegrated) structure function

gf)p(c):

d*c
N6 = [ For@mb.gc) (250)
Then N and n; obey the same evolution equation, that is
d aSN
7N(b17 = /d2b2 9792 b2,§) + N(b12a§) - N(blaé.)) . (251)
dg 2,

To solve this it is convenient to consider the M-Mellin transform of N. Writing
indeed N (b, &) as

v = [T v 252
and substituting (2.52) in Eq. (2.51) we obtain
TN, = axo(M)NOLE), (2.53)
with N 2 2 u 2 u
xo(M) = 2;2 d2b2b§bl§2 ((é) + (b%?) — 1) : (2.54)

This is exactly the BFKL kernel Eq. (1.116).
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2.4 Multiple scattering and the BK equation

In the previous section we have shown how the BFKL equation can be derived
considering the scattering of a qq pair off a proton. In fact, we have considered only
single dipole-parton interactions: writing N as the convolution n; ® ¢p we have
implicitly assumed that the colour dipole “sees” only one parton, characterised by
an unintegrated distribution ¢p. This approximation is acceptable if Q? is high
and x is not too small, otherwise the partons within the proton overlap and the ¢q
pair no longer sees a single parton. When z is very small then we have to consider
interactions with an arbitrary number of partons. This situation is represented
graphically in Fig. 2.15. On the left there is only one scattering, leading to the

* * * *

g v

P P

Figure 2.15: Multiple scattering

usual BFKL equation. On the right we have multiple scattering, neglected by the
BFKL evolution.

In order to obtain a correct description of the small-z region we must consider all
the possible scatterings. Here the power of our formalism becomes apparent: the
resummed graphs for multiple scattering are nothing but fan graphs with 2,3,... k,...
endpoints, that is no, ns,..., ng... Thanks to the generating functional formalism
we can take in account all these possible graphs.

The generalisation to multiple scattering is straightforward to obtain:

N=n1®¢p—=N=n1@¢+mQ@¢R0¢+..+m; 0D ...+ ...

There is only one subtlety we must be careful with: once convoluted, the gluons
become identical particles. Hence we have to divide our probability ny by k! not to
count k times the same configuration. Defining 1y = ng/k! and using Eq. (2.39)
we obtain

_asNe §

Ne bo
Jye 20 los (6w,
2712 0

. _ 1 (SQZ(bO)f)
n2(bo, §, b1, b2) = o Su(by)du(bs)

u=1
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v (1 1

2 (2 (2 1 (

-/d bkb%f%k <2' ( ny,. i Pl ”01212) + = o1 (nli 1”0122 + perm. )) , (2.55)
where we set nf?kﬂ = ng(bi,y,bj, ..., bpy1).

Consider the terms in the last line of Eq. (2.55): the na/2! terms are nothing but
our original 7119, while the terms in ny under convolution are all the same, giving a
net contribution equal to ni(byg,y, b1)ni(bok, y, ba).

One can easily convince oneself that the solution for n; is the same as Eq. (2.55),
but with the last line substituted by

2 (
2 0 ~ (i) 70
'/d bkb2b2k (”m ok,..i T Z nkl z Okl+1 )v (2.56)

l+m=i

where we neglect the factorials and permutations in the spirit of the future convo-
lution (i.e. Eq. (2.56) is wrong, but under convolution it is equivalent to the true
solution).

From n; we can immediately obtain the dipole cross section N (the reason for
the hat will be clear in the following) by simply convoluting with ¢p and summing
over 7, with the result

V —205 8¢ log & Ne [ on.Neogbie
N(b,€) = ¢p(b)e 2= B¢ 4 a; S dye log £(6~),

2
./d2cc2(cb—b)2 (N(c, y) + N(c—b,y) + N(c,y)N(c — b, y)) . (2.57)
Assume that ¢p(b) = ¢p(b). Then N(b,&) = N(b,£), since the kernel of Eq.
(2.57) depends only on b. This is a reasonable assumption: ¢p describes the
propagation of a dipole in the proton, which we expect to be isotropic in the
transverse plane. In the following we will make this assumption.

Differentiating Eq. (2.57) w.r.t. £ we obtain the multiple-scattering generalization
of the BFKL equation:

d as NN, b2
— N(bo1,€&) = —=2 | d*bpg5 -
3 272 bgabi,
. (N(bomf) + N(b12,€) — N(bo1, &) + N(bo%’f)N(bl%‘f)) ; (2.58)

with initial condition N(b,0) = ¢p(b).

However it is not difficult to see that the solution of Eq. (2.58) is always negative.
It is convenient then to consider for our dipole forward amplitude not N but
N = —N. Then the dipole cross section obeys:

d ozSN b2
N(bor, &) = / by 0L,
d& b%Qb%Q

- (N(boz, &) + N(b12,£) — N(bo1,§) — N(boz,§)N(b12,6)), (2.59)
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Eq. (2.59) is the celebrated Balitsky-Kovchegov (BK) equation. For N <« 1, that
is far from the unitarity bound, the BK equation reduces to the usual BFKL.
For N > 1 its derivative w.r.t. & is negative, hence N decreases because of the
N? term. We see that thanks to the non linear term the problems with unitarity
vanish, even for very large &.

In order to show in the next section that Eq. (2.59) exhibits geometric scaling
it is useful to return to the momentum space. It is also convenient to use a slightly
different definition of Fourier transform:

b . 2k .
NkO= [ 5 ne M ONGE, Noo =¥ [ TERONKe.  (260)
Exploiting the fact that N(b,{) = N(b,£) Eq. (2.60) can be rewritten as
NO = [ FhE NGO, NGO= [ kdbh® NS, (261
0 0

With these definitions the geometric scaling condition now reads

N(k,€) = N (k/Qs(£)) - (2.62)
In momentum space Eq. (2.59) can be written as

ZN%OZ%mP&W®@—%NWﬁ% (2.63)

where a5 = asN./m, xo is the LO BFKL kernel Eq. (1.116) and L = log(k?/k2),
with ko some fixed momentum scale. In the next section we will show that Eq.
(2.63) admits scaling solutions.

2.5 Geometric scaling from the BK equation

Because of the non linear term Eq. (2.63) is quite difficult to study. However
if we consider the case of a quadratic kernel the theory of non linear differential
equations tells us that Eq. (2.63) asymptotically admits a scaling solution. It
is interesting to note that this asymptotic behaviour is determinated only by the
linear part of the equation, hence is quite general, since we have no doubt about
the BFKL equation.

For a generic kernel we don’t have similar results. However it is possible to show
that in the saturated regime (i.e. where the non linearities become important) the
solution exhibits again geometric scaling.

In the next section we will show how geometric scaling arises form the full
BK equation but with a quadratic kernel. In Sec. 2.5.2 instead we will derive
the geometric scaling using the full kernel but an approximate form of the BK
equation.
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2.5.1 The quadratic kernel and geometric scaling

Assume the full kernel yg is replaced by its quadratic approximation near the
minimum, as in Sec. 1.4.5:

2
xo(=0r) = ¢+ g (aL + ;) . (2.64)

For the (fixed coupling) BFKL equation this should be a good approximation only
if L << & We may then assume that is the case also for the BK equation. In the
quadratic approximation Eq. (2.63) reduces to a well-known differential equation,
the Kolmogorov-Petrovsky-Piscounov (KPP) equation. To see how this happens,
consider the change of variables:

asd
2

2 2t T t
t,x) = N - 2.

0= gt V(G e T T aaE) %)
with 4 =1 — /1 + 8¢/d. Then Eq. (2.63) becomes

Opu(t, x) = O2u(t,x) +u(t,z) (1 — u(t,z)), (2.66)

t =

=72 a=(-79) (245 ¢).

that is the KPP equation. It is known since a long time that for a certain class of
initial conditions this equation admits a travelling wave solution, that is a solution
which is function of x — m(t) only. In terms of N this implies geometric scaling,
as we shall now show.

First of all, let us be more specific about the initial conditions. It is known that if
we choose an initial condition at time t = ¢y such that u(tg, x) decreases smoothly
from 1 to 0 as x goes from —oco and +oo and has the asymptotic behaviour

u(ty, x) ~ e P for x — +oo, (2.67)

then the KPP equation admits travelling wave solutions at large times. This means
that there exists a function w such that

u(z,t) ~w(x —mg(t)) for t— oo, (2.68)

with
(1/p+p)t+0(1) for p<1
ma(t) =< 2t+ Slogt+O(1) for f=1 (2.69)
2t — 5logt+O(1) for B> 1.

Assume now to be in the supercritical case § > 1 (we will see in a while that this
should be the case for QCD), then in terms of N Eq. (2.68) becomes

N(k,€) = N (K2/QX(€)), with QX(¢) = k& mmmemd)E (270
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that is the travelling wave solution is nothing but a scaling solution.
Of course all this depends on the initial conditions. Munier and Peschansky
(MP) suggested that the intial conditions for QCD could be in fact of the form
of Eq.(2.67) [29]. Consider first the limit z — oo at fixed ¢ = tp, that is the
limit L — oo, £ fixed. MP invoked colour transparency, leading to the asymp-
totic behaviour N(k, &) o< k=2, In terms of u this means u(tg,z) ~ e %, with
B =1/(1 —7) = 1.55, hence the x — oo limit has the correct form. Moreover,
B > 1, then we are in the supercritical region. It has been shown [30] that in the
supercritical regime logarithmic corrections to the initial condition (2.67) do not
affect the asymptotic behaviour of the solution, that is we have geometric scaling
even if N(k, &) o< k=21og™ k. Consider now the limit u(tg, —00), that is L — —oo,
¢ fixed. This is a non perturbative region, but MP suggested that N should have
an upper bound because of strong absorption. In terms of u this leads to the
desired condition u(ty, —o0) < c.
Then if these assumptions about the initial conditions are right, the BK equation
provides a geometric scaling solution, with saturation scale given in Eq. (2.68).
In terms of the Bjorken = the saturation scale reads Q2(z) = Q32 (log(x))" ~
Q%x_)‘, with A = asd (% — '_y).

Of course this is an asymptotic results. Munier and Peschansky used a scaling
ansatz to derive the principal subasymptotic correction, obtaining:

Nr@e,e =¢ dsx"Q(Ms> o (Q’Zg) (Qk;@)_%'

o [ gaonme e (@) 27

with My being the solution of Myx/(M;) = x(Ms).

They also tried to generalize these results to the case of running coupling. This
is a very delicate point. First of all, we don’t know if the BK equation holds
also when the coupling runs. Furthermore, we don’t know the argument of the
running. Several possible arguments have been proposed for the non linear regime,
but it still lacks a definitive result. Munier and Peschanski simply ignored these
problems, assuming that BK equation still holds and that the coupling runs with
the standard argument logk. Note that with this choice [as(L), x(—0L)] # 0,
hence there are ordering ambiguities. MP simply assumed that x acts on N but
not on the running coupling, that is they keep the coupling on the left of x. If all
these assumptions are correct, Munier and Peschanski get:

2 —M;
N(k/Qs(€),€) = CEVS ( Qf@)) -

1/3
A | +< 2szX(Ms)> log (k*/Q3(9)) 2.72)

X”(Ms) 51/6 ’
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with the saturation scale given this time by

1/3
2x(Ms) . | 3 X" (M)
206y A2 1/6
2(6) = A p ex 42 2 . (273
Q5(6) OCD €Xp DL § 1 ( STOURYETA 0§ (2.73)
where b = 711%;5”" and zg = —2.338 is the first zero of the Airy function.

All these results are valid only near the wavefront, that is only for k& ~ Qs(§).
Moreover, we stress once again that Eq. (2.71), (2.72) and (2.73) are not predic-
tions of the BK theory, since they were obtained imposing a scaling ansatz. The
only genuine prediction is that for a quadratic kernel with the coupling held fixed
and a suitable boundary condition we may have an asymptotically scaling solution.
However numerical studies [31], [32], [33] of the BK equation seem to suggest that
the predictions Eq. (2.71), (2.72) and (2.73) are almost correct.

2.5.2 Geometric scaling in the saturated region

In the previous section we have seen that near the saturation momentum Qs(§)
the solution of the BK equation with a quadratic kernel asymptotically displays
geometric scaling. In this section we will investigate the saturated region, that
is the region dominated by the non linear effects. We will follow explicitly the
derivation given by Iancu and others [8].

In the saturated regime N = 1, hence we may write N (b,§) = 1—.S5(b,£). In terms
of S the BK equation (2.59) becomes:

d asN, b2,

ag® 0ot =5 | g,

If S ~ 0 we may neglect the quadratic term in (2.74). The resulting equation is
ill-defined since it is ultraviolet divergent. But this is not a problem: we are in
the saturated approximation, that is ¢> < Qs(£)? or b > 1/Q,(€¢). Hence the
saturation scale acts as a cutoff to our integral. The resulting equation is

S, = 2
which shows that S is indeed a scaling solution. Note that we have cheated in
this derivation: putting Qs(§) as a cutoff we have changed the {-dependence of S.
However there are hints suggesting that at least to leading-log accuracy and for
large b the result should be essentially correct [8].

Let us now determine an expression for the saturation scale. Following [8] we
put in the BK equation a scaling solution and obtain then an expression for Q4(&).
Note that once again we are using a scaling ansatz.

Before we start our calculation, note that for a scaling function f(¢), with { =
—log (b*Q%(€)) (we used this form for future convenience) we have

10 = (G108 ) 1O =110 (1e©) . 270

d2b02 (S(bOI, f) - S(b027 f)S(bH: f)) . (2'74)

log (b°Qs(£)%) S(b, ), (2.75)

dé d¢ dg
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Hence assuming that S is a scaling solution we have

d
2 _ 2 2
[ b 550, = m(8(00.7) = 5(0,7) S g @3(€) =~ log QX(O). (277
where we used the boundaries indicated in the previous section, that is S(c0,0) = 0
and S(0,&) = 1. Therefore to obtain an equation for Qs we have to divide by b?
and integrate over d2b the r.h.s. of Eq. (2.74):

d 9 s N,
d—élogQ s(&) =
/d2b01d2b02 1
CcC =
2 b%zb?u

c, with

(S(bo1,€) — S(b12,€)S(boz, £)) - (2.78)

It is easy to see that if S is a scaling solution then c is independent of £. Then the
equation for ()5 becomes

d asN,

QIO == e = QO = Qe (2.79)

T

in agreement with the result of the previous section.
The authors of [8] extended these results also to the case of running coupling.
In this case they suggest that the typical scale of the problem is not @2 but the
saturation scale Q? (for further discussion on this choice we refer the reader to the
original paper). If this is the case the derivation of Qs is exactly the same as in
the fixed coupling case, but with the result

d N,
s QO = Fas (QUO) = QU = AgepeV T, (2.80)

T
with by = % and &y an integration constant. Surprisingly enough, even in

this case we obtain for ()5 a result in agreement with the one of the previous section.
This situation is quite puzzling: we obtain the same result with two different
arguments for the coupling! It is not yet clear why this happens. Incidentally,
this is an indication that the running coupling version of the BK equation should
be handled with care. In other words, a “true” running coupling BK equation is
sorely needed. Some progress in this way have been made by Weigert, Kovchegov
and others [34], [35], [36], but a final result is still missing.

2.6 The extended geometric scaling region

Until now we have considered only the region where the full BK equation differs
from the original BFKL. Let us consider the low energy regime, where we can
neglect all the non linear effects. Tancu and others have shown [8] that also in this
regime there exists a region in which geometric scaling is approximatively valid.
Such region is usually referred as the extended geometric scaling region.
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The argument is very simple. Assume a function satisfies a saturation condition

F6, Q%) g2—q2e) = 1, (2.81)

then without loss of generality we can approximate this function near the satura-
tion line as
QQ >)‘(f)
)

Q3(6)

with A(§) = dlog f/0log QQIQE(@. Assuming that this expansion can be extended
up to values of Q? large enough that the non linear effects can be neglected, A(€)
can be determined by solving the BFKL equation with the saturation boundary
condition (2.81). Of course this doesn’t imply that (2.82) is a scaling solution: this
happens only if A is independent of £. We shall see that this is the case with the
BFKL evolution.

Consider indeed the solution to the (fixed coupling) BFKL equation:

6,07 ~ ( (2.82)

c+100
No& = [ TN &) e T+ ol MG (2.83)

—i00 21

with I = log(Q?/A?) Q? = 1/b? and A is some fixed scale. We assume that ¢ and |
are large enough to evaluate the integral in the saddle point approximation. The
saddle condition reads

d l
—vo(M = — =

This implies that M(l,£) = My(R). Then defining F'(M,R) = —MR + xo(M)
and neglecting all the fluctuations around the saddle we can write the solution
(2.83) as

(2.84)

N(b,€) = eSEF U (R)R), (2.85)

Consider now the saturation criterion Eq. (2.81). In our case this criterion reads

N (b=1/Qs(¢),¢) = 1. (2.86)

Strictly speaking, the r.h.s. of this equation is not exactly 1, since for b ~ 1/Qs
we have seen that S(b,£) ~ 0 but it is not equal to 0. N = 1 is reached only
asymptotically. However, replacing 1 by k£ < 1 would modify our following results
by subleading terms of order 1/(@s€) - logk (see [8]) which we may neglect to the
accuracy of our calculation. In the following then we will suppose that Eq. (2.86)
holds. This saturation criterion yields the following condition on F*:

Q:(8)
Gt log Az

F (My(Rs),R) =0 for R, = (2.87)

Note that R, is a pure number and not a function of £. This implies

QF(€) = APeftast, (2.88)
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in agreement with Eq. (2.79). Moreover, in this case the slope R4 can be easily

computed. Indeed combining Eq. (2.84) and (2.86) and writing My(Rs) = M we
obtain

Xo(Ms) = MsRs = Mgxo(Ms). (2.89)

Using for yg its LO expression (1.116) we can solve this equation numerically,

with the result
My = 0.6275..., Ry = 4.8833... (2.90)

Assume now we want to evaluate N for R slightly above Ry, that is for values of

b which, while still being much shorter than the saturation length 1/Qs(b), are
nevertheless close to it in logarithmic units. More precisely, we shall ask

@ Q)
Qa2 S Az

The condition R > Ry, that is Q? >> @2, ensures that we are in the linear regime,
while the condition R — Ry < R allows us to write

F(Mo(R), B) = F (Mo(R.), Ra)) + == F (M(R), B

0<R—-Rs < Rs, 1ie 1<log (2.91)

(R—Rs)+...=
R=Rs

= —M,(R—Ry) +... (2.92)

where we used both the saturation criterion F'(Mo(Rs), Rs) = 0 and the fact that
My is a saddle point. This indeed implies:

L ronr).R)| = M)+ E 0Mo

or 9Mo — M. (2.93
iR . T OM |y, OR (2.93)

R=M;

Therefore above the saturation scale the dipole cross section N can be approxi-
mated as follows

N(b,g) ~ 8—6&35M5(R—Rs) — (b2Q§(£))MS . (294)

We see that neglecting the fluctuations around the saddle condition and keeping
only the first non trivial term of the Taylor expansion (2.92) the solution of the
BFKL equation exhibits geometric scaling. Let us relax these approximations.
We don’t consider corrections to the saddle point, since they are suppressed by
1/as€. We consider instead the corrections coming from higher order terms in the
expansion (2.92). These terms violate scaling. For instance, if we keep also the
second order of the expansion, we obtain

M, M! 9 1
——= log® ———— 2.95
Ve Tane  pom) 29
with M, = dMy(R)/dR|r=r,. The impact of higher order terms in the expansion
(2.92) is controlled by the ratio (R — Rs))/Rs, hence the scaling behaviour holds

in the window
Q? Q?

Q2 ~ Bz

N(b,€) =~ (b*Q3(¢

1 <log — € K cagl. (2.96)
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Let us summarize the range of validity of our approximation. First, the saddle
point approximation requires that both ¢ and [ are large. Second, we must have
Q? > Q? in order to neglect the non linear effects. Third, R— Ry < R; in order to
truncate the Taylor expansion (2.92) at the first non trivial term. These conditions
define the extended geometric scaling region.

In summary, we have seen that geometric scaling persists also above the satu-
ration scale in the kinematic window

2 Q2
1S log <C)2> < log (A;) : (2.97)

2






Chapter 3

Geometric scaling:
a systematic approach

3.1 The linear evolution: analytical results

3.1.1 Saddle point methods: general analysis

In the previous chapter we have seen that geometric scaling can be obtained also
from the fixed coupling BFKL equation with a saturation boundary, but that
derivation relied on two major approximations. First, we evaluated the inverse
Mellin integral in a saddle point approximation. Second, we considered the saddle
point only in the neighbourhood of the saturation line ¢ = A\{, with A constant.
We may then ask where these approximations are reliable and if geometric scaling
depends strongly on them. For example, if we consider also the third term in the
Taylor expansion, does geometric scaling break down or does this only lead to a
subasymptotic correction? Furthermore, it is important to understand whether
the saturation ansatz is necessary to the scaling or not. Moreover, it is interesting
to investigate if these results hold only for the BFKL kernel or if they are more
general, i.e. if they are valid also for a DGLAP-like evolution. In this section we
will answer these questions. In analogy with the analysis of the previous chapter,
in a first step we will limit ourselves to the fixed coupling case. We will consider
the running coupling case later.

We will start our analysis with the most delicate point, that is the Taylor
expansion. In particular, what we wish to understand is the impact on geometric
scaling of higher orders in the expansion. What we will do is to rewrite this Taylor
expansion kernel in a way that makes evident if and where there is a scaling
behaviour. We will write a (formal) all order expansion, from which it will follow
that geometric scaling asymptotically holds for a very general class of evolution
kernels, but also that far from the asymptotic region scaling violations may be
very strong. We stress that what we are going to do is just a formal manipulation
of the Taylor expansion: at the end we will come back to our starting point. This
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may seem strange: usually we know a series expansion and we wish to resum it,
here instead we do know the resummed result but we want a series expansion.
One may ask why we aren’t content with the traditional Taylor expansion. The
answer is just that we don’t want a generic series representation (remember that
we have already the resummed form, a generic expansion will be totally useless),
we want to find the very particular expansion which has a direct relation with the
geometric scaling.

Let us define the terms of the question. First of all we have to write down
an expression for the total v*P cross section (which should scale) in terms of
something that we can calculate, namely the parton distribution G:

p (&t d _

ol o 252 )zAdfG(f,t)AéCDe L (3.1)
where A is just a numerical constant and the approximation is that we have ne-
glected the term associated to the small eigenvector G~ of the splitting function
matrix, which is asymptotically small at large £ (see Sec. 1.2.6). We are inter-
ested in the asymptotic behaviour of the cross section, hence following what we
have done in the previous chapter we consider only exponential terms, that is we
write G ~ €91, From this definition it follows immediately that the condition
for (asymptotic) geometric scaling is

9(&,t) =t = h(t —15(¢))- (3.2)

Hence as long as we are interested only in the asymptotic behaviour we can consider
simply the function h.
For a BFKL evolution h has the form

h(&,t) = x(M)E + (M —1)t, (3.3)

with an associated saddle point condition
(X (M)E +1)] y_yy. = 0. (3.4)

For a DGLAP evolution instead we have
h(€,t) = (v — 1)t + NE, (v (N)t+€) \N:NS =0. (3.5)

Note that both the saddle conditions share an important property: they are not
function of ¢ and £ separately but only of the ratio t/£. We will see that from this
the scaling behaviour follows.

In order to stress that this is the only relevant property, we may generalize the
situation by considering

h(z,t) = f <b <"z>> y+b (;3) z, (3.6)
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with the associated generalized saddle condition

f (b @)) + g —0. (3.7)

Here f’ means differentiation of f with respect to its argument. Of course with an
appropriate choice of f and b Eq. (3.6) reduces to the usual expressions (3.3) and
(3.5) for the BFKL and DGLAP evolutions.

Now that we have defined the terms of the question, we are ready to search
for the expansion. Following the ideas of the previous chapter we expand around
the saturation line y = Ax. Hence we may define a new variable 7 = y — Az and
consider h(x,y) — h(r,z). Then we expand around 7 = 0:

00
1 dF
k=0 " y=A§

For what concerns the geometric slope A, we choose it such that h(z, Ax) = 0. If
this choice is possible we will show that geometric scaling asymptotically holds,
without requiring any saturation criterion. From our definition of h (3.6) it follows
that A is defined implicitly by the equation

h(x,Ax)=f<b (i))mm(i)x:()—mz—m. (3.9)

We can see immediately the purpose of this choice: with A\ defined as in (3.9) the
expansion start from O(7). This ensures that for 7 = 0 we doesn’t have a residual
x-dependence which can break scaling. With this choice then our expansion starts
from the linear term. Since d, = d;, what we have to evaluate is the generic form
of dFh(x,y)|y=rz- A simple calculation shows that

2
d,h(z,y) = f'V/ <—y““;> y+ b (—?) L= (5) b (f’ 1 z> +f=f (3.10)

where in the last step we have used the saddle condition Eq. (3.7). For the next
few terms we obtain

2
2 Moy
2= Eb
.’,12‘2 .’L'S
d3 =31 — = (3.11)
Y y4 y5

2 3 4
4 T Ty Ty
d, = HQ? - 8$b + ?b

It is easy to generalize Eq. (3.11), with the result that for £ > 2 the general term
of this expansion has the form

1+1 $1+2

d’y“h(a:,y) = (—)k agk)i v+ agk) v+ .+

yk+2
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141 k
(k)L l (k) % k—
+a yEH b0 4+ -1 y2k—1 b= (3.12)

with [ < k — 1. One obtains immediately that {agk)} = %{2!,3!, SOV A R 1 S
a} = k!/2. For what concerns the others coefficients, some algebra shows that a
recursion relation holds:

af =a; } +a (k- 1+1). (3.13)

We are now ready to regroup the expanded terms. The sum of terms proportional
to b is trivial:

0 2 k /.2 X k ) 00 k
, i L kT _b:c —T I e T -7 B
IS ey =3 (7)) -5 () -

k=2 = N Y y 2y yim\yY

1 72
g1 NPT AT

b x? 72 db

1
_Y L 3.14
2927 +y 2 d ( )

(k)

For the other terms things are a little more complicated because of the a;”" co-
efficients, which cannot be written in terms of a generating function. However
we are not directly interested in al(k) but rather in agk) /k!, which instead have a
generating function representation. One indeed can easily prove by induction that

(—)kH af () a (3.15)
G+ DldeF T (1xa) ‘

Then for the I-term we have (up to an overall (—)!*! sign):

[o.¢]
1+1 af“ Lkt

> a(k) Tk T
b(l)l'lJrl Z # b(l)

+k 1 [k —
o Ky y o (k+Dly
B p) Il 1 <7_>l+1 R p) Fl+1 1 (3.16)
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Summing up all these contributions we obtain our final result

B 142 = (—)F z o
h(z,y) = fr+7 . RZZZ o <A(z+1)> dE1B(S) |51 /20 (3.17)

with z = 7/\z.

We see that for a generic kernel only the first term f7 gives rise to geometric
scaling, while all the others violate it. Whether or not the violations are strong,
it depends on the form of the various kernel (and on the kinematic region). Note
however that there are two regions in which geometric scaling holds for a very
generic kernel. First, we may have z ~ 0. This correspond to y ~ Ax, = large. This
is nothing but the extended scaling region of the previous chapter. In this region
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geometric scaling holds up to subasymptotic contributes, hence the approximation
of neglecting higher orders in the Taylor expansion is good. Unfortunately, since
this behaviour is totally generic it tells us nothing about the underlying physics.
In other words, the geometric scaling found in [8] has little to do either with a
saturated or with an ordinary behaviour. However, this is something which is
not generic and so that could gives us a hint about the evolution: the procedure
explained above provides us a prediction for the saturation scale 7 = 0, that is it
gives us a precise value for the constant A. This value should be strongly kernel-
dependent, hence a comparison with the phenomenology can give us an information
about the kernel itself and hence about the evolution.

Apart from the extended geometric scaling region, there is another regime for
which the scaling is asymptotically exact, and which definitely shows that the usual
saturation-geometric scaling association must be handled with care. This is the
region z > 1, that is y > Az. For a DGLAP evolution this condition reads t > A£.
Now, all the saturation-based models say that in this limit geometric scaling should
be broken'. Also in this case the effective parameters of the scaling are kernel-
dependent. Furthermore, now apart from \ we have also a prediction for b(1/\),
hence a comparison with the phenomenology in this region could give us more
information about the evolution. One may object that this new geometric scaling
region is in fact purely theoretical: we are working in a fixed coupling regime,
while at large ¢ the resummation of large logarithms and hence the introduction of
the running coupling is necessary. We will deal carefully with the running coupling
in the next section, for the moment we limit ourselves to one simple observation.
As long as we consider a small t-evolution we can always work in a fixed coupling
regime. Suppose indeed to work at a scale Q% large as we wish. Since physical
quantities aren’t affected by the definition of the renormalization scale, without
loss of generality we can choose as renormalization scale just Qg . Thus the only
logarithms that we can produce are of the form log (QQ/Q(Q)) But then if the
evolution is small, i.e. Q% ~ Qg, we can’t produce any large logarithm and hence
we can work with fixed coupling (fixed of course at the renormalization scale Q).

Until now our arguments have been totally generic. Let us now study a specific
case, that is a BFKL evolution with a quadratic kernel. Note that this is not a
casual choice: this is the only one kernel for which we have a definitive analytic
argument which states that the BK equation admits travelling waves, i.e. scaling
solutions. The existence of travelling waves is often considered a claim of the deep
connection between geometric scaling and saturation. But let us consider this case
in a pure BFKL approach, without any scaling ansatz. In this case our kernel has
the form

X(M) =n+ g(M — My)?, (3.18)

!This is not completely correct. What really happens is that in this region all the
arguments leading to the geometric scaling fail. Hence these models can’t predict geometric
scaling, but they also can’t prove its breaking.
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leading to the saddle condition

X’(MS)Jrz_:M(M—M0)+2:O—>MS(S) —Mo—S,  (3.19)
that is it gives a trivial condition for the saddle point as function of S. In other
words, with a quadratic kernel the saddle point is not an approximation, it is
the exact result. In this case all the further terms of the expansion die, we are
left only with the scaling term and with the first violation, which behaves like
~ 1/¢. From all of this it follows that we cannot see the scaling behaviour as
a consequence of saturation. Of course, the range of validity of the quadratic
approximation (and more in general of the saddle point approximation) and the
parameters of the scaling (that is the exact value of \) are not at all general, they
depend on the kernel we are using. Hence if in a kinematic region the linear and
non linear predictions are different, a careful analysis of the phenomenology can
give us information about whether evolution is dominating. In the next sections
we will perform such an analysis.

We may stress that geometric scaling arises trivially from a quadratic kernel
only in the fixed coupling case: as we shall show with running coupling things
change. In order to make a comparison with the BK case, we will work with a
BFKL evolution. Note that because of duality this is totally generic: if geometric
scaling holds for the BFKL solution, then it holds also for the DGLAP one, since
duality states that these solutions are the same (with a suitable definition of the
kernels). We consider then the running coupling solution to the BFKL equation,
with the argument of the running coupling Q2 as usual. We have shown in Sec.
1.4.5 that this solution can be written as

etico gM AN 1
— = L G(M,. N, Mt + N¢E — ——— M)dM'| .
(3.20)

In the previous chapter we evaluated the M-Mellin integral and we found an
expression for the dual anomalous dimension. Now we perform first the N-Mellin
inversion. Although it is possible to express exactly the result in terms of Bessel
functions, in the spirit of this section we evaluate the integral in the saddle point
approximation. This gives

c+1i00 dM
G, 1) ~ / G(Mo, N3) 5 exp [ Mt -+ /IAC) [Bov /€] (3.21)

—100

—100

with A(M) = [ x(M')dM’. We see that we fall in the case previously discussed,
provided that we expand in the new variable 7 = ¢t — \\/£. This implies a change of
our scaling law. In the next section we will consider more carefully the case of the
quadratic kernel. For the moment we just note that, because of the square root
and of the integral over y, in the case of running coupling the relation between
the quadratic kernel and the scaling behaviour is no longer a trivial condition and
its reliability must be checked case by case.
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Of course substituting an integral with its saddle point solution it is not in
general a good approximation of reality, that is for large but finite ¢ and £. More-
over, we know that with a running coupling quadratic evolution the saddle point
is not reliable. Consider indeed the Airy anomalous dimension, which is an all-
order resummation. It can be shown that this resummed anomalous dimension
can be written as a saddle point term plus a (Borel) resummation of all the saddle
corrections, that is we can write

(s, N) = 7 (O‘N) + Bocts Avss (%) ¥ (3.22)
with
)3 B )

Note that if we limit ourselves to the saddle condition the leading singularity (that
we know from the all order resummation being a simple pole) is a branch cut.
Moreover, the term A~ is singular near M ~ 1/2 because of the vanishing of the
dominator. One can see by explicit calculations that also all the further terms of
the expansion (3.23) behave badly near M = 1/2. We then see that at least in the
case of quadratic running coupling BFKL evolution the saddle approximation is
not a good one. But since we have said that asymptotically in £ every kernel can
by replaced by its quadratic approximation near the minimum, we see that this is
the case of all BFKL evolutions when we let the coupling run. In the next section
hence we will try to link geometric scaling to this all-order resummation, without
relying on a saddle point approximation.

3.1.2 Asymptotic scaling with running coupling

In the previous section we have found that the saddle point derivation presented
in [8] is not particularly appealing, since it is based on an approximation (the first
term of a Taylor expansion) of an approximation (the saddle point). Moreover,
being completely generic it doesn’t tell us anything about the evolution. We have
also shown that the saddle point is not a good approximation if the coupling
runs. Now we want to see if geometric scaling is thus just an accident or if it is
the sign of something more profound. Note that the former case looks unlikely:
numerical simulations suggest that the scaling behaviour is a feature of both the
full linear (BFKL) and non linear (BK) evolutions with the full kernel, where with
full we mean that the evolution is (numerically) exact and it does not rely on a
saddle approximation®. Indeed, in this section we will see that we are in the latter
case: we will show that the all order running coupling resummation and geometric

2Typically here people invoke also phenomenology as a support of geometric scaling.
However we will see that the effective phenomenological importance of this scaling law
seems to be dubious, at least for HERA.
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scaling are related, provided that we treat the factorization correctly. Let us see
how all of this work.

It should now be clear that as long as we are interested only in the £ — oo
asymptotics we can consider without loss of generality a quadratic BFKL kernel.
We start hence by reviewing the main features of the Airy solution. In the next
section we will show that this solution apart from a prefactor can be approximately
written in terms of the difference t — ¢y, where ¢y is the (fixed) factorization scale.
Then in Sec. 3.1.2 we will show how to promote correctly to — to(£). Finally we
will obtain geometric scaling by simply identifying to(§) with the saturation scale

ts(§)-

The Airy solution revisited

Consider the Airy solution in (N, ) space for the eigenfunction G, that is

(¥) 5 G2 om

In the previous chapter we have said that all its major problems (namely un-
physical oscillations for large enough &) are in fact due to a wrong factorization:
the oscillating terms are in fact factored out in the initial condition. In other
words, what we are interested in it is not the solution Eq. (3.24) but rather the
evolution factor:

G(N,t) = K(N)eMotAj

G(N,t)
L[N, t, to] = GIN.1o)° (3.25)
Suppose now we want to Mellin transform Eq. (3.25). At ¢ large enough the
inversion integral will be dominated by the pole in N = Ny > 0 of G(N,t).
Further singularities on the left of Ny (as for example the boundary condition
simple pole at N = 0) are suppressed in the high energy limit. It is straightforward
to see that the position of this leading pole Ny is implicitly defined by

c 1 k 13
Ne  as(to) oo <2ﬁ0Ns> ’ 1320

where zg = —2.33811... is the first zero of the Airy function.
Then we can write the solution of (3.25) as

Gmmy“1<1 B 1>+Z
k Bo \as(t)  as(to) ’

where the last term exp(£N;) is nothing but the exponential factor arising from the
Mellin inverse transform. Apart from this term we note that the solution (3.27)
has a remarkable property: it is function not of ¢ and ¢y separately but only of

L[¢, t, to] ox eMolt=to) A

eN& (3.27)
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their difference t — 3. In other words, we can write I'(t,#) as
[(t,to) = f(t —to) exp [Ns (to) &] . (3.28)

But this has an immediate consequence in terms of geometric scaling. Remember
indeed that the scaling law should hold not for G but for G exp(—t). Now, assume
to choose the initial condition such that

to = Ng§, (3.29)

then we have geometric scaling in term of the variable 7 = t —t,, with £, = N £. In
the next section we will show that in fact we cannot operate such a choice without
harm, but for the moment we will neglect this problem and see where the naive
scaling condition (3.29) leads us.

First of all we make some observations. We have derived geometric scaling only
for the evolution factor. If the initial condition doesn’t exhibit a scaling behaviour
the total cross section won’t scale either. However, numerical analysis of the BK
and BFKL equations seems to suggest that for large enough rapidity the boundary
condition are “washed out” by the evolution. If this behaviour is in fact true, then
we recover geometric scaling, at least asymptotically.

Now we want to understand what our choice of the initial condition implies in terms
of evolution. To this purpose consider the evolution of a point in the (¢, &) plane.
Geometric scaling says that considering the evolution of each point separately
from all the others is in fact superfluous: points on the same t — t4(§) = 7 line
indeed evolve at the same manner. In other words, geometric scaling implies that
the evolution of a point automatically determines the evolution of the whole line
where it lies, as shown in Fig. 3.1.

Assume indeed to consider two point on the same geometric line (in general this
line could be a curve. In the picture we have assumed for simplicity a linear relation
between t; and £, but of course our argument holds for every curve), say A and
B, and assume to evolve them. First we evolve A to A’. Consider now B. Since
the evolution B — A doesn’t affect the total cross section, the evolution operator
Op_ 4 is nothing but the identity operator (obviously we are thinking of such an
operator acting on the cross section). Hence we may write

Oyt 0(B) = Oy 0 Op_ 4 0(B) = a(4), (3.30)

that is we have to know only the evolution of one point in order to know the
evolution of the whole line* . It is clear then that in a geometric scaling context
the natural boundary condition is not on a single point, but rather on a line.

3In fact this is not completely true, because of the ¢y, dependence of N,. We will see
that in a particular situation this term can be factored out, just as we did for unphysical
oscillations. However in general it gives rise to (subasymptotic) scaling violating terms.

4Note that this implies that geometric scaling cannot hold everywhere, it must have
only a limited range of validity. Otherwise indeed we could know all the non perturbative
information from the perturbative one. To see this, assume we want to determine the cross
section in Qo ~ Agcep. We may then walk up on the geometric line up to a perturbative
scale () > Agcp, calculate the cross section and then walk back with our result to Q.
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3 3
Evolution of the total cross section 0’?0* Pin a generic case (left) and in presence
of geometric scaling (right). Points lying on the same geometric line leads to the
same value for the total cross section

Figure 3.1: Evolution in presence of geometric scaling

Now that we have understood the meaning of our choice of the boundary, we
may explore its consequences. Namely, we want to obtain a functional form for the
saturation scale. From Eq. (3.27) and (3.29) it follows that the naive saturation
scale tg is implicitly defined by

c ¢ 1 k 1/3
% B Fs B as(t()) a IBOZO (2/80Ns> . (331)

Hence we must obtain an approximate form for Ng(¢g). To his purpose, we may
rewrite Eq. (3.27) as

c ko1 oV
N Boto — 2050 (2&)6 (toﬁo — 2000 (250> )) , (3.32)

where we have put 1/a4(k) = Sok. In the limit of large saturation scale ty we may
express the solution of this equation as

c 1/3
a = oo +0 (to ) . (3.33)

Of course this is just a crude estimate. In general however the solution can be
written as

c
& = aoto + arts® + aoty® + astt!™ + .. (3.34)
S
In terms of the saturation scale this in turn implies
c c ai ,—2/3
to = N ~ ¢ o 5(1_750/), (3.35)
aoto + aitg aolo ao
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where we have considered only the first two terms for simplicity. From this we

obtain
to = \/05 (1_ C“t52/3> = \/Cg (1— alt(?m) =
ago ap ao ao
—1/3 1 1/6
. é(l[f] >:‘/cfa1(%) NCED
ao ap |ap ap  2ap \ao

where these manipulations are valid if we neglect all the terms O (51/ 9). The
generalization of Eq. (3.36) to higher order is trivial. Note that without any
saturation or scaling ansatz we have recovered the same behaviour of the saturation
scale of [37], that is

to(€) = A\/E+ BEYS + . (3.37)

Moreover, thanks to our all order resummation we are able to find the £ dependence
of the saturation scale up to any chosen accuracy, while in [37] the scaling ansatz
provided only the first correction, that is the ~ /6 term.

Let us now calculate the leading coefficients ag and a;. From Eq. (3.32) and (3.34)
it follows immediately

o\ 1/3
ap = Bo, a1 = —z00 <2c> , (3.38)

_Je& [ x(Mo)
A_\/;_ Bo VE. (3.39)

All this seems very appealing, but there is a flaw in our argument: by assuming
to = to(§) we have in fact changed the evolution equation. In the next section
we will explain how this happens and we will show how to resume the correct
evolution even with £-dependent boundaries.

from which

¢-dependence of the factorization scale

We have said that giving a £ dependence to the initial scale ty we have modified
the true evolution equation. At first sight this could seem strange: after all our
starting result Eq. (3.24) was obtained in Mellin space, and the variable Mellin
conjugate to M is ¢, not tp. The initial scale enters in our equation only in a
later stage of the calculation. Hence we may think that our choice of ¢ is totally
legitimate. In fact this is not the case, as we shall now see.

From the definition of I" Eq. (3.25) we see that ¢ is indeed the factorization
scale. If this were not be so, we couldn’t factor out the unphysical oscillations and
hence we would get a totally absurd result. But if it is the factorization scale, it is



88 GEOMETRIC SCALING: A SYSTEMATIC APPROACH

also the scale at which we define the starting condition for the running coupling.
That is the definition Eq. (3.25) implies

1 as(to)

~ Bolog A§22 1 +,80as(to)log8—§'
QCD 0

as(t) (3.40)

Of course the two definitions are equivalent, hence even with our choice of tg
the running still does not depend on ¢ (which is obvious: the coupling, being
an observable, cannot depend on the renormalization scale). However, only the
second one is relevant when we calculate the Airy resummation, as one can see
immediately by simply remembering what we have done in the Sec. (1.4.5). The
variable ¢ there defined is not the traditional ¢ty = log Q? /AQC’DQ, but rather
tg, = log QQ/Qg, with Qo being the factorization scale. Hence, if we want to give
a & dependence to ty and we want that ¢ty remains our factorization scale, we have
to give a & dependence to t, where here with ¢ we indicate not a precise scale but
rather the Mellin conjugate to M. In order to keep track of ¢y in ¢, we can define a
new variable for the Mellin conjugate to M, that is we may write ¢t =ty —top, and
give a £ dependence only to tgp. From now on this new definition will be implicitly
assumed, hence we can drop the A index in order to shorten the notation.

With this new definition it is easy to see how the evolution equation changes.
Write indeed G in a Mellin representation:

c+i00
Ge,t) = / Cé—]\:eM(t*tO(f))G(M, . (3.41)

—100

From this it follows immediately

Lot = [ Moo (g an  CEI)

d o 2 d d
‘ etio d; ¢ ¢ (3.42)
= / | ;eM(t—to(f)) (=Mt + x(ds, M)) G(&, M),

that is we do not have our starting BFKL equation any more.
However we can recast Eq. (3.42) in a traditional form by simply defining a
new “geometric scaling” kernel, related to the traditional one by

Xgs (Gs, M) = x (s, M) — Mt (3.43)

where we have put t; = tg since this will turn out to be the true geometric scale. As
we shall now see, from a pure theoretical point of view the new term doesn’t give
any problem, since it is only a linear contribution. Assume indeed one considers
a totally generic evolution kernel x and one performs a Taylor expansion around
M = Mj. Since the only interesting contribution for the asymptotic limit £ — oo
comes from the quadratic part, we may separate it from the rest of the expansion,
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i.e. we may write

— d" k k 2
X(M) = ; WX(M)’M:MO (M — M) =c+ 5 (M — My)® + other terms.
(3.44)
Now consider the the effect of a generic non quadratic term, say of the cubic
1/6 ¢(M — My)? term for definiteness. In ¢ space this contribution can be viewed
as a differential operator acting on the solution without the cubic term. Suppose
for simplicity that we have only the quadratic kernel plus a cubic correction. Then

what we have said is that the full solution can be written as

3

Cd> G2(N7t)7 (345)

1
G(N,t) =exp (— 7

6

where (G5 is the solution with only the quadratic part. The generalization of Eq.

(3.45) to other terms is obvious. Note that in general we can’t deal easily with

terms of the form (3.45), typically we can treat them only perturbatively. However

for a linear terms things become trivial. Indeed the operator associated to such a
term is nothing but

d
O1(N) =e —A— 3.46
) =exp |- (3.46)

that is the generator of translations:

O1(Nf(2) = f(z = A). (3.47)

Hence the effect of our linear term is nothing but a shifting of the argument of our
solution. Furthermore, noting that

d _ (260N>1/3 d

we can write the “geometric scaling” solution straightforwardly:

<2ﬁ2N>1/3510 (a:(t) - % —Boté>] . (3.49)

It is easy to see that this changes nothing in our previous argument, it simply
changes the implicit definition of #:

c [c B 1 , k 1/3
=)o (m +t~ (gmm) 5) ©o B

Hence from a theoretical point of view we obtain the same results of the previous
section. However Eq. (3.50) is very difficult to master, even if we limit ourselves
to the first few terms of the expansion (3.34). Hence me may adopt a different
strategy.

Gys(N,t) = K(N)eMolt=t) A
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Assume indeed to perform a slightly different expansion of our original kernel,
that is we expand it around a point near the minimum but which is not the
minimum. For the moment we can choose this point as we like it, later we will
see that the self consistency of our approach impose a unique choice. We can then
write our original kernel as

X(as, M) = és <X(M(]) + X' (Mo)(M — M) + %X”(M — M0)2> + .. (3.51)

Then the geometric scaling kernel reads

Xgs (Gs, M) = x (Gg, M) - Mt, =

= Qs (X(Mo) + X' (Mo)(M — M) + %X”(M - M0)2> — Mt (3.52)
Our strategy will be the following: we search a value M such that the term — Mt
cancels exactly the linear term of our geometric scaling term. Acting this way we
obtain a new kernel which is quadratic, to which we can apply all the formalism
derived in the previous section. Of course the new kernel will be in general different
from the starting one, hence we will obtain different parameters for the saturation
scale.
We can treat the running coupling perturbatively. It can be shown [18] that
expanding the Airy solution we find exactly the same terms obtained by the per-
turbative expansion of the running coupling, this ensure that our procedure will
lead to the correct result. The advantage of this perturbative approach is that the
expansion is finite, since our kernel is a polynomial of degree two. Namely, one
found that the geometric scaling kernel can be written as

Xgs(s, M) = [as (x — X' Mo) + a2Box’ — a2 Box" Mo — a2 35x"] +

1
+ o) + aZBox” — t| M + asgx”(M — My)?|, (3.53)

where ag = a(ts). Assume now that we want to consider the leading behaviour
of the saturation scale. Accordingly this reduces to

1
Xgs(as, M) = s (x = x'Mo) + (asx’ = ) M + as X" (M — Mo)®. (3.54)

Following our program then we have to solve
th=asx = LX’ (3.55)
o Bots ™’ ‘

leading to the following definition for the saturation scale:

_ =
t = 56 (3.56)
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in analogy with [37]. But remember that the procedure of the previous sections

leads to the prediction
c
ts =4,/ =&. 3.57
V5 € (3.57)

Hence, our approach is self consistent only if cgs = 2x'. But ¢y = x(M) — x' Mo,
hence we must have x/(2 + M) = x. This fix uniquely My at a value slightly
different from the one argued in [37].

At last, we can say that the total cross section has indeed a scaling behaviour,
that is

*P (4 _ .
ol oc e (tts)(1=Mo) A

(25 oVs (3.58)

1/3
k‘ > (t_ts) +Z0

The scaling law is broken by the residual £ dependence of Ns. However assume
that we are very close to the saturation scale, that is that we have t ~ t5. Then
we may expand the Airy function and factor out Ny in the boundary condition,
just as we have done with the oscillating behaviour. In this case we obtain

. 2 1=Mo 2
ol P~ (Qé;;j)> log Q?(:E)’ (3.59)

in agreement with [37].

In this section we have clarified that geometric scaling cannot be claimed as
a prerogative of the BK equation. However, note that all our predictions share a
common property: they blow up when £ — co. In the case of running coupling
this bad high energy behaviour is reduced w.r.t. the fixed coupling case, however
from a theoretical point of view this is not a good situation. We have shown that
geometric scaling is neither a proof nor a hint for the existence of a non linear
regime, but such regime (or something very similar) must exist in order to ensure
unitarity. Hence the true “original” prediction of the non linear equation is not
geometric scaling but the saturation of the cross section for small x. As far as we
know all the solutions of the linear equations blow up at very high energy. With
the naive kernel ¢ this growth is very rapid and leads to unitarity violations even
for not so small z. However with the resummed kernels of Sec. 1.4 this rise is
softened, hence the problems with unitarity arise only at very high energies. So,
it is not yet clear where the non-linear effects become relevant. However there
must come a point for which non linearities are relevant, hence requiring the full
BK equation. For what concerns the BK prediction, there is a point that we must
clarify. Because of the non linear damping term we have seen that Eq. (2.59) gives
rise to saturation, and this is totally general. However, it is not clear how this
saturation is reached and if the travelling wave solution (i.e. geometric scaling) is
universal or not. We have said that geometric scaling arises only for a particular
class of the boundary conditions, and also the behaviour of the cross section at
high energy may depend strongly on them. Hence, even if the BK equation is a
perturbative result, its predictions could be dominated by the non perturbative
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input. Of course one should say that this is the case of all QCD phenomena, but
this is not completely true. For example, the DGLAP prediction for F; is universal
for sufficiently large ¢, that is the contribution of the boundary is subasymptotic
with respect to the contribution of the perturbative evolution: the non perturbative
information enters only as a trivial overall constant. We don’t know if this is the
case of BK equation. However, it seems that in the region interesting for the actual
DIS phenomenology the solution may be boundary-condition dependent.

3.2 Geometric scaling at HERA

Until now we have worked on a totally theoretical plan, but all our theories must
be tested with the existing experimental results. In this thesis we will focus on
HERA data on deep inelastic scattering. Applications to other processes, namely
experiments with heavy ions, may be found in [38] and references therein.

As we have mentioned in the introduction, a correct understanding of the true
nature of the evolution in the HERA kinematic window is fundamental. Through-
out all this thesis we have shown that from a theoretical point of view knowing
the correct evolution in a given kinematic range is very useful, since it can give
information about possible saturation effects. But also from a phenomenological
point of view the knowledge of the real evolution at HERA is of the highest impor-
tance: all the parton distribution functions extracted from HERA data are evolved
according to a DGLAP theory. If this turn out to be wrong, all our PDF are dis-
torted and hence they introduce systematic errors when we use them as input for
the calculation of others processes. Note that this is not a minor problem: just
to make an example, the Higgs production via gluon fusion at LHC is strongly
dependent on the small-x PDFs.

Hence a careful analysis of the HERA phenomenology is needed. This section
is devoted to such analysis. In fact, in order to perform a more flexible analysis
we won’t work directly with HERA data, but we rather use an interpolation based
on a neural network parametrization. Thus, before starting our true analysis we
will give in Sec. 3.2.1 a short introduction of the neural network approach to deep
inelastic structure functions fitting and we will specify parameters of the net that
we have used.

In order to test our theories, the first task we will accomplish is to understand
what is the exact kinematic window for the geometric scaling at HERA. In Sec.
3.2.2 then we will test the scaling behaviour in different kinematic ranges. Once
stated where the geometric scaling holds, we will extract from the available data
the parameters of the scaling law, namely the geometric slope \. We will do such
an analysis in Sec. 3.2.3, both with fixed and running coupling. Finally, in Sec.
3.2.5 we will compare the traditional predictions based on the DGLAP evolution
with the ones based on the BFKL/BK theories.
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3.2.1 The neural network parametrization of DIS data

As we have mentioned in the introduction of this section, in our analysis we won’t
to use directly the experimental data, but rather a suitable interpolation Fip.
This allows us to perform a much more flexible analysis. But of course in order to
obtain reliable results F,;, must contain all the available information about the
data. From a theoretical point of view one can obtain F,;, quite easily: one has
only to choose a basis in an appropriate function space and to expand F¢y, on
this basis. Note the result of this expansion is totally independent of the chosen
basis. Then all one has to do is to obtain the appropriate coefficients of this
expansion from experimental data. But of course a non trivial function space
has infinite dimension, hence we would have to determine an infinite number of
coefficients. In other words, we would need an infinite number of experiments.
In fact what one does is to truncate the infinite expansion and to fit the finite
number of coefficients with all the existing data. However in this case the result
is dependent on the chosen basis. The determination of the basis hence leads to a
systematic error which is very difficult to deal with.

In our case we will use a different interpolation system, neural networks. The
main advantage of this approach is that we don’t have to say anything about the
functional form of our F,;,. The strategy of the neural network parametrization
we will use is the following (see Ref. [39]): first with Monte Carlo methods one
generates a probability measure in the function space such that it gives a faithful
representation of Fi,, evaluated in the known experimental points, then one feeds
the neural network with this measure. The result is an interpolation extended to
the whole (x, @?) plane. Of course we can trust this interpolation only in a region
where we have experimental data.

The neural network we will use was trained with all the existing experimental
DIS data (in reality some very old and inaccurate data were removed), that is
with the result of 13 charged lepton-proton scattering experiments. The kinematic
coverage of these experiments in shown in Fig. 3.2. The characteristic triangular
form can be easily understood if one takes in account the relations between z, Q>
and the centre of mass energy /s:

2
YminS < % <s, (360)

where Y, depends on the experiment. At HERA /s ~ 314 GeV and ¢, =~ 0.04.
The interested reader can found a more detailed description of these experiments
in [39] and references therein. With respect to what we have said in the previous
sections, we must specify that at sufficiently high virtualities DIS can be mediated
not only by a virtual photon but also by a Z. However our net was built in order
to handle both this cases.

The output of the net is the structure function Fo with the relative error and
correlations. This output not only agrees with the experimental results with which
the net had been trained, but it has also passed various reliability test. Hence we
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Figure 3.2: HERA kinematic range

can safely trust it, provided that we stay in the kinematic region shown in Fig.
3.2.

3.2.2 The geometric scaling window

In order to study the geometric scaling at HERA, first of all we have to know the
kinematic region where the scaling behaviour holds. The goal of this section is
just the determination of this kinematic range.

As a warm-up, we want to reproduce the original geometric scaling observation [1].
To this purpose, we have generated a grid of 1685 points in the (a:, QQ) plane, with
the condition 2 < 0.01. At HERA this bound implies 2 € [1.14-1079,0.01] and
Q? e [0.05 GeV?2, 450 GeVQ]. Since the natural variables in our theories are not x
and Q7 but rather ¢ and ¢, we have chosen our points equally spaced in logarithmic
units. Our sample is shown in Fig. 3.3, where we have also depicted two (fixed
coupling) geometric lines, Q% - z* = 10 and @2 - » = 0.01. Note that we have
followed carefully the contours of the HERA triangle, in order to be absolutely
sure about the output of the net.

As a starting point for our analysis we use the fixed coupling form for the
saturation line. For A we use the same value of [1], that is A = 0.29. We hence plot
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Figure 3.3: Data sample

the output of the net in function of the fixed coupling scaling variable® 7 = Q?-z*.
The resulting plot is shown in Fig. 3.4. At first sight geometric scaling seems to
hold almost exactly. However note that the plot is in logarithmic units: the Q>
range is so wide that the error bars aren’t even visible. Hence this plot should be
interpreted with care. Furthermore, dimensional analysis tells us that for large 7,
and hence for large @2, the cross section should drop as 1/Q? up to logarithmic
corrections. Hence in Fig. 3.4 what we are seeing, at least for large 7, could
be only this trivial asymptotic behaviour, which masks all the other interesting
subasymptotic contributions.

In order to quantify what we have just said, we can consider

F(z) = o),k (w 02 = T/xk) , (3.61)

that is the total cross section in function of x at fixed 7. If geometric scaling
holds, then F(z) is a constant. In Fig. 3.5 we plot F for different values of 7.
Note that the scaling behaviour approximatively holds, but these plots clarifies
that the geometric scaling description of HERA data is not as good as one can

®Note that in this section we use a different definition for 7: here 7 = Q?/Q(z)?, while
in the previous section we have defined 7 =t — t4(§).
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naively think from Fig. 3.4. In particular, we will see in Sec. 3.2.5 that the
double scaling prediction (i.e. the pure DGLAP prediction) is a better description
of HERA data (of course only in the kinematic range where the DGLAP theory
can be applied).

Note that for small or large 7 we have only few points (one can understand this
immediately by inspecting Fig. 3.2), for very small 7 we may have just one point
for each different value of 7. But then in this region Fig. 3.4 doesn’t tell us nothing
about the scaling behaviour.

In order to understand if what we are seeing is in fact the geometric scaling
predicted in the previous sections, we can adopt the following strategy. Our scaling
law should hold for BFKL/BK-like evolutions, hence it should be relevant only at
large €. Moreover, all our analytical analysis have shown that the scaling behaviour
should be exact only in the asymptotic limit £ — oo. Hence if we enlarge the
kinematic window in order to consider also points with smaller rapidities, i.e. with
x > 0.01, we may expect that the scaling behaviour disappears or at least that
we can see some violations. But this is not the case of HERA data, as shown in
Fig. 3.6: geometric scaling holds up to large values of z, say  ~ 0.1. This may
be a first hint that in fact the scaling behaviour of the cross section is not directly
related with the BFKL/BK geometric scaling prediction, at least for large 7 (that
is for large Q2 and ).

Note however that the true non linear prediction, that is saturation, seems to
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Figure 3.5: Total cross section at fixed 7

be visible in the region on the extreme left of the plot. This is of course a region of
very large rapidities, hence our theories should apply, but unfortunately it is also a
region of low virtualities, hence perturbation theory is not reliable: we even reach
values such that Q? < AéCD, that is we go through the Landau pole of QCD.
There are arguments showing that one could use perturbation theory even in this
regime, but no one seems to us totally plausible.
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Figure 3.6: Geometric scaling in different kinematic windows

3.2.3 The geometric slope

In order to understand whether the observed scaling behaviour is geometric scaling
or not, we may extract from the experimental data the saturation slope A\ and
compare it with our theoretical predictions. However this is not a trivial task: we
do not have a well-defined function to fit. All our analytical predictions indeed
hold only in the asymptotical regime £ — oo, while at HERA the largest value of
¢ is 13. Furthermore, data with large rapidities have also small virtualities, hence
our leading order predictions aren’t reliable. Hence our asymptotic expressions are
inappropriate at HERA. Thus in order to extract a phenomenological value of A
we won’t fit an analytical expression but we rather follow the approach proposed
in [40]. Our strategy will be the following. We will associate to each possible value
of A\ a quality factor which express the goodness of the scaling behaviour. Then
we will perform a scan in A and choose as Acz, the one with the highest quality
factor.
Our expression for the quality factor is

-1

QM) = it — )" (3.62)

7 (Tip1 — )" + €
where x and y are rescaled 7 and U;’;tp, such that 0 < z;,y; < 1, while € is just
a small number. It is easy to see that Eq. (3.62) accomplishes its task. Consider
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indeed two successive points x;, x;11. If we have the scaling behaviour, that is
if it exists a function o(z;) such that y; = o(z;), we may expect that the images
through o of x; and w;41, that is y; and y;4+1, should be very close. Otherwise,
we expect that y; is not related to y;+1. We then see that Eq. (3.62) is a good
definition for a quality factor. The role of € is very simple: it prevents the sum to
blow up if we have two points with the same =x.

Quality factor
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- Gaussian fit
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Figure 3.7: Quality factor in the running coupling case

We have used the quality factor Eq. (3.62) to extract Aezp both for fixed and
for running coupling geometric scaling, that is with geometric lines defined by
t — Apiz& and by t — A\pun/€. In Fig. 3.7 a typical quality factor plot is shown. In
order to extract a value from such a plot, we perform a gaussian fit (also shown
in Fig. 3.7). Our best fit results are A = 0.28 & 0.04, Ay = 1.62 £ 0.17, in
agreement with the results found in [40].

We can now replot our cross section using these new best fit parameters. In the
case of fixed coupling the shape is almost identical to the one shown in Fig. 3.4,
hence we do not report the plot. Consider instead the running coupling version
of geometric scaling. In this case too the scaling behaviour seems very good, as
shown in Fig. 3.8. But in this case too the same argument of the previous section
applies. In particular if we plot the cross section at fixed 7 in function of x we
obtain a behaviour analogous to that depicted in Fig. 3.5.
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3.2.4 Comparison with the theoretical predictions

In the previous sections we have seen that geometric scaling holds in a very wide
kinematic regime, both in the case of running and fixed coupling. But this seems
at least strange: for Q2 very large and for a large kinematic window we could
expect a failure of a fixed coupling theory. Note that here we have huge Q?: with
the bound z < 0.1 at HERA we can have Q2 up to 9000 GeV2. Hence we cannot
trust seriously a theory which neglects systematically all the large logarithms of
Q.

In fact, we have not yet said that the scaling behaviour of HERA data and
the geometric scaling predicted in the previous chapter are the same. In order to
make a comparison, we will quote the main results that we have obtained in the
previous chapter and in the first sections of this chapter. Let us start with the
fixed coupling case. With the BK evolution in the quadratic approximation the
geometric slope is obtained as the speed of the travelling wave solution, that is

11\ (1 1 x(1/2)

A iz = oY | = ——14=4/1 ——— | = 4.62870q;. .
BK, f g X <2> <2 +2 +8X”(1/2)> 6287 (363)

With the saddle point approximation of the BFKL equation instead one obtains

>\BFKL, fix = 5ésX/(-]Ws)a X(Ms) = MSX,(MS)’ (3'64)
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leading to the prediction A ~ 4.8833a. Note that the two predictions are compa-
rable, but both fail completely do describe the data for realistic values of as. These
predictions lead to a phenomenologically acceptable A value only for «ag ~ 0.06,
while in the small-x region of HERA we can typically set as = 0.2. We could have
expected this failure: in such a wide kinematic range we cannot neglect running
coupling effects. Let us then consider the running coupling version of geometric
scaling. In [37] using a scaling ansatz the authors obtained

2x" (M
Aansatz, run — Xé{)O), X(MO) = X,(MO)M07 (365)

leading to the prediction A ~ 3.75. In the first section of this Chapter instead we
obtained from the Airy anomalous dimension

)\Airy, run — %(éi\mv X(MO) = X/(MO)(z + MO)? (366)

leading to the prediction A ~ 1.78139. We see that in this case too the theoretical
and phenomenological values disagree. Note however that our prediction is closer
to the phenomenological value. Moreover, in this case too we could have expected
a failure of the Airy prediction: we have seen in the previous Chapter that the
Airy approximation is not so good, in order to obtain a correct description of
the phenomenology one should consider the Bateman anomalous dimension. We
obtain a value which is not so bad because we are considering only the leading
asymptotic behaviour of the Airy anomalous dimension, which is not so different
from the Bateman one.

In order to have a representation of the errors of our theoretical estimates,
in Fig. 3.9 we plot the cross section in function of 7y.,-. The theoretical fixed
coupling predictions are not universal, they depend on the value of the coupling.
For the plot in Fig. 3.9 we have chosen the typical value ay = 0.2. There are some
interesting observation about Fig. 3.9. We will left for later the more obvious,
i.e. that the Airy prediction is very good. Consider the two plot on the top of the
figure, that is the fixed coupling and the scaling ansatz running coupling solution.
We note that the running coupling prediction is better than the other. This is
nothing but a further signal saying that in this kinematic window we can’t neglect
large @ logarithms (and hence DGLAP evolution). We note also that in the limit
of small 7, i.e. of small ¢ and large &, the theoretical predictions seem to capture
the main features of the evolution. This is of course plausible: in this region the
log Q? terms are not so large, hence we may neglect them. Towards the saturation
region all the theoretical predictions seems to furnish a correct representation of
the data. However in this region we don’t have experimental information enough
for a definitive affirmation: as we have said, in this region the points are just a
few (see Fig. 3.5), so it is not so strange that they lie on the same line. However
this seems not to be just an accident, as we can see in Fig. 3.10. Unfortunately, as
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Figure 3.9: Geometric scaling with theoretical slopes.

we have said this region corresponds to very small momenta, hence it is dubious if
we can apply standard perturbative theory, even if we are at large rapidities. We
may say hence that at small 7 we have a hint that our theories are correct, but we
have no definitive argument.

Let now consider in detail the case of the Airy scaling. From Fig. 3.9 it seems
that the Airy theory can explain all the HERA kinematic window. This should be
strange, since from other analysis it emerges that the Airy anomalous dimension
is not a good approximation of the true evolution [4]. However, we have never said
that the Airy scaling is the correct description of HERA data, we just have shown
that its prediction for the geometric slope is quite accurate. This of course is a
necessary condition for a correct description of the data, but it is not sufficient.
We have fitted the experimental points with a function of the form of the Airy
prediction, that is

o (\NIMoo
ol =Al-= logE. (3.67)



3.2 GEOMETRIC SCALING AT HERA 103

> 0.8
0.6
0.4
0.2

-0.2
-0.4
-0.6
-0.8

-1'2 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I

-10.5 -10 -9.5 -9 -8.5 -8 -7.5
logt

Figure 3.10: Enlargement of the small 7 region.

In Fig. 3.11 we plot our result. Note that there is an agreement with the data
only for small z. Note that with our theory we can’t predict the actual values of
A and B. From Fig. 3.11 it would seem that the small 7 region of HERA data can
be explained in terms of perturbative resummation only, that is there is no strong
evidence of saturation effects. However, this region is highly non perturbative,
hence it is dubious whether our analysis applies or not.

Note that the most of HERA data can’t be described in term of the Airy
scaling, hence our theories seems to fail for not so small 7. This is because until
now we have neglected the real relevant evolution, that is the DGLAP evolution.
In the next section we will see that the DGLAP solution explains perfectly the
data in the whole kinematic window where it can be applied (that is at sufficiently

large Q?).

3.2.5 DGLAP evolution

One may legitimately wonder what is the role of DGLAP evolution in the HERA
kinematic range. In this section we will show that for Q% > 10 GeV? the DGLAP
solution reproduces all the available data with great accuracy. At first sight this
may seem strange, since we can’t find an analytic scaling prediction. However the
DGLAP solution scales almost perfectly, as we show in Fig. 3.12. This behaviour is
easily understood. Consider indeed the two pair of conjugate variables 7o = t+\¢.
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Figure 3.11: Airy fit

If for a value of A the derivative of o4 with respect to 7 is small, then we have
the scaling behaviour. Now, this is exactly the case of our experimental value
Aexp = 0.28. The same argument applies also to the case of running coupling
scaling.

Hence the original geometric scaling observation in most of the kinematic win-
dow is nothing but a simple approximation to the DGLAP evolution. Note that
this explains why the scaling behaviour persists also for not so small values of x.

Moreover, in this kinematic window we can consider an approximate solution
to the DGLAP evolution, that is the double scaling prediction. In order to see
that in this kinematic window the double scaling solution is in fact the correct de-
scription of the phenomenology, we plot the experimental results rescaled with the
full asymptotics and subasymptotics double scaling predictions. In other words,
consider the double scaling prediction for Fj:

v p
By(t,€) = N (2 ) —), 3.68
2(t,€) N Gl (3.68)
with o, p, 7 and 04 defined as in Sec. 1.2.6. Eq. (3.68) hence implies that the
rescaled function

wFyo—ge5+(”/p)—?WFQ (3.69)

should in fact be a constant. In Fig. 3.13 and 3.14 we plot this function of p and
o, for values of Q? smaller than 25 GeV?, this way we do not have to consider
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Figure 3.12: The theoretical DGLAP cross section for Q% > 10 GeV?

bottom quark contribution and hence we can always put ny = 4. Note that in
this case the agreement with the expected prediction is better than in Fig. 3.5.
In other words, as long as Q% > 10 GeV? the true small x evolution is just a pure
DGLAP evolution.
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Summary and future work

In this thesis we studied perturbative QCD in the small-z limit. In particular we
have tried to understand the phenomenon of geometric scaling observed at HERA.
In the first chapter we have introduced the traditional evolution equations of per-
turbative QCD, namely the DGLAP and the BFKL equations. We have shown
their utility and their limits. Then we have shown how one can improve these
equations. First we have considered perturbative resummations, which enable us
to deal with two large scales. Second, we have unitarized the BFKL equation by
considering a generalization to multiple scattering of the standard BFKL theory.
This has led us to the non linear BK equation. Finally we have shown how geo-
metric scaling arises from the non linear evolution. The last chapter was devoted
to an intensive study of geometric scaling. First we performed an analytical study
of the linear equations and we showed that also in the linear regime we can have
asymptotic geometric scaling. This implies that geometric scaling is not directly
related to saturation. However, the saturation and the linear predictions for the
parameters of the scaling behaviour (that is for the geometric slope \) are dif-
ferent, hence a careful analysis of the phenomenology can give us an information
about the true evolution. Hence in the last section of the thesis we have tested
our theories with data. We focused on the deep inelastic scattering data, which
are traditionally considered one of the most striking proofs of geometric scaling.
In fact, we have shown that the geometric scaling observed at HERA has little
to do with non linear effects (i.e. with saturation): it is nothing but a “masked”
manifestation of the traditional double scaling behaviour of the structure function
F,. However, in the region of very large rapidities data may be compatible with
a BK evolution. Unfortunately in this region we have very few data points, hence
our affirmations can’t be definitive. Moreover, this is a region characterised by
small values of 2, hence all the perturbative approach is dubious.

We conclude this thesis by realizing that there is still a lot of work to do in
order to achieve a deep understanding of the small x and large Q2 region. First of
all, a true running coupling version of the BK equation is sorely needed. Moreover,
it is interesting to see the effects of non linearities on perturbative resummations.
Furthermore, one may investigate the impact of next to leading order terms in
the framework of the BK theory. Once a next to leading theory is available, one
could perform a NL HERA data analysis, in order to check the accuracy of our
LO results.



Of course the phenomenological implications of high energy QCD aren’t limited to
deep inelastic scattering. Other interesting applications include heavy ions physics
and also astrophysics. The theory can be fruitfully applied also to hadron-hadron
scattering. Hence we expect that the future LHC results will lead to a deep insight
of the small-x perturbative QCD.



Appendix A:
The large N. QCD expansion

In this Appendix we will sketch the main features of the large-N. QCD expansion.
We will limit ourselves to derive the result that we use in the text. For a complete
exposition we refer to the existing literature, for example to [41] and references
therein.

The main idea of the large N, limit, first introduced by 't Hooft [20], is to
consider the limit N. — oo with asN,. held fixed. The small parameter of the
theory is then 1/N.. In QCD N, = 3, so one may think that this is a bad
approximation. To see that this is not a valid objection, consider QED: e? /41 =
1/137 — e = 0.3. Thus we can hope that the large N, limit can give some
interesting results.

Consider the general Lagrangian of a SU(N) theory, written in the form

N |- . a YRR 1 a v
L= ? |:zzz)a (Za,u + Aub) ’yud)b - m¢a¢ - Z ubeoliL b:| : (Al)
Than the propagators of our theory are
a n 1 a
(" (@)do(y)) = 3055 —y) (A.2)
a C 1 a SC 1 a S$C
(A 25400) = 37 (5365~ 0395) Dok = ) (A3

if S and D, are the propagators of respectively a single Dirac and gauge field.
Since we are interested in the large N limit, we can drop the term proportional to
1/N? in the gluon propagator. This way we can easily follow indices along a line
in a Feynman graph: along a quark line the index doesn’t change, while along a
gluon line the pair at the beginning is the same as the pair at the end.

We can use this observation to derive an alternative way of drawing Feynman
graphs, the 't Hooft double-line representation. We simply draw one line for each
index rather than one line for each virtual particle. Hence quark lines will be
represented by a single line, while gluon lines by a double line. The standard
Feynman rules in the double-line representation are shown in Fig. A.1. The
correspondence between traditional and double-line graphs is not one to one: to
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Figure A.1: Double-line representation of Feynman rules

one traditional graphs can correspond several double-line graphs, each for every
possible different way of assigning index. The power of 1/N carried by a graph
is very difficult to calculate for a traditional graph, while it becomes trivial for a
double-line graph.

Consider first a vacuum-to-vacuum graph, that is a graph in which every line
must close to make an index loop. We can think of every loop as the perimeter of
a polygon. We can assign an orientation to each polygon by the direction of the
arrows around its perimeter and the right hand rule. Now, if two adjacent edges
(of two different polygons) lie on the same double line (i.e. on the same gluon
propagator), we "glue” them together. This way we have constructed an oriented
surface. The power of N associated to this surface is easily calculated. Each face
is a loop integral, thus it carries a N factor from the sum over all the possible
values of the index. Every vertex is a Feynman vertex, thus it carries a N factor
(see (A.1)). Every edge is a quark or gluon propagator, so it carries a factor 1/N
(be careful not do double count the glued edges). Thus the graph is proportional
to

NEHV=E = NX (A.4)

where y is the Fuler characteristic of the surface.

Every oriented surface is topologically equivalent to the sphere S? with some
numbers of holes and some number of handle. If H is the number of handles and
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B the number of holes, it can be shown that the FEuler characteristic is
x=2-2H - B. (A.5)

Thus the leading vacuum-to-vacuum diagrams are proportional to N? and are
those topologically equivalent to a sphere. Consider first a diagram with only
gluons. The simplest one is the gluon loop, Fig. A.2: the two faces (oppositely
oriented) with glued perimeters can be assembled to form the sphere S?. As can be

Figure A.2: Gluon loop

easily seen this is the case of all planar graphs made up only of gluons. Conversely,
remove a generic face from a spherical surface with no holes and no handles. The
result will be a spherical surface with one hole, that is a surface topologically
equivalent to a plane, that is a planar graph. Thus we obtained that the leading
large N. graphs are planar graphs made up only of gluons. Since they have no
holes and no handles, they behave like N2.

Consider now a quark loop. Since it is a single (unpaired) line, it corresponds
to a hole. The leading quark graphs then have one hole and no handles. As we
noted before, a spherical surface with one hole is equivalent to a plane. Thus the
leading graphs are planar graphs. The only difference with the previous situation
is that now the outer boundary of the resultant planar graph is the quark loop.
Thus when quarks are involved the leading graphs are planar graphs with only one
quark loop forming the boundary of the graph. Since these graphs have one hole,
they behave like N.

These analysis can be easily generalized to graphs with external lines. Note
that we obtained these results using the equivalence (A.4), valid only if in the
Lagrangian (A.1) the prefactor is N./g?. In other words, the ”correct” large N.
expansion is with as N, held fixed. If we for example hold oy N2 fixed, no interesting
result can be found.

In Fig. A.3 several graphs relevant for the dipole picture are reported. Even
though they are not vacuum-to-vacuum graphs, our previous analysis is unaltered.
Consider indeed the graph (a). Its vacuum-to-vacuum equivalent should be a
closed quark loop, that is a O(N) graph. Here we don’t have loops, but we have
N possible different quark-antiquark pairs, so this graph too behaves like N. This
argument can be easily generalized to all onium-to-onium graphs. Using our results
we then expect that in the large N, limit only (a), (b) and (c) are relevant, since
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Figure A.3: Double-line onium graphs

they are planar graphs with the quark loop on the boundary. Let us check out if
this is the case. First consider (a). We have N different quark-antiquark pairs, so
this graph is O(N) as expected. In (b) we have two faces, three edges and two
vertices, so this too behaves like N. In (c) we have three faces, six edges and four
vertices, hence x = 1. (d) is not a planar graph. It has one hole and one handle,
so we expect it being proportional to N~!. In fact it has only one loop index, four
vertices and six propagators, that is it is O(N~1). (e) is planar, but the boundary
is not the quark loop. Hence it has one hole and one handle, so it is O(N~1).
Indeed it has one colour loop, four vertices and six propagators. (f) should be
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suppressed: having two holes it should be O(1). That is the case: we have two
colour loops, four vertices and six propagators. But in QCD there are more than
one flavour, so this graph is enhanced by a power of ny. This is a delicate point
in the large-N expansion. However, for our purposes we can simply neglect this
complication and act as if there were only one flavour.
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