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Introduction

Years of efforts in trying to describe fundamental physics produced the so-called
Standard Model or rather the theory of fundamental interaction. This is a theory
which provides a picture of 3 of the 4 fundamental forces (electromagnetic, weak
and strong interactions). In order to validated the theory, many experiments have
been conducted, exploring its effectiveness in describing particle physics at increas-
ingly higher energies. In order to provide the necessary data to test the theory,
particle accelerators have been built, where different types of particles (leptons or
hadrons) are accelerated and are made to collide between each other and then the
particle outcome is measured. The simplest observable which can be both com-
puted from the theoretical model and measured by the experiments is the so called
inclusive cross section. It represents the rate of a certain type of events, once the
colliding particles are fixed.

The theory has passed many experimental tests. Among them, probably the
most popular one is the prediction of the existence of the Higgs boson, but there
are still some physical ingredients which are missing. Two examples are dark
matter, which is believed to be composed of particles still not included, and gravity,
which we are not able to represent as a fundamental force within the framework
of quantum field theory. In order to obtain hints on how to add these and other
phenomena to the theory, we need to get increasingly stringent constraints from
experiments. This can be done by raising the energy of the particle collisions, or
by measuring more specific observables, such as differential cross sections, namely
cross sections where some kinematic characteristics of the final state has been fixed.

This thesis points in the latter direction. In fact, we will focus on the production
of a massive final state (a Higgs boson, a Z boson or a virtual photon), with
fixed longitudinal rapidity (along the collision axe). Inclusive and differential cross
sections can be computed perturbatively, namely as an infinite sum of terms with
decreasing value, therefore computing a finite number of them should provide an
approximation of their true value. The condition that the terms of the series
become less and less important is not always correct, in particular it is known to
fail near the kinematic thresholds, for instance when the collision energy is barely
sufficient to produce a Higgs boson, or when the Higgs boson has the maximum
longitudinal momentum.

In these cases, the perturbative approximation is spoiled because some loga-
rithmic terms become of the same order of magnitude at any perturbative order.
The solution to this problem is to reorganise the perturbative series and to collect
all the terms which are of the same magnitude from every perturbative order. The
reorganised series can be obtained by the so called resummation formulas, which
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can be derived following different approaches. In this thesis we aim to obtain the
resummation formulas for the rapidity distribution of the Higgs production in the
two mentioned threshold behaviour: doubly soft limit (barely sufficient energy)
and singly soft limit (maximum longitudinal momentum).

In chapter 1 we provide a brief description of the strong interaction sector of the
fundamental interaction theory, known as Quantum Chromodynamics. We recall
the QCD Lagrangian and its fundamental properties. Among them, asymptotic
freedom and colour confinement are particularly important. Then, we briefly de-
scribe the fixed order computation notation. Finally, we explain the emergence of
IR divergence from the emission of soft or collinear massless particle emission, and
their cancellation between real and virtual contribution.

In chapter 2, we face a problem due to colour confinement. In fact, since single
quark states can not be observed in nature, the collisions must take place between
hadrons, which are composite particles, and therefore are not fundamental objects
of the theory. Moreover, we are not able to provide either an exact treatment of
the hadrons or a perturbative one. The solution to this problem is the so-called
factorization, and in this chapter we describe a formal derivation for the case of deep
inelastic scattering. From this derivation parton distribution functions emerge, and
we describe some of their key features. Finally, we report the most commonly used
kinematic variables for deep inelastic scattering and hadron collision.

In chapter 3, we motivate the emergence of logarithmic enhanced terms and we
characterise them in different classes, some of which we aim to resum. Moreover, we
describe how these big logs are mapped into big logs by the Mellin transform. Then,
we describe the renormalization group argument which allows us to derive the
resummation formulas. Firstly, we apply it to the case of inclusive cross sections,
and then we generalise it for differential cross sections, which will be called multi-
scale case.

Chapter 4 represents the core of the thesis. Firstly, we describe the notation
used to refer to physical quantities, in order to later highlight the threshold be-
haviours. Then, in order to obtain the factorization of the rapidity distribution,
we describe the necessity of a double transform (Mellin-Fourier or Mellin-Mellin).
After providing a brief description of two examples of rapidity distributions in their
most common forms, we derive to which variable limits the thresholds correspond,
both in Mellin-Fourier and Mellin-Mellin space. Then, thanks to a study of the
phase space structure, we derive the soft and collinear scales of our process, both
in the singly and doubly soft kinematic limit. Once we obtained them, we are
ready to substitute them into the resummation formulas. We prove that in the
doubly soft case, the contributions from the soft scale are only subleading, while
in the singly soft limit both soft and collinear scales are relevant. We also prove
that in the doubly soft limit the resummed expression is identical to the one of the
inclusive cross section up to an algebraic substitution.



Chapter 1

The strong interaction

In this chapter we summarize the key theoretical ingredients of Quantum Chro-
modynamics. Our aim is to recall the basic features of QCD, and in particular
those which will be important in chapters [3] and [4, which are the core of this work.
In particular, we briefly describe the QCD Lagrangian, we recall the properties
of asymptotic freedom and colour confinement, the perturbative technique and its
notation. Finally, we provide some examples of the treatment of IR divergences,
their factorization and cancellation properties.

1.1 Quantum Chromodynamics

Quantum Chromodynamics is the theory which describes the strong interaction.
It is a gauge theory with SU(N¢) gauge group, where No = 3. It takes place
between 1/2-spin fermions, called quarks, which are represented by Dirac spinors
1. There are six known types of quarks, which are identical with respect to the
strong interaction, but they have different masses (among other differences). In
order to highlight their common strong behaviour, it is usually said that quarks
come in six different flavours, and they are denoted by ¢, with f =1,..., Ny. The
strong interaction between quarks is mediated by 1-spin massless bosons, called
gluons, which are the gauge bosons of the theory and are denoted by A,. Quarks
live in the fundamental representation of SU(3), therefore they are represented by
w;}, where i = 1,2,3 (3 is the dimension of the representation space), while gluons
live in the adjoint representation, hence they are represented by A7, a =1,...,8.
The QCD Lagrangian reads as follows:

N ij.1,J 1 a va
Lacn = 32 U4l — my)iu) — S F, P, (L1)
f
where the sum is over the flavours f,
Fi, = 0,A% — 0,A% + go f*° AL AL, (1.2)

is the field strength tensor of the gluon field Aj, fee are the structure constant
of the SU(3) algebra and g; is the coupling constant. In addition to g, it is often



CHAPTER 1. THE STRONG INTERACTION 6

Flavours | Up (u) | Down (d) | Charm (c) | Strange (s) | Top (t) | Bottom (b)

Masses | 2.5 MeV | 5.0 MeV 0.1 GeV 1.3 Gev 4.2 GeV 173 GeV

Table 1.1: The six different flavours of quarks, with their masses and their electric
charges

convenient to use oy == %. The different quark masses my can be found in table
[[.1} The covariant derivative D, is defined as

D =179, — ig AT, (1.3)

where T'¥ are the generators of the SU(3) algebra in the fundamental represen-
tation. They are often chosen to be T = \9/2, where \, are the Gell-Mann
matrices. The Lagrangian ([1.1)) is invariant under the following gauge transforma-
tions:
V(@) — U(@)(a) »
A, (z) — U(x)AUT(z) + iU(w)@MUT(m), '

where U(x) = exp{if*(z)T*} € SU(3).

1.2 Gauge fixing and ghosts

For non abelian gauge theories in general and for QCD in particular, it is well-
known that the usual quantization procedure, i.e. naively imposing the canonical
quantization relations, does not work. This is due to the gauge invariance of such
theories, in fact we are considering an infinite number of gauge equivalent field
configurations, and we need to constrain the gauge field configurations space. This
can be done in the path-integral formulation of Quantum Field Theory by means
of Faddeev-Popov formula (see [2] and [6]). It can be shown that this procedure is
equivalent to adding to the Lagrangian (|1.1) a gauge fixing term and a ghost term.
Then, the QCD Lagrangian reads as follows:

L= EQCD + *Cfm + *Cghosta (15)

where )

‘Cfix = —% and £ghost = E@“Duc. (16)
In definitions (1.6]), f(A) is the function chosen for the gauge field configuration
contraint f(A) = 0, £ is an arbitrary parameter and c(x) are gauge-dependent
fermionic spinless fields, known as ghosts.

We recall the fact that no physical quantity can depend on the choice of f(A)
and &, because the theory is invariant under gauge transformations, therefore fixing
a gauge can not affect the theoretical predictions of the theory. Moreover, it can be
shown that the ghosts fields we introduced are not physical particles, but they play
the role of negative degrees of freedom, namely they cancel the contributions from
the longitudinal and time-like polarization of the gluons. A systematic treatment
of gauge fixing and a precise explanation of the physical interpretation of the ghost
fields can be found in [2].
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1.3 Feynman rules of QCD

In the Quantum Field Theory framework, transition amplitudes are computed by
summing over all possible Feynman diagrams allowed by the Feynman rules of the
considered theory. Here we report the Feynman rules of the Lagrangian in
the Feynman gauge, i.e. J,A" =0 and § = 1:

=

»

p? + i€ (17)
_____ b ab i
Y e (1.8)
S (1.9)
p—m—i—ie
— g fobeg (1.10)

R = T3 (1.11)

95 [g*% (k — p)'+

- AR (1.12)
97— a)* + 9" (q — k)]
—ig2 [ fM (g™ g0 — g*0g")

= —ig2 fe (g™ g — g*g™) (1.13)
—ig2 [ f(g* g™ — g*°g™)
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1.4 Running coupling and asymptotic freedom

Amplitude computations involve loop integrals, (as in eq. ), which may
present UV divergences. The well-known procedure of renormalization removes
divergences and makes the coupling constant acquire a dependence oy = as(u%)
on the renormalization scale p%. Its dependence can be described by defining the
beta function:

dlna, (1)

Blos(py)) = Tdme (1.14)

The beta function can be computed as a power series in the coupling constant as
follows:

Blas(?)) = —foas — Bral + O(ay), (1.15)
where, for a generic SU(N¢) gauge theory with N, flavours, the first coefficient is
11Ng — 2N,
= 1.16
o= 10— (1.16)
The solution of equation (1.14)) at first non trivial order is:
2
0, (Q?) = lrn) (1.17)

I+ Bﬂasuﬁ%) In %

For No = 3 and Ny < 16, we have §y > 0. Therefore, for the case of QCD, «aj
decreases as u% increases, and the theory is said to be asymptotically free. On the
other hand, as p? decreases, a, increases, and it hits the Landau pole at

1
Q@ = Agcep ZuReXP{—m}. (1.18)

Actually, the Landau pole is not a consistency problem of the theory because,
before reaching () = Agep, the coupling constant has already reached the value
as ~ 1, and therefore the perturbative approximation is no longer valid,
hence the rest of the above derivation.

1.5 Callan-Symanzik equation

In section we stated that, after the renormalization procedure, the coupling
constant acquires a dependence on the renormalization scale o, = v (p%). More-
over, the generic transition amplitude M (Q?, ;) under consideration acquires a
dependence on p%, too, i.e. M(Q?, u%, as(u%)). We recall the fact that the renor-
malization scale p% is an arbitrary scale, and therefore no physical observables
can depend on it. For a generic observable O, this statement is equivalent to the
Callan-Symanzik equation:

dO(Q?, g, s (1))

—0. (1.19)
dln p%
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By computing the derivative of a composite function, the equation can be written
in the usual form:

00(Q?, p, )
dln 3

80(622, /ﬁ%a 045)
dag

where we recognised the definition of the § function (1.14)). From this equation, we
can read that the explicit dependence of O on p% exactly compensates the implicit
dependence of O through ay(u%).

+ Blas(pk)) —0, (1.20)

1.6 Colour confinement

Colour confinement is the property of QCD that, below approximately 150 MeV,
colour charged particles can not be directly observed. Usually, we refer to the Lan-
dau pole Agep as an indication for the threshold of confinement. Below this scale,
only colourless states can be directly observed. These states are called hadrons and
are bound states of the fundamental particles of the theory (quarks and gluons).
Hadrons are divide in two classes: barions, composed of three quarks, and mesons,
which are a quark-antiquark pair. This physical phenomenon has been directly
observed, but, to date, there is not a proof of QCD confinement because, at this
energy scale the value of the coupling constant is iy = 1, hence the perturbative

techniques fail. However, lattice QCD simulations show the presence of a phase
transition compatible with the observed phenomenon.

1.7 Perturbative series

In the Quantum Field Theory framework, the main tool to compute a desired
observable O is expanding it in a series in coupling constant powers, i.e.

0= O (1.21)

n=ng

In the above expression the first non trivial contribution, i.e. the term proportional
to al° is called leading order (LO), the second non trivial term is called next-to-
leading order (NLO) and the k-th non trivial term is denoted with N*LO. The
partial sums of the above series are increasingly better approximations of O if a, <
1. With the expression "fized order computation", we refer to the approximation
of the series with its partial sum up to N*LO, for some chosen k, i.e.

k
Of" = Onal. (1.22)

n=ng

1.8 IR divergences

In addition to UV divergences, in QCD amplitude computations also IR divergences
arise because of the presence of gluons, which are massless particles. With the term
infrared, we refer to two different types of kinematic limit:
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e soft particles, which means that all the components of its 4-momentum are
approaching 0;

e collinear particles, which means that its 4-momentum is becoming collinear
to the 4-momentum of the particle which emitted it.

1.8.1 Soft singularities

In this section, we provide a specific example to describe the factorization of soft
emissions, the emergence of soft singularities and their cancellation properties. We
consider a virtual photon decay into a quark-antiquark pair in the high energy
limit, where the quark masses can be neglected. The NLO contributions to the
cross section can be computed as:

NLO _ _NLO NLO
g = Oreal + Ovirt > (123)

where
1
2E2

1
UNLO = /d¢3 ‘Mreal‘z and Ovirt =

real 2E2 /d(bQ ‘Mvirt’2> (124)

and d¢, is the n-particle phase space integration measure. The squared modulus
of the amplitudes are obtained as follows:

2
| Myea]? = MM{ - Mvé (1.25)
and
[ Myie|? = 2Re M{ + Wwé + M@ .
(1.26)

If we write the real emission contribution to the amplitude (1.25]), we get:

M} (q;p1,p2, k) = u(pr) ((_igsTa,yu)%(_iw#)
ol i(—p2 -k, . .
+ (—iey )W(—ZQST v ))’U(pQ)ey(k)? (1.27)

where p; and py are respectively the 4-momenta of the final state quark and anti-
quark, k is the 4-momentum of the gluon and €}\(k) its polarization vector. In the
soft gluon limit of this amplitude, i.e. k* — 0, M" = becomes:

real

M (@ p1,p2, k) =

~ ga(p) (T%U%(—iew - (mier#) 52 k)Tw) o(pa)er(h). (1.28)
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By exploiting the relation {v*, 7%} = 2§ to switch the order of p, and p, with
7”, and by exploiting the Dirac equations of motion for a massless quark u(p)p = 0
and pv(p) = 0, we obtain:

M) = (€09, P = P2 alp)ier' Tholpa). (129

By computing the unpolarized squared modulus of the amplitude and by exploiting
the relation

I Py s\ 2(p1pe)
ZG“(k)ey(k)((pl,k) (pz,k)) ((pl,k‘) (pz,k‘)) (p1, k) (p2, k) (1:30)

spins

we finally get:

P1,D
Mol v, R = 42Cr (P1P2) 1y, o) (1.31)

p1, k) (p2, k)

where M (q; p1,p2) is the LO order contribution to the amplitude. If we substitute
this expression in equation (|1.24]), we obtain:

C 2 d3 d3 dgk 1
NLO ng p1a~p2 2
= M(q;

(1.32)
which is a divergent integral in the region of k# — 0. This is an example of a soft
singularity.

By looking at expression ((1.31]), we recognise that the real gluon emission cor-
rections to the LO factored in a product of the LO and the factor % in the
soft gluon limit. These are called Eikonal factors, and the factorization is a
general property of soft emission, and does not depend on the considered process.

Now we consider the contributions to ¢¥ 2 and in particular we consider the
following amplitude:

i —i(p, — k
= u(p1)(—igsT*7") { / (;lwl;ﬁ(zl_ k,)g] (—igsT ) (—ier*)v(p2).

(1.33)
As in the real gluon emission case, also the virtual contributions are singular. In
fact, as we can see from expression , this is due to the fact that the loop
integral is divergent in the soft gluon region.

In [4] there is a proof that all soft divergences from loop integrals are cancelled
by soft divergences coming from phase space integrals of real emission contribu-
tions. Therefore, in the example above, once oV 0 and oV L© have been regularized,
by adding them together we obtain a finite contribution. The full computation of
the virtual photon decay can be found in [8], where the cancellation of soft diver-

gences is also checked.
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1.8.2 Collinear singularities

In this section, in order to analyse the emergence of collinear singularities and their
cancellation properties, we consider again the virtual photon decay of section|1.8.1]
We examine the following real gluon emission amplitude:

i(p, +F)

(1 1+ k)2 2 (—ier)u(pa)es (k). (1.34)

= u(py)(—igs T ) ——5

We substitute the identity > . u(p + k)u(p + k) = p + F and we obtain:

= 2(pi, 5) > [alp) (g Ty Yulps + k)ea(k)] [a(pr + k) (—iey")v(p2)]

spins

1
= M*(q; k M k:pi, k). (1.35
2(]91, ]{7) Z (Qapl + 7p2) (pl + y D1, ) ( )

spins

It is convenient to introduce the following approximated parametrisation of the
4-momenta p; and k in the collinear limit:

pt oy — T k=(1-2)p—kp— i (1.36)
P T ) HE T [ R

and p? = K = (p.kr) = (1, kr) = 0, hence p? = (p1 + k)* = 2(p1. k) = — ity If
we take the square modulus of the amplitude and we compute

1 1+ 22
5 2 M(ps+ kipr B[P = 207Crki——, (1.37)

spins
the contribution ¢ of this particular squared amplitude to the cross section is:

G = —/ /dk% 1;:’1 o0 (p). (1.38)

We can immediately recognise that the dk? integral is logarithmically divergent,
which is an example of a collinear singularity.

As in the case of soft singularities, some divergences are removed, but not all
of them. In fact, in [4] there is also a proof that, once we add real and virtual
emission corrections, the result is free from collinear singularities due to gluons
emitted from final state particles, while collinear singularities from initial state
particles are not removed. Therefore, the example discussed in this section is free
of collinear divergences, because the only initial state particle is a virtual photon,
which can not radiate a collinear gluon, hence the collinear gluons must be radiated
from the final state quark and antiquark.

Differently, if we consider a deep inelastic scattering process (DIS), i.e

Y +q—q+ X, (1.39)
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the process has an incoming quark. If we compute again the cross section including
both real and virtual corrections, we obtain:

a, [ dk?
oVEO — %/k—g/dz P, (2)0™C (2p), (1.40)
where . )
+z
P =Cp—m. 1.41
q—NI(Z) F[l — Z]+ ( )
P,_,,(z) is called quark-to-quark splitting function. It is a plus distribution (see

and it does not depend on the considered process, but only on the species of
quarks/gluons involved in the splitting amplitude and on the variable z.

We can see that the soft singularity ﬁ in the limit z — 1 is cancelled in the
integration with the splitting function because of the numerator o%© (2p) — o9 (p),
which vanishes in this limit. On the other hand, the collinear singularity is still
present. The solution to the problem of initial state collinear singularities will be

provided in chapter [2|



Chapter 2

Factorization

In section [I.6] we discussed the phenomenon of colour confinement, which forbids to
observe free quark states. Therefore, the initial state particles are hadrons, which
are not fundamental 1-particle states of the theory. To overcome the problem, we
exploit the QCD property of factorization. In this chapter we provide a proof of
factorization for DIS and afterwards a discussion of the solution to the initial state
collinear singularities problem within this framework. Then, we outline the PDFs
properties and we describe the application of the factorization to DIS and hadron
collision.

2.1 Factorization for DIS

In this section we provide a formal derivation of factorization for a DIS process
between a hadron and a hard (Q* = —¢*> — oo) virtual photon, i.e.

h(P) +v"(q) — X(Px). (2.1)

For a matter of simplicity, we drop parton indices (quark flavours and gluons),
which will be restored at the end of this argument. We start by computing the
total cross section oy, for this process thanks to the optical theorem, which reads:

2
Otot = /dngX |M (h,~* — X)|2 = ;Im{M(h,v* — h,v")}. (2.2)

Then, thanks to the reduction formula, we can write the amplitude M (h,v* —
h,~*) as the Fourier transform of the following matrix element:

M(h(P),v*(q) = h(P),7"(q)) = (h(P), " (¢)|h(P),7"(q)) =
= eu(q)ey(q)i/d“:vem (h(P)|J*(z)J"(0)|h(P)) = eu(@)en (@)W, (2.3)

where

WH = / d*x e (h(P)|J*(x)J" (0)|h(P)). (2.4)

The Q? — oo limit in momentum space, corresponds z? — 0 limit in conjugate
space. Therefore, we can apply the OPE (Operator Product Expansion or Wilson

14
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expansion) to the operator pair, which can be written as
Z Cn ()0 " T o (2.5)

where Cy(z?) are position dependent coefficients and {Oy} are a basis of the
space of operators. It is important to highlight the fact that we are considering
the light cone limit 22 — 0, which does not imply that every component z# — oo.
Similarly, as Q% — oo, the components of the 4-momentum ¢* are not approaching
00. Therefore, in a DIS process We are interested in the high energy limit, but we
are free to ask for the ratio z == 2(P g X g" to be finite.

As regards the operator basis {Oy }, since the dimension of the product J*(z).J"(0)
in mass units is a constant, the dimension of the rhs of equation (2.5) must be
constant, too. Therefore, if On has dimension dp, then its coefficient Cy must
have dimension d — dp. Since Cy(2?) depends only on one dimension variable z?

we get that Cy(z?) o (IQ)d do , hence the operator Oy is multiplied by a sup-

do
pression factor of (é) . Moreover, if Of*""*" is a s-spin operator, its matrix

element (h(P)|O* - |h(P)) will carry s additional factors <%Q) , hence an

enhancing factor Q)°. Therefore, globally, the factor is (é) ¢ , which means that

the leading contributions of the OPE come from the operators with lowest twist
t= do — S.

It can be shown that the lowest allowed value for QCD is t = 2, and the leading
contributions come from the following elements of the operator basis:

OO = opy(@1 D2 DOV — trace terms, (2.6)

where the symmetrization (aj...ay) and the subtraction of the traces are aimed
to extract the highest spin components. If we substitute these basis elements
into the Fourier transform of the operator product, we get the following operator
approximation:

20{ 2a rol...o
i/dﬁ‘xe“ﬂJ“ N4Z qéy ]g . 20NN, (2.7)

In order to obtain W#¥, our task is now to compute the mean value of this operator
basis elements on the state |h(P)). Since the operator has N 4-vector indices, and
the matrix element can depend only on the 4-vector P, then the matrix element
can be written as follows:

(R(P)|OL N2\ y(P)) = 2PH PV P PoN-2 . (2.8)

If we substitute the form (2.8)) into definition (2.4)), we get:

W — 82 (2(9

— InCn(QY), (2.9)

P))N 2 prpr
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where we can recognise the definition of the Bjorken variable (2.30)), obtaining

N-2 5, pu
W) =83 (1) T INOn(@) (2.10)
N

In expression (2.10)), we can focus on the scalar part

Wz, Q%) =3 (i) T hen(@), (2.11)

N

where fy is the only term which depends on the hadron under consideration. As
it has already been stated, the OPE is a relation between operators, therefore it
does not depend on the state where the operators are to be evaluated. Therefore,
we now exploit this universality characteristic, and we choose a convenient state
where the matrix element fx takes the value of 1 at tree level, in order to compute
the coefficients Cy(Q?). This state is obviously the single quark state |¢(P)). We
now define

Wi [ dt e q(P) (@) O)la(P) (2.12)
and after rerunning the same argument we get:
- 1\ prp
H 2\ _ 2
W (2,Q%) = 8% <;) 701\/(@ ) (2.13)

and its scalar component

e =3 (1) en@ (2.14)

T
N

Now, our aim is to compute the coefficients Cy(Q?) from the relation ([2.14). This
can be done by realising that is a Laurent expansion, therefore by defining
w = 1/x, the coeflicients of this series can be obtained thanks to the residue
theorem as follows: .

dw W(w, Q%)

omi w7

ev@) = |

wl=r

(2.15)

where W(w, Q?) is intended as its analytic continuation for complex values of w,
and r has to be chosen sufficiently small in order to not encounter points where W
is not analytic. We now ask ourselves where the non-analiticity points are. The
answer lies in the consideration of section that the physical region of DIS is
represented by x € [0,1], i.e. w > 1. Since W “isa 2-point correlation function,
then it admits a Kallen-Lehmann spectral representation, which implies that it
present a branch cut in the physical region w > 1 along the real axe. Moreover,
by recalling the definition (2.12)), it is clear that WW(x, Q?) must be symmetric
under x — —ux, therefore w < —1 is a branch cut along the real axe, too, and no
more non-analytic regions can be present. Then, we can deform the integration
path into the one of figure without changing the value of the integral. The
only contributions to this integral come from the paths along the branch cut and,
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exploiting the Schwarz’s reflection principle and the symmetric property of W7 we
can obtain the coefficients as:

cN(QQ):zu/ 4o N2 (5, 0?) = /OldmN 2l (x’Qz)}, (2.16)

0 27m T T

where Cy(Q?) are the Mellin transform of the function

2 Im{ 1 (maQQ)}

™ X

C(z,Q%) =

(2.17)

This relation is clearly nothing but the optical theorem for the partonic cross
section. By retaining only the most singular term in the expansion and substituting
our definitions into the eq. (2.2), we get:

o1ot(N, Q%) = fnCn(Q?). (2.18)

By denoting the inverse-Mellin transform of fy with

f(z) = / o dN 27N f (2.19)
N> .

—100

and by computing the inverse-Mellin transform of equation (2.18)), the result is:

o(z,Q%) = (f & O)(z,Q%). (2.20)

The symbol ® denotes the convolution integral. Its definition and its properties
under Mellin transformations are reported in appendix [A.Il If we restore the
different parton indices (quark flavours and gluon) in the above formula we obtain:

a(N, Q) Zfz Ci(N, Q%) (2:21)

where we can read that, in general, different ¢ partons (quarks and gluon) are
associated with a different function f;.

The matrix f;(x) has the physical interpretation of the mean presence of a
parton in a hadron state, and the Bjorken variable x has the interpretation of the
fraction of the 4-momentum of the hadron carried by the quark. fy(z) is called
parton distribution function (PDF), they have no dependence on the considered
process and can be measured by fitting experimental data.

2.2 Higher order factorization

The derivation of factorization of section [2.1]is correct only at tree level and in this
section we state how it can be generalised to include higher order corrections. It is
important to highlight that we exploited the fact that the matrix element fy takes
the value 1 at tree level when evaluated in a single quark state. If we consider higher
order corrections, we must also compute loop diagrams, which are divergent. These
singularities are nothing but the initial state collinear singularities we discussed



CHAPTER 2. FACTORIZATION 18

A

A

A

Y

Figure 2.1: The figure illustrates the analytic properties of the complex function
W (w, Q%) and its integration path.

in section Since PDFs are experimentally measured quantities, to remove
these divergences, we should follow the renormalization procedure, for example in
dimensional regularization. By defining a multiplicative counter term Z(u%, ), we
can define a renormalized PDF f""(N, u%) == f(N,¢)Z(u%,€). Therefore, both
the PDF f(z) and the partonic cross section C(z,@Q*) acquire a dependence on a
new scale p%, which is called factorization scale. Then, the factorization in Mellin
space reads as follows:

o(N,Q) = Zfz (N, p3)Ci(N, Q°, i), (2:22)

where, since p% is an arbitrary scale, the physical observable o(N,Q?) can not
depend on it.

Moreover, the PDFs dependence on the factorization scale can be computed.
In fact, by imposing the Callan-Symanzik equation of section for a generic
observable, it can be shown that the solutions are the DGLAP equations (see [2]),
which read as follows:

dln,u% = Z(Pj—n X fj)(x> M%)’ (2'23>

J

or more explicitly
dfz xz ,UF 9 )
dlnluF Z/ J_” (_ S(IMF) f]<€7MF)7 (224)

where P;_,; are the splitting functions, and we recall the fact that ¢, j indices include
quark flavours and gluon.

2.3 PDFs properties

In this section we state some relations that the PDFs must satisfy, in order to be
a proper description of the considered hadron.
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Firstly, since the Bjorken variable z is the fraction of momentum carried by
the parton involved in the process, the sum over all partons integrated over this
variable must result in the total momentum of the hadron. This constraint reads

as follows: .
1= Z/ dz zfi(2). (2.25)
— Jo

Moreover, PDFs from different hadrons can be distinguished because they must
verify different relations. In fact, for instance for the proton the quark PDFs must
satisfy:

/0 e () — fo(2) =2, (2.26)

/0 dz fa(2) — fo(2) = 1, (2.27)
while, for other flavours ¢

/0 e f(2) — fo2) = 0. (2.28)

These relations can be interpreted as the mean presence of a quark of a certain
flavour inside the proton. The quark flavours with non-zero PDFs integrated value
(in the sense of the relations above) are called valence quarks.

If we consider a process with multiple incoming hadrons, then the PDFs of each
hadron must individually verify the above relations.

2.4 DIS and hadron collision

In this section we present the DIS and hadron collision cross sections expressed
with the most commonly used kinematic variables.
If we consider a DIS process, i.e.

h(P)+1(q) — I(¢) + X (Px), (2.29)

(I lepton) the cross section is usually expressed in terms of the Bjorken variable

Q2
p= Y 2.30
2(p, q) (230)
where Q? = —¢* and z € [0, 1] in the physical kinematic region. If we denote with

z the fraction of 4-momentum of the hadron carried by the parton, then (2.22) can
be rewritten as

1
ol @) =3 [ e fteiben (3= 2.0 k). (2.31)

Analogously, also for the case of hadron collision with a massive final state (for
example a Higgs boson), i.e.
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the usual variables are the mass of the final state particle M7 = P#, the fraction of
the 4-momenta of the hadrons carried by each parton p; = z; P;, the hadronic centre

of mass energy s = (P, + P)?, the partonic centre of mass energy § = (p; + p2)?,
2

the fraction of the hadronic energy used to produce the final state particle 7 = %

and t}ée fraction of the partonic energy used to produce the final state particle
= Ya = =

In sectionQIZfL we proved factorization for a DIS process, i.e. with only one
incoming hadron. The generalisation to the case of two incoming incoming hadrons,
for instance the case of a hadron collision, is very technical and it goes beyond the
aim of this work. Therefore, we will simply assume that for a hadron collision
the factorization hypothesis holds. The cross section in Mellin space takes the

following form:

o(N, Q%) =D filN, piz) [ (N, 1) Cig (N, Q% i) (2.33)

]
As for DIS, by computing the inverse-Mellin transform, we obtain:
o(r, Mp) = (i ® f; ® Cij) (1, Mp). (2.34)
(]

In terms of the variables above, it can be rewritten as

1
o(r, M3) :Z/ dxy fi(xhﬂiﬂ)/

-
dxs fj(x%:ui“)ci' (z = _>MI2{’/~L%“) .

/71 L1X2
(2.35)
The convolution can be also factored by defining the parton density luminosity
Lij(z) = (fi ® f;)(x), therefore we can obtain the hadronic cross section as the

convolution of the parton density luminosity with the partonic cross section, i.e.

o(r, M) = (Li; ® Cy)(7, MF). (2.36)

]



Chapter 3

Resummation

In section we discussed the emergence of IR singularities and their cancellation
mechanism. In this chapter we focus on the leftovers of these divergences. In fact,
these residues, in the limit of soft emissions, become big logarithms at all orders,
spoiling the perturbative series. We now provide a description of the origin and of
the form of these enhanced logarithms and then we prove that they are mapped
into big logs also in Mellin space. Afterwards, we briefly present an argument to
show that the resummed expression takes the form of an exponential series in the
single and multi-scale case. Finally, we describe how the coefficients of this series
can be determined by matching the resummed expression with the fixed order cross
section.

3.1 Logarithms

In this section we describe the origin of enhanced logarithms. Firstly, we analyse
the collinear logarithms, then we consider logarithms due to soft emission and our
they are mapped into logs in Mellin space.

3.1.1 Collinear logarithms

To explain the origin of collinear logarithms, we consider the NLO cross section of
DIS, already discussed in section [1.8.2] Here we report the partonic cross section

(1.40):
CONLO _ as(QQ) / dk?
271' MQ k)2

In a DIS, it is easy to check that the maximum transverse momentum available for

_02)2 ) } 2
the emitted gluon 2is (k2ymer = L2908 'which can be written as (k)" = Q217>
in terms of 7 = % Therefore, if we compute the transverse momentum integral,
we obtain the following logarithmic factor:

a@n (L) @ (L) o (S5) e

T

k2 max

ch%( )01 (p). (3.1)

It is important to remark that, in the example above, we considered a DIS process,
but for the case of hadron collision we would have obtained the same logarithmic

21
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factor, with the only difference that in the (k%)™ integration endpoint we should
have substituted the Q? with the mass M? of the final state particle. Q* or M
are usually called the hard scale of the process.

The first term a4 (Q?) In(Q?/1?) is O(1) at high energy because the logarithm
compensates the o, decrease. In general, if we consider multiple collinear emission,
we obtain terms of the form o™ In"(Q?/u?), which are again O(1), hence at all orders
we obtain terms of the same order and the perturbative serie is spoiled. Therefore,
it is convenient to introduce the notation LL (a*In* leading log), NLL (a**!In"
next to leading log), ... and to reorganise the perturbative series by collecting all
the terms in the series which are of the same order. For the case of In(Q?/u?), the
task of resummation is performed by DGLAP equations , which enable us to
subtract collinear logarithms.

The second logarithm of eq. grows as 7 is approaching 1, i.e. in the
soft limit. Moreover, by looking at the inner integral over the variable z, the
splitting function contains a plus distribution ﬁ Therefore, by computing the
integral, we obtain another logarithmic contribution of the form In(1 — 7), which
is enhanced in the soft limit. Therefore, overall the emission provided us with a
double logarithm of soft-collinear origin. Depending on the factorization scheme,
we can choose to subtract from the partonic cross section not only In(Q?/u?), but
also In(1 — 7')27 and include it in the PDFs. In this work we opt for the minimal
subtraction scheme (MS), which means that we only subtract In(Q?/u?) from the
partonic cross section.

3.1.2 Soft logarithms

In this section we aim to explain the origin of purely soft logarithms. In section
1.8.1] we described how the cross section, which involves the emission of a real soft
gluon, factors in the product of an Eikonal factor and the cross section without
the emission. The Eikonal factor is

Ep;k,p—k) = k = (3.3)
>

p-k

where k is the 4-momentum of the emitted gluon and p the 4-momentum of the
quark which emitted it. In the soft limit, the emitted gluon is also becoming
collinear, hence by defining k = (1 — z)p, the soft limit is obtained for z — 1 and
the Eikonal factor is proportional to ﬁ Therefore the contribution to the cross
section takes the following form:

1
d
Uf,\g:looc/ © O (zp). (3.4)

1—2

On the other hand, if we consider the corresponding soft virtual gluon contribution
to the cross section, we obtain:

U dz
a0 [ 1o, (35)
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and by adding virtual and real contributions together we get

NLO /1 dz LO( ) (3 6)
o x —— 0" (2p). :
T (1 - Z)+
By computing the above integral, we obtain a factor In(1 — 7), which is again big

as 7 — 1.
Moreover, if we consider the emission of n gluons, we obtain n factors ~———.
. . . . (1-2)+
By integrating n — 1 of them and leaving the n-th one, the leading contribution
takes the following form:
In" (1 —
M] ‘ (3.7)
+

1—2

3.1.3 Logarithms in Mellin space

Since the cross section factorizes in Mellin space, we are interested in how contri-
butions of the form are mapped in Mellin space. In this section we show that
distributions in the soft region in conventional space are mapped into powers
of In(N) for N € C and |N| — oo in Mellin space. In fact, by considering the
Mellin transform of a generic function

1
/ dz 2N f(2), (3.8)
0
the soft region z — 1 corresponds to the limit |N| — oo, because for z < 1, the
function is mapped to 0. The same argument can be applied to the inverse Mellin
transform, hence this is a 1 <> 1 correspondence.

Now, if we consider the Mellin transform of the contributions which need to be
resummed, i.e.

1 In?(1 — 1 N—l_l
I, ::/ dz 2N 1 (M) :/ dzz—lnp(l—z), (3.9)
0 1—=z n 0 1—2

by defining the generating functional

1
G(N. 1) = / dz (N1 1) (1 — 2y, (3.10)
0
we can obtain our contributions as:
L= awn (3.11)
= T »1)- .
p dnp =0

In the definition of the generating functional we can recognise the Euler beta
function definition, i.e.

G(N, ) :B(N,n)—%: %—% (3.12)

By taking the first derivative of expression (3.12)) as in relation (3.11), it is easy to
compute:

1

=5 [0 +98)° + G = ()] (313)
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where vp is Euler-Mascheroni constant, (5 denotes the Riemann zeta function
evaluated at 2, and ¢(™(z) is the n-th polygamma function, which is defined as

follows:
n+1

d
P (x) = Ty (). (3.14)

In the large-N limit, it can be shown that % (N) ~ InN + O(1/N), hence
L ~ 1In*(N) + vpIn N + O(1). In general, the asymptotic behaviour of I, is
the following;:

1 1 1 1
~ p+1 [ — ) _ p( — p—1 [ —
I, p+11n (N) vE In (N) —|—O<ln (N)) . (3.15)

Thanks to the fact that logarithms are mapped into logarithms via Mellin trans-
form, the notation LL, NLL, ... can be immediately adopted also in Mellin space.

3.2 Soft resummation

In this section we derive the resummation formula for the cross section of a Drell-
Yan or a Higgs production processes, i.e. processes with a colourless massive final
state. The mass of the final state particle is denoted with M% and it is the hard
scale of the process, as discussed in section [3.1.1 By changing the hard scale
M% — @? and the soft scale M%(1 — x)? — Q*(1 — z), the following argument
can be also applied to the case of DIS (for the interested reader we refer to [13]).
The following derivation is based on [13] and [I5]. We start by considering the
factorization in Mellin space for hadron collisions (we drop parton indices, i.e.
flavours and gluon, for simplicity):

N = £ )0 (N M B 1

U( ) H) - ( HLLF) 7_27_27058(NR> ) (3 6)
R HF

where £(N, %) is the parton density luminosity defined in section Since both

the renormalization scale g and the factorization scale pupr are arbitrary, then we

can choose them to be equal to each other ug = pur = p. Hence the equation

(3.16]) becomes:

o (N, M) = L(N, 12)C (N, M, asm) , (3.17)

where the cross section o is pu-independent because p? is an arbitrary scale and o
is an observable. It is now convenient to define the physical anomalous dimension
of the cross section:

d

2 —

Ino(N, M2). (3.18)
Obviously, since o(N, M%) is p-independent, (N, as(M%)) can not depend on p

either. Now, by substituting o (N, M%) from eq. (3.17) into the definition (3.18)
and by exploiting the fact that £(N, u?) is My-independent, we obtain:

d M?
2 o H 2
Y(N, as(Mg)) = T 77, InC (N, " L as(p )) : (3.19)
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therefore (N, as(M%)) is also the physical anomalous dimension of the coefficient
function C(N, M%/u?, as(u?)). Finally, by solving eq. ([3.19)), we can write the

resummed coeflicient function:
M2 MIQJ de
C (N,M—f,ozs(;f)) = C(N,l,as(u2))exp{/ > (N, as(k;Q))}. (3.20)
u2

We now recall the fact that the renormalized coefficient function C' is multi-
plicative renormalized as follows:

2
C (N, %,as(,f)) _ ZC(N, au(ji2), ) CO(N, M2, 00, €), (3.21)

where C? is the bare coefficient function, a? is the bare coupling constant and we
choose to regularize the divergent expression in dimensional regularization with
d = 4 —2¢. Moreover, thanks to dimensional analysis, we can deduce that the bare
coefficient function in d dimensions can depend on M% and oY only through the

S
combination M;*a?, i.e.

C%N, M3, oY €) = CO(N, Mz*a? ). (3.22)

Therefore, if we substitute the relation (3.21)) into eq. (3.19)), and by exploiting
the facts that Z¢ is My-independent and C° depends only on M;*a?, we obtain:

(N, o, (M%) = —eagdlj&g InC(N, M%,a° ). (3.23)
We now make the hypothesis that the bare coefficient function C° in Mellin
space factorizes in the product of two bare coefficient functions C9°(MZ,a?, €)
and CWO(N, M?, a2 ¢), where the former represents the virtual gluons emission
contributions and the latter the real gluons emission contributions. C(9° does not
depend on N because the virtual contributions have Born kinematic. On the other
hand, C®° must depend on N because it contains real emission contribution, and
in particular, thanks to a phase space structure argument, [I3] shows that C° can
depend on My and z only through the combination M (1 — 2)?. It also shows that
in Mellin space the M% (1—z)? dependence is converted into a M /N? dependence.
Therefore the factorization reads as follows:

M2
CO<N, Ml%lv Qp, 6) = C(C)O(MI%I, Q, E)C(Z)O (—H Qp, 6) . (324)

By substituting expression (3.24)) in eq. (3.23)), we obtain the following equa-

tion:
M? M?2 /N2
AN, (M) = 7 (M—f,asme) o <Z—é,as<u2>,e) )

where we defined

c MI%I 2 0 d ()0 2 0
Y F,as(,u ), €] = —€0 T In C'"(Mpg, o, €) (3.26)
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and

M2 /N? d My,
vl< e ,asm?),e) = —eal——5 In (THO‘) (3.27)

It is important to remark that ¢ and 4! are not individually finite for e — 0, but
their sum, i.e. v, is by definition finite. Moreover, since 7 is renormalization-group
invariant, i.e. p-independent, by deriving both members of eq. with respect
to 1 we obtain:

. M2 N
lime o gy ( - ,as(u2)76> = —g(as(p?))

| i ) (3.28)
limeo gtz (MEE, au2),€) = glas(1),

where §(a,(¢?)) is a finite power series in the coupling constant a(u?).

Therefore, by solving the renormalization-group equations for v¢ and ' and by
adding the two solutions, we can now write the physical anomalous dimension -~y
in terms of the series ¢ as follows:

M% /N2 A2

YN0 =) + [ e, e29)

Mg

where §° is a power series in the coupling constant a,(M%). If we substitute this
expression for v into eq. (3.20]), we obtain the following resummation formula:

M2 M M% dk? k2/N? d)\2
C (N,M—f,as( )) Ce ( e Lo (M) >exp{/ / —d(as(\H) ¢,

(3.30)
where C° is a power series in the coupling constant a,(M%). Here we report two
equivalent forms of the resummation formula ([3.30)):

C (N,Aj—ff,%(m)) e <M Lau(M2) )exp{/ d”/ g dk]fg (s k?/n))}

(3.31)
and

exp{zfol%/f dk—’f (as(k:Q))}, (3.32)

where g(a,(k?)) is also a power series in the coupling constant.

3.3 The multi-scale case

In this section we generalise the argument of section to the case of a process
with two generic hard scales and two generic soft scales in order to obtain the
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resummation formulas. The derivation is based on [I5]. We consider a process
with two hard scales denoted with Q? and Q3, two soft/collinear scales A3(Q?, N)
and A2(Q%, N), and we assume the factorization of the bare coefficient function in
a product of virtual emission contributions and emission contributions with respect
to the two hard scales:

OO(N7 Q%JQ%JO(S?E) -
COYNN,QF,Q3,a2, ) CMO(AZ(Q?, N), a2, )0 (A3(Q3, N),al ). (3.33)

By rerunning the same argument of the previous section, we find the following
resummation formula:

(5 i) - (3 o)

Ne Q3 2 Nb Q2 9
dn [ dk in (B aRe
exp{/ / kf2 gl as k2/n)) /1 7 / . ﬁgQ(as(kQ/n))}’ (334)

"
or equivalently

2 2 2
O(N,%,%,as(u2))— <ff %ﬂ(/ﬁ)

1 N-1_ 1 A(@QT:2) )2 ) A2(@3.2) g2 ;
exp{/o 1 </u? vgl(as()\ ) +/#2 2 —g2(as(\9)) | ¢-

(3.35)

In [15] it is shown the application of this formalism to the case of transverse
momentum distributions. In that case, the two hard scales are Q7 = M% and
Q3 = Mpyp; and there are soft emissions with respect to the first scale, hence the
soft scale is A2(Q?) = M%/N?, and collinear emissions with respect to the second
scale, hence the collinear scale is A3(Q3) = Mypr/N. Therefore the resummation
formula takes the following form:

M2 M M2 M
C(N, M A o )) cc( H,Lf’Tas(m)

exp{ /N2 an / Hd’fzgl (aa(k2/m)) + / an /M ol as<k2/n>>}, (3.36)

or equivalently

M? Myp o (M Mpp
C(Nau_fa%aas(:uz)) =C (Tgl? ;IQT’CKS(MZ))

1 N-1_ 1 M2 (1-2)2 d)\2 Mppr(1-2) d)\?
i AN (a2 el () | 1.
exp{/O 1—> (/M2 2 g1 (aus( ))4‘/“2 \2 g2(as(A%))

(3.37)

In section and the same formalism will be applied to produce the resum-
mation formula for rapidity distributions in the singly and doubly soft limit.
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3.4 Matching procedure

In the previous sections, we proved that soft perturbative corrections must expo-
nentiate. What is still to be determined are the coefficients of the power series
in the exponent (g; and gy in our notation). Therefore, we can take our resum-
mation formula and compute them to a fixed order in perturbation theory: this
computation must bring us back to the fixed order computation (in Mellin space).
Obviously, the obtained expression must be equal to the fixed order computation
of the partonic cross section (in Mellin space), therefore we can get the coefficients
of our power series by comparing the 2 expression, and then substitute them back
into our all order resummation formulas. Now that we know how to obtain the
resummation formulas, but these formulas are valid only in the threshold region,
while far away from these kinematic region, we should rely on the fixed order
computation. In order to add them together, we must remember to subtract the
fixed order expansion of the resummation formula up to the maximum order of
the fixed order computation, otherwise these terms would appear twice, which is
non-physical.



Chapter 4
Rapidity distribution

In this chapter we apply the formalism introduced in chapter [3|to the case of rapid-
ity distributions. Firstly, we analyse the kinematic structure of rapidity distribu-
tions and their factorization in Mellin-Fourier and Mellin-Mellin space. Secondly,
we provide the NLO rapidity distributions for Drell-Yan and Higgs production pro-
cesses and we describe the most commonly used kinematic variables. Thirdly, we
describe the kinematic thresholds of such processes, which are the so called singly
and doubly soft limits. These are the regions that must be resummed. Then, we
study the phase space structure in order to find out the hard and soft/collinear
scales in both the singly and doubly soft cases. Once the scales are known, we will
be ready to apply the renormalization-group formalism and derive the resummation
formulas.

4.1 Kinematics

In this section we describe the distinction between the hadronic and the partonic
processes, the particles involved, the kinematic variables we choose to use and the
parametrisation of the particles’ 4-momenta. We consider the rapidity distribution
j—; for the process

hl(Pl) +h2(P2> — H(pH)+XH, (41)

where h; and hy are the colliding hadrons with four-momenta P, and P,, and H is
a massive finale state object (in our case a Higgs boson), whose four-momentum
is denoted with pgy. The four-momenta of the hadrons in the hadronic frame of
reference are P, = ‘/75(1,0,0, 1) and P, = \/75(1,0,0, —1). The four-momentum pgy
is parametrized as

pr = (\/ M + |Pr|? cosh Y, b, \/ M + |pr|* sinh V), (4.2)

where M?% is the invariant mass of H, Py the transverse momentum, Y the longitu-
dinal rapidity and s = (P, + P,)? the invariant mass of the colliding hadrons. We
also denote with 7 = MT’Q‘I the fraction of the hadronic energy required to produce H
at rest. The choice of rapidity as a variable instead of the longitudinal momentum
itself is due to its adding property under boosts, which will be exploited in what
follows.

29



CHAPTER 4. RAPIDITY DISTRIBUTION 30

By assuming that the collision takes place only between two partons, one ex-
tracted from each hadron, we now exploit the factorization. Therefore the partonic
process is

qi(p1) + q;(p2) = H(pw) + X, (4.3)

where we denoted with p; = 1P, and py = 2o P, the four-momenta of the partons
involved in the collision, with x; and x5 the fractions of the four-momenta of the
hadrons that the partons carry, and with X the extra radiation emitted during
this subprocess. In the hadronic frame of reference their four-momenta are p; =
\[(:cl, 0,0,21) and py = ‘[(:cg, 0,0, —x5), hence the sum of their four-momenta is

p1+p2 = V3(cosh €,0,0,sinh ), (4.4)

where we denoted with § = x1295 the invariant mass of the system composed of
the 2 partons and with £ = % In 7% the longitudinal rapidity of this system, which is
also the rapidity of the partonic centre of mass in the hadronic frame of reference.
In the partonic frame of reference (where the system of the 2 partons is at rest)
the four-momenta p; + po, py and X can be written as

p1+p2 = \/§(1707070) (45)
PH = (\/M%I + pE cosh @, Pr, \/ M% + pA sinh@) (4.6)
= (\/M)% + M% sinh® §j + p2 cosh® §j, —pr, —/ M% + p? sinhg}) , (4.7)

where § = y— ¢ is the longitudinal rapidity of H in the partonic frame of reference,
thanks to the above mentioned transformation properties of the rapidity under
boosts.

4.2 Rapidity distributions factorization

In this section we explain the necessity of a double transform in order to obtain
the factorization of the rapidity distribution. Firstly, we describe how to obtain it
via a Mellin-Fourier transform, then we explain how we can alternatively obtain
factorization by means of a Mellin-Mellin transform. Finally, we make an important
remark about how the Mellin-Mellin variables must satisfy a contraint.

4.2.1 Factorization in Mellin-Fourier space

In this section we describe how to obtain factorization in Mellin-Fourier space. The
following derivation also sheds light on the choice of the rapidity as a kinematic
variable. ,

Defining z = % = the rapidity distribution reads as follows:

1T’

ld .
> (r,Y, Mf) = Z/ del/d@fle fiz2) dA( = — §=Y —¢ Mg),

rdY T1xo
(4.8)
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where it is straightforward to see that 2 = \/7e¥ and 2y = \/7e™" are the mini-
mum values respectively of x; and x5 in order to produce H at rest in the hadronic
frame of reference. With a little abuse of notation, we denote the rapidity distri-
butions only by their dependences, namely

1do
Y. M?%) = =—(1.Y, M? 4.
0<Ta 9 H) Tdy (7_7 ) H) ( 9)
. dc;; .
Cij(2,9, Mpy) = dgj(z,y,M}i)- (4.10)

We can rewrite (4.8]) by replacing the kinematic constraints z = xlTxQ andy =Y —¢&
with integrals over ¢ functions, obtaining:

o(r,y, M%) :Z///O dxldargdz/_Zd@
[fila1) fi(22)0(y — & — §)0(T — 21222)Cyj (2,9, M)] . (4.11)

The extremes of integration for the variable y are obtained by applying the con-
ditions M% > 0 and |pp|?> > 0 to the conservation of energy of the four-momenta

(#.5), (@4.6), (4.7), which leads to

1
—— > cosh ¢ + | sinh g|. (4.12)

VE

From the above inequality, we can derive that the domain of integration with
respect to the variable ¢ is

. 1 1 .1 1 .
— Yo = _5111 (‘) <Y< élﬂ <;) = Yo- (4.13)

We now take the Fourier transform with respect to the variable Y and the Mellin
transform with respect to 7 of both the lhs and rhs of (4.11)) and, by defining

1 Yo .
o(N, M, M) ::/ dTTN_l/ dy e™MVo(r,y, M%) (4.14)
0 —Yo
! Yo -
Col¥ M M) = [ dze [V ageicy gty @)
0 o
M ! :
fi <N+i7> ::/ dx xN“%_lfi(x), (4.16)
0

we obtain the following factored relation:

M
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4.2.2 From Mellin-Fourier space to Mellin-Mellin space

In this section we describe the change of integration variables (z, ) + (21, 22) which
enables us to map the Mellin-Fourier transform into a Mellin-Mellin transform.
Once we derive the rapidity distribution factorization, we discuss the constraints
which the Mellin variables must satisfy.

It is then convenient to make the following change of variables in definition

(4.15)):
— y Z = 2122
a=VEl e (4.18)
29 = +/ze Y y=3ln <i>,
where we also reported the inverse relations. It is straightforward to show that the

Jacobian of this variables transformation is equal to 1 and that the extremes of
integration become

z€[0,1], 5 € [—9o(2),9p(2)] — 21 € [0,1], 25 € [0, 1]. (4.19)
Therefore the definition (4.15)) becomes

N+idl—1 N—idl—1
z
2

1
C’L’j(Nu M, Mé) 2// dz dzg 2, Cij(z(zlazZ)ag(ZhZQ)vM}%{)'
0

(4.20)
It is evident that, by calling
M
Ny =N+ @7 (4.21)
M

the relation (4.20]) above assumes the more appealing form:

1
Cij(NlaN%MEI):// dz dZQZivl_lzévz_loij(z(zh22)7@(21,22>7M12{)a (4-23)
0

where z(z1, z9) and (21, 22) are the relations (4.18). Moreover, the factored parton
model formula (4.17)) becomes

o (N1, No, M) = fi(N1) f(N2)Cij (N1, Noy M), (4.24)

It is now clear the meaning of the change of variables : we are switching
from Mellin-Fourier space to Mellin-Mellin space. The main convenience of this
switch comes from the factorization of the domain of integration of z and ¢ into
the 2 independent domains of z; and 25 reported in . In fact, in the next
section we will show that the coefficient function can be expressed in terms of
plus distributions of the variables z; and zy (example ) and that the Mellin
transforms of plus distributions can be calculated in the large-N limit (see (3.15)).

It is important to make a clarification in order to avoid confusion. In Mellin-
Fourier space, since N € C and M € R, we have 3 degrees of freedom, whilst, at
first sight, it might seem that in Mellin-Mellin space we have 4 degrees of freedom,
because both N; € C and N, € C. Actually, N; and N, are defined in (4.21)) and
(4.22) in terms of N and M, therefore, globally, there are still only 3 degrees of
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freedom, as it should be. The missing degree of freedom is due to the fact that N,
and N, have the same real part, because, by expliciting the relations and
(4.22]), we obtain:

N1 =Re(N) +i[Im(N) + M/2] (4.25)

Ny = Re(N) +i[Im(N) — M/2]. (4.26)
This fact should be kept in mind in what follows.

4.3 Coeflicient functions

In this section, we describe some phenomenology of rapidity distribution compu-
tations. Firstly we report two examples of NLO computations of rapidity distri-
butions in terms of z and uw. These are not the kinematic variables we chose in
sections [4.1] and [4.2] because we used z and g. Therefore, we describe the variable
u, its relation with z and ¢, and with 2z; and z5. Then we explain why u plus dis-
tributions are not convenient and how they can be mapped into more convenient
z1 and 2o plus distributions. Finally, we provide a brief argument which explains
how the forward-backward symmetry of the partonic cross section is mapped in
Mellin-Fourier and Mellin-Mellin space.

4.3.1 NLO Drell-Yan rapidity distribution

Here we report the partonic rapidity distribution for Drell-Yan process up to NLO
as it is presented in [I8] adapted to our kinematic notation. The structure is the
following:

dCZ Qg
(1-2)—2 = ) + ?ngy +0(a?). (4.27)
The coeflicients are:
(0)
Nij
Q]Q = (0ig0g5 + 0igdyqj)d(1 — 2)[6(u) + (1 — )], (4.28)
q
1) 2
nqq 8 z
- = = ) o(1 —
= S 0 + 80 =)
_ 2
[5(1 —2)(2¢; —4)+4 {%} —2(1+2)In(1 — 2) — 11tzz Inz+1-— z}
_l’_

+ (1 e —Zz)2u(1 - u)) {% (i + ﬁ) — 91— z)] } (4.29)

(1) 2

Ty _ 2 {5(u) [[zZ +(1—2)"]In

q

+<1+(f;yuu—uo[p?+a_zm£;+241_@+41_@%4.(4%)

and

(1—2)

z

+2ﬂ1—@}
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4.3.2 NLO Higgs production process rapidity distribution

Here we report the partonic rapidity distribution for Higgs production process up
to NLO as it is presented in [I9]. Again, we adapted the result to our kinematic
notation. The partonic rapidity distribution has been obtained in the large top
quark approximation. The structure is the following:

dCh B (1+2) dCh
dY — 2(1 — z)cosh?(9) % du

(4.31)

where the index h = H, A stands for the CP-even and CP-odd Langrangians. of!
denotes the following expressions:

g T (O‘_>2 a__ 9 m 4.32
7% T 57602 \ 1 % = Ltan2 g0 (4.32)

where v ~ 246GeV is the void expectatlon value of the Higgs field, and [ is a

ach
parameter of the effective theory. — can be perturbatively expanded as follows:

dC-"- a

ij h( ) s h
g Zs 4.
T = Wi + +O( . (4.33)

At LO, the only contribution comes from the gg channel and reads as follows:

1
wg’A’(O) = 55(1 — 2)0(u(l — u)). (4.34)
The NLO coefficients are:
16
wep = 5 (1= 2Pl + (1= u)?], (4.35)

l\D

1—2

ot = St - (o6 )ty 112 [2022)

—6(22— 2+ 1)2%2 —122(z* — 2+ 2) In(1 — z)}
+3{{11ZL—Z(Z2—2+1)} {ﬁ]+—3(1—2)3[2—u(1—u)] (4.37)

and 1
oA — wg’(” + 15(1 — 2)0(u(l — u)). (4.38)
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4.3.3 Plus distributions with respect to z and u

In this section we describe the physical meaning of the variable u and the necessity
of changing from the variables (z, u) to (z1, 22) in order to obtain plus distributions
simpler to manipulate.
Usually the coefficient function is computed in terms of the variables z and u,
where 2z has already been defined in the previous section and
e 2 — 2 2(1 — 2%)

R R T Rl G ST (4.39)

In appendixit is shown that u is nothing but (1+cos6)/2 = 3(1+X*/X"), where
f is the angle between an emitted radiation particle X of and the collision
axe (in the soft limit M% = 0). The variable u is convenient because, since cos  is
ranging in [0, 7|, the u variable is ranging in [0, 1], and the coefficient function can
be expressed in terms of plus distributions with respect to w.

In definition , we need to calculate the Mellin-Fourier transform of contri-
butions similar to the one of sections 4.3.1] and [4.3.2] We have to calculate 2 types
of terms: Mellin transforms with respect to z of z dependent plus distributions
(whose behaviour is well-known, see (3.15])) and Fourier transform with respect to
y of u dependent plus distributions. The latter type of terms are not immediate
to be understood, and now we show that they can be rewritten in a form similar
to the Mellin transform with respect to ¢ := e¥ of ¢ dependent plus distributions.

For instance, we consider the Fourier transform of a term of :

+90 1
/ djj e — = (4.40)

Yo Ut

and we substitute the convenient form of u from (B.3)), obtaining

_ o iMy 2(1 - =)
_/% dy (e S [y s yer S (4.41)

We retain only the ¢ dependent factors, because, for example the (1 — z) factor is
not to be integrated and it comes out of the integral without affecting its behaviour.
We make the above mentioned change of variable y — t and we get

o 22 + 1) I BV L
o e e T (Tl M
(4.42)

It is then clear why the ¢ variable is not convenient. In fact we have almost obtained
the Mellin transform of a plus distribution, but with the following differences:

e the domain of integration is not [0, 1], therefore we can not apply the usual
techniques.

e the denominator 1 — zt? has a pole in ¢t = 1 only in the limit z — 1, therefore
we should take into consideration the z dependence, too.
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4.3.4 Plus distributions with respect to z; and 2

The answer to the problems presented in the previous section is represented by
the z; and 2z, variables. Firstly, as already pointed out in , the domains of
integration are decoupled and are equal to [0, 1]. We now discuss how to manipulate
expressions like the ones of sections |4.3.1] and [4.3.2] in order to obtain only Mellin
transforms of plus distributions. In (4.23]), we need to explicit the variables z; and
z5 in terms of z and g, and it is possible to map plus distributions with respect to
z and u in plus distributions with respect to z; and 2. Many of these relations are
computed in appendix B of [22] and here we report one example:

Ht;ﬁ[5?+ﬁiiﬁ}:dmd@{@&1—mmu—¢g_[
1m1—@q

1 1
(1= 2] [1— 24 1=z

1 222 1 221 1
o(1 — 1 o(1 — 1
( 22)1—22 n(1+22>+ ( 22)1—21 n(1+21>+(1+21)<1+22)}7
(4.43)

dz dj)

11’1(1 — 21)
1-— 21 +

—a1—m){

where the plus distributions with respect to z; and 2, are intended as plus distri-
butions with respect to the z; and 25 integration separately. To clarify, for instance
the following quantity is intended as

//1d d Ni1—1_No—1 1 1
z1dz9 2 z =
0 L ? 1 —21]4 [1— 2]
1 lefl o 1 1 ZNQ*l o 1
T dzg™2—— | (4.44
[/o T ][/o 2T, } (4.44)

4.3.5 Forward-backward symmetry

The problem is completely symmetric under interchange of the hadron coming from
the right with the hadron coming from the left along the third axe, which is parity
with respect to the third axe. This has 3 main consequences on: the coefficient
function, its Mellin-Fourier transform and its Mellin-Mellin transform. Firstly, the
parity with respect to the third axe implies that the hadronic cross section o of
(4.8) must be symmetric under the interchange Y <> —Y| namely

0<7_7 Y7 MJ%I) = U(T7 _}/’ MIQJ) (445>

On the one hand, if the 2 extracted partons are identical, i.e. i = j, the coefficient
function Cy; is symmetric under the interchange ¢ <> —y, too, because also the
partonic problem is symmetric under parity with respect to the third axe. On
the other hand, if ¢ # j, the coefficient function is not symmetric under g <> —7.
However, since in the hadronic cross section we are summing over all possible
extracted partons, we can redefine C’Z-j = Cj; + C};, which now is symmetric under
§ <+ =7, too. With a little abuse of notation, from now on Cj; will be intended as

C;, and the some over all possible extracted partons will be intended as ZD i
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The forward-backward symmetry of the coefficient function implies that its
Mellin-Fourier transform is symmetric under M < —M. In fact, if we consider
(4.15) and we make the change of variable § — —g, we get:

1 +9o o
Ci;(N, M, M},) = / dz 2N 1 / dye"™MIC; (2,1, M%) = Cij(N, =M, M%).
0 —%o

(4.46)
Moreover, if we consider the definitions (4.21]) and (4.22)), it is straightforward to
see that the transformation M <> —M corresponds to Ny <> Ny. Therefore the
following relation must hold, too:

Cij<N17N2aM121) :Cij(N%leM]%[)- (4.47)

4.4 Thresholds

In this section we analyse the kinematic threshold of the considered process. Firstly,
we describe the doubly soft case, starting from the (z,7) limits and obtaining
the corresponding limits in Mellin-Fourier space, i.e. (N, M) variables. Then we
describe to what limits the doubly soft region corresponds in (z1, z2) variables and
in Mellin-Mellin space, i.e. (N7, Ny) variables.

Secondly, we move to the singly soft case. We start by deriving the (z1, 2)
limits in the singly soft region and then we derive the corresponding (N7, Ny)
limits. Finally, we switch to (z,¢) variables and we describe their limits in the
singly soft region and what is the corresponding behaviour in Mellin-Fourier space,
i.e. (N, M) variables.

4.4.1 Doubly soft limit

In this section we derive that the doubly soft region corresponds to (z — 1,7 — 0)
and (|N| = oo, M — +00), where N = pM and p is a finite complex parameter.
Then we derive that the doubly soft region corresponds to (z; — 1,29 — 1)
p+i/2

and (|N1| — oo, |Na| = 00), where %—; = =57 Is finite.

Doubly soft in (z,y) variables and (NN, M) Mellin-Fourier variables

Here we analyse the doubly soft regionE], where the available energy s is approach-
ing its minimum allowed value in order to produce a real Higgs, which is M3.
Therefore, by definition, § — M% implies z — 1. It is important to keep in mind
that, for 2 — 1, the extremes of integration +7, of in expression are
approaching 0% because

1 1
lim g, = lim 3 In (—) =0, (4.48)

z—1 z—1 z

'the name "doubly soft" limit will be clear in section where it is shown that z — 1
corresponds to z; — 1 and zo — 1, while the so-called "singly soft" limit, discussed in section
means taking the z; and 29 one at a time.
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— 2

Figure 4.1: Domain of integration with respect to the variables z and 7 and the
doubly soft region

therefore the set of allowed values of ¢ is becoming a narrow range centred around
0. Figure 4.1 represents the domain of integration and it clears why taking the soft
limit 2 — 1 implies § — 0. The physical meaning of this fact is rather obvious: if
the available energy is approaching its minimum value, then there is no more left
for the longitudinal momentum of the Higgs.

Now we need to understand to which (N, M) limits the doubly soft region
corresponds. Firstly, we want to show that, by taking the limit |N| — oo of Mellin
transform of the coefficient function, we are restricting ourselves to the z — 1
region. To show that, we starting by considering the definition

1 +9o o 1
Ci; (N, M, Mé):/o dzzN_l/A d@eZMyC,;j(z,@, MIQJ) :/ dzzN_lCij(z,M, Mfl)
—0

0
(4.49)
and we focus on the 2V =1 factor. In fact, since 2z € [0, 1], by taking the |N| — oo
implies that 2V~! — 0 unless z — 1. A similar argument can be applied to
the inverse Mellin transform to show that also z — 1 implies |N| — oo. This
mapping can be expressed more quantitatively by calculating explicitly the Mellin
transform of a typical expression of the rapidity distribution in the large-N limit
as the example (3.15)), where only a finite number of terms provide non-suppressed
contributions.
Secondly, we show that M — +oo corresponds to the §y — 0 region. In fact, for
M — 400, the eM¥ factor is a function, which is oscillating increasingly fast, and
the only way to obtain a finite factor e™? is for §§ — 0. A similar argument applied
to the inverse Fourier transform shows that § — 0 <> M — do00. Since in section
[4.3.5 we showed that the Mellin-Fourier transform of the coefficient function is
symmetric under parity with respect to the M variable, from now on we will drop
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the M — —+oo distinction, because these 2 limits are indistinguishable.

When considering terms of the form , obtaining a quantitative relation for
this fact is a hard task, because one can not consider the Fourier transform alone,
but has to consider it inside a Mellin transform. Here we give a specific example to
get a good grasp on the emergence of big logs of M and, to do that, we consider the
following contribution to the Mellin-Fourier transform of the coefficient function:

1 1 +QQ i R 1
/ dz ZN_I—/ diy ™My —. (4.50)
0 [1— 2]+ — Uy

If we make the same change of variable as in [4.3.3 and we isolate one of the many
singular contributions, we get

1 N-1 1//z iM
z —1 M —1
~ dz ——— dt ——— + ... . 4.51

/0 I /f TN (451)

Then, since both the extremes of integration are approaching 1, we can approximate
the above quantity as

1 N-1 _ _ M 1 N+iM/2-1 _
11 1 1
z/ dz = Z\/?H z/ dz> = —In(N +iM/2)+0(1),

(4.52)
where in the last step we dropped some suppressed terms and we used the relation
with p = 0. In it can be seen how logs of M do not appear immediately
after the Fourier transform and independently of logs of N, but they are built by
the Mellin transform with the outcome of the Fourier transform.

Lastly, we focus on the relative rates of the |N| — oo and M — oo limits. We
consider again the definition (4.15), where, for z — 1, we can safely say that the
y variable in the inner integral is approaching 0 at most at the same rate as its

extremes of integration || = 21Inl, hence as a first approximation e’ ~ "M/
and (4.15) becomes
2 ! vor [P0 < a2
Ci;(N, M, M) z/ dzz"~ / dyz'= Cyij(z, 4, Mf). (4.53)
0 9o

Therefore, if |N| is required to approach oo at a certain rate, then, in order to
have a non-trivial factor zi%, M must approach oo at the same rate of N, i.e.
M = O(|N|). We are left with the freedom of choosing the complex numeric value
N |N|,
— _ i
=L _ s 4.54
P=7= g (4.54)
where we decomposed N = |N|e?®, the modulus of p is determined by |p| = |N|/M
and it represents the relative rate of the limits, and its phase is determined by
p/|lp| = N/|N|. The complex number p can be thought as the parametrization of
the doubly soft region in Mellin-Fourier space.
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Doubly soft in (z;, 22) variables and (NN;, N2) Mellin variables

We now focus on expression and we ask to what this doubly soft limit
corresponds with respect to the variables z; = \/ze? and z, = y/ze~¥. Taking the
limit z — 1 implies that z; — ¥ and 2z, — e ¥, and moreover, since both the
maximum and the minimum allowed values for ¢ are approaching 0, then z; — 1
and zo — 1 at the same time (hence the name "doubly soft").

We now focus on the Mellin-Mellin limits to which this (21, 22) region corre-
sponds. As already discussed in the previous section, the z — 1 region corresponds
to the |[N| — oo limit. In Mellin-Mellin space the situation is not different, because
we have 2 independent Mellin transforms with respect to z; and 25, which are both
approaching 1, therefore we know that |N;| — oo and |N;| — oo. Up to this point,
we are still free to take the 2 limits at different rates, but we need to do a more
careful analysis. We have already done some considerations about the rates of the
limits M — oo and |N| — oo and we came to the relation M = O(|N|). Due to
the relations Ny = N +iM/2 and Ny = N — iM /2, we are obviously constrained
to the situation where |N;| = O(|Ns|) = O(|N|) = O(M) in the doubly soft limit.
The freedom we are left with is the same as in Mellin-Fourier space, which is the
complex parameter p. Now p parametrize the limits |N;| — oo and |[Ny| — oo as
expressed by

Ni=M(p+i/2) (4.55)

Ny = M(p—i/2) (4.56)

Figure represents the values M, N, Ny and N, in the complex plane in units
of M, in order to consider only the relative rates of the limits.

Reversing the argument of the previous paragraph, we can deduce that, since
|IN1| = O(]Ns]), the regions in (z1,29) space are 1 — z; = O(1 — z3), which is
the analogue of the request for § to approach 0 at rate similar to its extremes of
integration. Figure [4.3]is explanatory of the described situation, where (21, z3) are
approaching the top right corner along every possible line, because they are of the
same order.

4.4.2 Singly soft limit

In this section we derive that the first singly soft region corresponds to (maximum
rapidity) (zfixed,y — 9,) and (|[N| — oo, M — +00), where Re(N) is finite and
Im(N) = M/2. The other singly soft region corresponds to (minimum rapidity)
(zfixed, § — —7,) and (|N| = oo, M — +00), where Re(N) is finite and Im(N) =
—M/2.

Then we derive that the first singly soft region corresponds to (z; — 1, zofixed)
and (|N1| — oo, |Nylfixed), where Re(Ny) is finite. The second singly soft region
can be obtained by interchanging 1 <+ 2.

Singly soft in (z1, 25) and (N7, N;) Mellin variables

In the kinematic configuration considered in the previous section, since all the
available energy is used to produce the Higgs, the extra radiation is becoming soft
and resummation is needed. We now deal with a different kinematic configuration,
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2i

iM/2

-iM/2

Figure 4.2: The limits M,|N|,|Ny|,|Na|] — oo are represented in the complex
plane in units of M, and relative rates are obtained from the relations N = Mp,
N1 =M(p+i/2) and Ny = M(p—i/2).
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Figure 4.3: Domain of integration with respect to the variables z; and z, and
doubly soft region
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Figure 4.4: Domain of integration with respect to the variables z; and 2z, and singly
soft regions

where z is not approaching 1, so there is extra energy available for the Higgs, but
the Higgs is using as much extra energy as possible in order to have the great-
est /smallest possible longitudinal momentum, therefore its transverse momentum
is approaching 0. In this configuration, the extra radiation allowed is of 2 types:
collinear to the Higgs, in order to compensate the longitudinal momentum of the
Higgs because of the conservation of the four-momentum, and the remaining radi-
ation has to become soft, therefore resummation is needed also in this case.

We start from relation and we consider the case § — ¥,, because the
case § — —{, is symmetric. We can immediately read why using the variables z;
and z, is easier. Since the variables can be rewritten in the form z; = €% and
29 = e 97U the limits above correspond to 2, < 1 fixed and z; — 1, and z; < 1
fixed and zo — 1. In these limits, respectively z — 2z, or z — z;, therefore it
is not approaching 1. Figure [4.4] is explanatory of the kinematic regions we are
considering in these 2 limits in (z1, z5) space.

Now we show to which limits of the Mellin variables (N7, N2) the regions z; — 1
and zy — 1 correspond. In analogy with the previous section, we consider (4.23)

1
Cij(Nb NQ, MIQ-I) = / le Z{Vl_lcij(zl, NQ, Mé), (457)
0

where we focus on the z; integration. For |N;| — oo, then the factor 2" ' — 0,

unless z; — 1. On the other hand, the variable 25 is freely ranging in its domain,
therefore it is not necessary to take any limit for Ny. The case in which z; and
zy are playing each other’s role is completely analogous, with the only needed
substitution 1 <» 2.
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Figure 4.5: The limits M, |N|, |N;| — oo are represented in the complex plane in
units of M. Since N, is finite, it can not be represented because it corresponds
to 0 in M units. The relative rates are obtained from the relations N = iM/2,
Ny =M(p+i/2) =iM.

Since we are taking only 1 limit, there is no relative rate between N; and Ns
to reflect on, but, since N; and N, are not 2 independent complex numbers, there
are some important consequences when asking |N;| — oo and N, finite. In fact,
by looking at and , the fact that N; and N, have the same real part
implies that the real part of both of them must be finite. Therefore N; must
approach oo along the imaginary axe, neglecting sub-leading contributions. The
explained situation is depicted in figure [4.5]

Singly soft in (z,y) and (N, M) Mellin-Fourier variables

If we analyse the same situation with respect to the variables (z, ), it is straightfor-
ward to understand to what these kinematic regions correspond. In fact, z is fixed
to a numeric value, and is not approaching 1, while the variable ¢ is approaching
+7,, depending on whether we are in the z; — 1 or in the z; — 1 case, keeping in
mind that 7,(z) is z dependent. The described situation is depicted in figure .

Lastly, we explain to which limits these regions correspond in Mellin-Fourier
space. In order to do this, we exploits again the relations Ny = N + iM/2 and
Ny = N —iM /2 and we ask ourselves what they tell us about N and M if N; — oo
and N, is finite. By looking at and we can deduce what follows. The
difference N; — N, of and must be infinite because |N;| — oo and Nj
is finite, hence M — oo. On the other hand, Ny must be finite, therefore both its
real and imaginary parts must be finite, hence Re(N) is finite and Im(N) — oo
in order to compensate the divergence of M, and in particular Im(N) = M/2
up to a constant. Moreover, since N is becoming increasingly imaginary, we get
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—z 2

Figure 4.6: Domain of integration with respect to the variables z and 7 and the
singly soft regions

N — iIm(N) and, by recalling the definition p = N/M, we obtain the following
value for p:

iIm(N) i
Z 4.58
e (4.58)
This is exactly the expected result because, by dividing (4.55) by (4.56), we get
R 4.59

which is divergent for p — i/2. In figure the explained situation is depicted,
and one can see that this is a particular case of figure 4.2 with the substitution
p = 1/2. The symmetric result can be found for N; finite Ny — oo, which, at the
end, requires p — —i/2.

4.5 Phase Space

In this section we analyse the phase space structure of the radiation emission.

Firstly, we reorganise the phase space integration measure by dividing it into
soft radiation and radiation collinear to the massive final state particle.

Secondly, we analyse the singly soft limit and we show that the phase space can
depend only on two combination of variables: the collinear scale M (1 —z1)(1—23)
and the soft scale M?% (1 — 21)?, where 2, is fixed and z; — 1.

Thirdly, we analyse the doubly soft limit and we show that the phase space
depends on the same scales of the singly soft limit, but this time we are taking both
z1 — 1 and 25 — 1. We discuss the meaning of this result and its interpretation.
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Figure 4.7: Phase space decomposition of the process with two incoming particles
with 4-momenta p; and p,, a final state massive particle H, m soft gluons with
4-momenta ky, ...k,, and m gluons collinear to H and with 4-momenta ki, ..., k..

4.5.1 Phase space for rapidity distributions

The following treatment follows a procedure similar to [I5]. In this section we
manipulate the phase space in order to factor soft and collinear radiation. We
distinguish between two classes of extra radiation: soft radiation and radiation
collinear to the massive particle H. Therefore the conservation of the four-momenta
for the process takes the form

ptpr=pgt+ki+...+knt+k+... +Ek, (4.60)

where we denoted with £; a soft radiation particle and with & a collinear radiation
particle. The infinitesimal element of the phase space in d = 4 — 2¢ dimensions
takes the following form:

d¢m+n+1(plap2;pH7 kl? R k;z) =

ddflpH ddfl kl ddil k; e
T (2m)i12pY (2m)i12k0 T (2m)d 12k 2m) 6D (p1 +po—py — k1 — ... — K,).
(4.61)

The phase space can be divided into sub-phase spaces by introducing intermediate
particles and integrating over their four-momenta squared. Our choice is to split the
phase space the way it has been done in [15] for transverse momentum distributions,
which reads:

2 "2

= / da- ddms1(P1 P2 s 1y - s ) / aw) ddo(q; pr, K)don (K ki, k).

2m 27
(4.62)

Figure illustrates the chosen phase space decomposition.

Now, we calculate explicitly the element d¢s(q; py, k'), keeping in mind that
we need to obtain a rapidity distribution, therefore we have to isolate the measure
dp7;. By definition, we know that

dd— 1pH dd—l k/

(2m) 12y (2m) 12K (2m)"0 (= pir — ), (4.63)

doo(q; pu, k') =
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we make the spatial 51 act to cancel the integration measure d* %', we choose
the frame of reference in which ¢ is at rest and we are left with

A" 'py W (/P - 0
" (VT .

The integration measure can be rewritten as
,n_l—e
d 2 |= 726d =
(4.65)

where we exploited the relation 2 = Iz,&d/g) Substituting it into , it becomes

1 — — —
_dp% ’pz|d 4d‘pz’ de72 =

ddflpH — d2]—)'T ddisﬁz — 5

(4m)“|,| > dpt || o
do2(q;pr, k') = 16T (1) Zk,o (V= pY — k). (4.66)

Then we want to make the 6() act on the integration measure dp?., therefore
we the known property of the § of a function, obtaining

S 12 =2
| 7(57)]
where
A\ M2 2 k! 2
= ( Hﬁf’( )) —p2, Mz, y,2) = 22 +9y° + 22 — 22y — 202 — 2yz. (4.68)
and \/_
. 1/1 1 q?
=5 (o7 + ) = e (4.69)

Substituting (4.67)) and (4.69) into (4.66) we get:

(47T)E .7
d K z .
The last step of our manipulation is transforming the d|p,| differential into a d|y|
rapidity differential, because we are interested in rapidity distributions. The pro-
cedure is the following:

- A\ 1 21t 2
d|p.| = \/ M + p7 cosh(§)dg| = /M +pT21/—2d\ ] (4.71)

and substituting this relation into (4.70]), it becomes
47)¢|p.| % 5 21+ 2%
Admsn ki,... k! ::(—Z\/M2 d
¢ +n+1 p17p27pH7 1y n) 327T3F(1—E) H+pT2\/— | |

G

It is important to note that we seem to have lost information about the sign
of § because we found cross section differential in the modulus of the longitudinal
momentum, but actually the information about the sign is stored inside the variable
among z; and z, which is approaching 1 faster, both in the case of single limit and
double limit. In fact it is straightforward to prove from that if z; > 25 the
longitudinal momentum has a positive sign, and vice versa for the other case.

(4.70)

d¢n+1<p17p27 q, kl? BRI k’m)d(bm(k/? ki’ R k;n) (472)
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4.5.2 Singly soft limit: extremes and scales

In the section analyse the extremes of the phase space integration with respect to
soft and collinear radiation in the singly soft case. From them, we deduce the soft
and collinear scales.

We aim to understand what are the extremes of integration in in the
situation when only one of the variables z; and z; is approaching 1. In this sec-
tion we assume that z; — 1 and the other case is perfectly symmetric up to the
substitution (1 — 2).

We start by writing the conservation of four-momenta for d¢,, 1, which is

pr+pr=q+tki+... +kn, (4.73)
and, by squaring this equation, it becomes
§="+2¢° Y kil =2v/(q0)2 = D [ki| cos ;42> [kl k| (1—cos 0y). (4.74)
i=1 i=1 ij=1

It is clear that the maximum value of ¢? is reached in the limit of soft radiation,
ie. k| — 0Vi=¢*— 3.

The lower extreme of integration can be found by looking at the conservation
of energy for dgo(q; pr, k') in the frame of reference of ¢, which reads

2
¢ = <\/M§, +p%+p§+\/(k’)2+p%+p§) : (4.75)

where we have identified z in the frame of reference of ¢ with the one in the partonic
frame of reference because in the soft limit these two frames coincide. Lowering
(k")? and p% down to 0, we obtain that

2
> G = (\/M?; +p+ |pz\) : (4.76)

We prefer to express this lower limit as a function of z; and z,. Substituting
p. = My sinh § because of p% = 0, and knowing (4.18)), we get

A

S “
qu-n = é_l(zl + 29+ |21 — z2|)2 = (max{z, z2})23 =z

where max{z;, 22} = z; because we chose the configuration z; — 1 and 2z # 1.
Therefore, the integration interval is ¢* € [223, §].

We choose a new dimensionless variable u instead of ¢2, defined by interpolating
the extremes of integration as follows

¢ = 215 +u(s8 — 275) = 8(2F +u(l — 21)). (4.78)
If we make this change of variable, eq. (4.72]) becomes

Am)e|p, |2 21+ 20 .
Abmsni1(P1, P2, k1, - - - k’:z) = 3(27T+<1|_6)\/ MIQ{ +P2T21\/F;d’y|‘/g(1 - Z%)

/d(k,)2 dgbn-l—l(pl;p?; q, kla ceey km)d¢m(k/7 kia s 7k7/n)
(4.79)

25, (4.77)

/1 du
0 \/zf +u(l — 22)
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Regarding the integration over k', the lower limit is trivially found to be 0,
while for the upper one we need to recall (4.75]), which leads to

(K')? = ¢+ M} — 24/ q*\/ M3 + p2 + p2. (4.80)
Then the maximum value is obtained for p2. — 0, hence it reads as

(Krae)? = % + ME —21/q\/ M3 + p2. (4.81)

If we isolate a factor § and we substitute ¢2/3* = 22 +u(l — 22), M} /s = 2 = 212y
and p?/5® = (21 — 2)?/4, it results in

=3 (zf +u(l —27) + 2129 — (21 + ZQ)\/Z% +u(l — z%)) : (4.82)

which tends to 0 in the limit z; — 1. Therefore we expand it to the lowest order
in powers of n = 1 — z1, obtaining

(1=2n+2un+2 —zon — (1 + 22 —n)(L = n(1 —w))) + O(n)
(1= 2)n+0(n) =5u(l —z1)(1 — 22) + O ((1 — 21)?) .

It is important to keep in mind that in this case the singular contribution is rep-
resented by 1 — z;, while 1 — 25 is just to be intended as a numeric constant, for
the moment.

Once again, we choose an dimensionless variable v in order to interpolate the

extremes of integration 0 and (k/, )%, which is defined as

(4.83)

=3
= su

(K')? = uv(l — 2)(1 — 22)3. (4.84)
Finally, by applying this change of variable to (4.79)), we get

(4m)|p| >/ R R BT
M? d 1—2)%(1 1-

! udu /1
Qv A (P, P2 @ K1, ) dm (K3 KL, oK) (485
/OMMH_Z%) 000 O (R K ). (455)

The formula above can be simplified by taking the limit z; — 1 and p% — 0 in the

non singular terms and by substituting s = i\fi — J\f—ff Then, it becomes:
(4m)Ip=| 7% 4 o (1= 23)
=~ M;(l-=z
32m3T(1 — ¢) (1= =) 22

1 1
[ v [ v dona o k) don (k). (180
0 0

The 2 remaining phase spaces can be dealt with as in appendix A of [13]:

e d¢, 1 has the form of a Drell-Yan phase space and it depends on dimension
full variables only through the combination
(G—¢*)? [ —Gi+ull—27) 401

—u)® 2
= ~ Mz (1 — . 4.87
q2 S Z% _I_ u(l _ Z%) 29 H( Zl) ( )
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e d¢,, has the form of a DIS phase space and it depends on dimension full
variables only through the combination

1—22

(K')? = suv(l — 1) (1 — 20) ~ voMp (1 — 21) (4.88)

22

From these dependences we understand that, for z; — 1, the phase space is a
function of dimension full variables only through the 2 following combinations:

AZy = ME(1 - ) (4.89)
which emerges as a soft scale, and
A2DIS = Mz(l — Zl)(l — ZQ), (490)

which, on the other hand, emerges as a collinear scale.

4.5.3 Doubly soft limit: extremes and scales

In the section analyse the extremes of the phase space integration with respect
to soft and collinear radiation in the doubly soft case. The scales we obtain are
identical to the ones of the singly soft limit, but they have different interpretations
and behaviours.

In this case we have to find what are the extremes of integration, too. Most of
the calculations done in the previous section are still true in this case. In particular,
regarding the extremes of integration with respect to the variable ¢* are the same,
because they are exact and they did not go through any approximation. It is also
true the fact that the lower limit is 275 if 2; is the variable approaching 1 faster.
In this case, the results will still be perfectly symmetric under the interchange
21 £ 29.

Regarding the extremes of integration with respect to (k’)%, we should in prin-
ciple expand the upper limit in powers of 1 — z; and 1 — 25, keeping in mind that
these 2 quantities are of the same order. Actually, the calculations done before have
already provided us with the result we are looking for, because we approximated
only with respect to the variable z;, therefore the result is exact with respect to
Z9.

Therefore, we can resume the discussion starting from , which becomes

(4m)°lp-|*
16731 (1 — €)

1 1
/ UdU/ dv d¢n+1(p17p2;q7 kl?‘ s 7km>d¢m(k/7ki7 s 7k1/n) (491>
0 0

M (1= 2)%(1 — z)

Now we can repeat the argument of the previous section about the 2 phase spaces
dependences on the dimension full variables. Therefore:

e dp,.1 has a very similar form to the previous case, and its dependence is

found to be
(5—¢*)?

z 4(1 —u)*ME(1 — )% (4.92)



CHAPTER 4. RAPIDITY DISTRIBUTION 20

e d¢,, has a very similar dependence, too, but it contains a different scale
because what was a numeric factor 1 — z5 is now singular, hence

(K')? ~uoMz (1 — z1)(1 — 29). (4.93)

We can read from the above relations what the soft/collinear scales are identical
to the singly soft case: a soft scale A%, = MZ%(1 — z;)?, and a collinear scale
A%,s = MZ(1 — z)(1 — z), but in section and we will highlight the
differences both in their interpretations and in their behaviours. For, now, it is
important to understand that, even if we allowed the possibility for both soft
(all the components of the four-momentum are small) and collinear radiation (the
transverse components of the four-momentum are small) to be emitted, actually the
doubly soft limit case implies that also the longitudinal momentum is becoming
small, so also the longitudinal component of the collinear radiation is becoming
small, hence the extra radiation is globally becoming soft. Therefore, A%, which
was derived as a collinear scale, is actually a soft scale.

4.6 Doubly soft limit: the resummation formulas

In this section we apply the multi-scale resummation formulas to the hard and
soft /collinear scales obtained in the doubly soft limit. Firstly, we show that the
soft scale exponent produces only subleading contributions, therefore it can be
excluded from the resummation formula. Secondly, we prove that the collinear

scale M7 (1 — z)(1 — 2,) is mapped in Mellin space in the scale . Finally, we
prove that the resummation formula with the remaining scale can be mapped into
the resummation formula already known in literature. We also prove that in the
doubly soft limit, the resummation formula for the rapidity distribution can be
obtained from the one of the inclusive cross section by substituting N — N Ns.
We aim to apply the relations (3.34) and (3.35) to the case of rapidity distribu-
tions in the doubly soft limit, where it is required the knowledge of the hard scales
and the soft scales. In the doubly soft limit, the only hard scale available is M,
which is the endpoint of the kinematic. In section we obtained the soft scale
M%(1 — z)? (M%/N? in Mellin space) and the collinear scale MZ (1 — 21)(1 — 25)
(M? /(N1 Ny) in Mellin space, proved in the section [4.6.2), where both z; and 2, are
approaching 1. Therefore, in this case, the resummation formula becomes:

C (Nl,Ng, Mi; g (1 )) Cce (A/:[Q (MQ))

N dn [ME g2 NNz gy (ME qR2
eXp{/ / —5 01 (as(k*/n), Na) + /1 el ng(as(lf/n)) -
np
(4.94)
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In section 4.6.3| we will show that the above resummation formula is equivalent to:

o(Nl,N2,]‘f,as< )) OC<A;[2 aS(MH))

N1—1 M? (1—21)2 2
2 —1 H dA 9
ol [H=t [ oo

/ " / d A2 L (31— (1= )

1— 21 1-22)

O(Mj; (1 — z1) — pu*)O(Mp(1 — 22) — MQ)} (4.95)

4.6.1 The suppressed scale

We now show that the scale Apy = M%(1 — z;)? gives origin only to subleading
terms in Mellin-Mellin space. In order to do this, we calculate explicitly the Mellin-
Mellin transform of a general contribution originated from this scale, which reads
as follows:

1 1 lp 1_
/ dzy 2o 1/ dzy 2 {n ( 21)]
0 0 =2z |,

J@/ dzy (1 1) [lnpu—zl)} :o(lnjVNl). (4.96)

1—21 2

Therefore, we have just shown that every contribution coming from the soft scale
is suppressed as Ny — oco. Therefore, in the formulas (4.117)) and (4.118)) the first

terms in the exponential produce subleading contributions and we are left with:
M M?
C(N17N27 ,u y s ( 2)) :CO (M_f?as<,u2))

NN g (M dk?
exp{ /1 — | gzlelas®/n) o, (497)

n nu2

and

.7\42 M2
c (NI,NZ, ,asw)) G, ( 4 ,as</f>)

e f [aa [ a A m L (M3 - )1 )

].—21 1—22)

O(Mj; (1 — z1) — p*)O(Mp(1 — 2z2) — M2)}~ (4.98)

4.6.2 The remaining soft scale

We show that in Mellin-Mellin space the contributions coming from the scale
M%(1 — 2)(1 — z) are mapped into logarithms of the form In”(N;N,) and this
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task will be accomplished by providing a generating functional. First, we take the
double transform of the general contribution coming from the scale A%, g:

I, = / /0 oy dzy N1 {111?((1(1_;12)1()1(1_—;)2)) L

_ / /O Aoy dzy (N1 ) ((1(1_,231()1“__252))‘ (4.99)

Then, as already stated, we introduce a generating functional G(Ny, Ny, n), defined
as

G(N1, N2, 1) // dzydz (207277 = 1) (1= 21)(1— 22))"", (4.100)

from which I, can be derived as follows:

I, = {dd: G(Ny, N, )} . (4.101)

n=0

We now recognise that the definition (4.100) can be written as

G(N1, Naym) = Uol dz 2 (1 - zl)"_l} [/01 dzp 221 (1 — z)1
_ Uol dz (1 - zl)"‘l} [/01 dz(1 — zQ)”‘l} = B(Ny1,1)B(Na,m) — % (4.102)

where we used the definition of Euler § function in the first term, and we calcu-
lated the integrals in the second term. Our case is based on the assumption the
|N1|, | N2| = oo, therefore we can apply the following Stirling approximation

I(N)P(n) T(p) _1T(1+n)

B(N,n) = R R i (4.103)

o (4.102)), obtaining:

2 2
_1Td+n)® 11 (_F(l ) 1) | (4.104)
n? (N1 Na)" % n? \ (N1 Ny)"
This result proves that the dependence of the partonic rapidity distribution over
dimension full variables can appear only through the combination of variables NN,
in Mellin-Mellin space. In fact, since the general contribution I, is obtained as the
derivative with respect to 7 of GG, which is a function only of Ny N,, I, itself can
be only a function of N;Ns.

4.6.3 Equivalence between resummation formulas

Now we prove that formulas (4.97) and (4.98) are equivalent. The latter has already
been proved in [I6] using a different method. We start by considering a generic
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power series in the running coupling constant as in the exponential of the formula
(14.98]):

ga(as(MZE(1 — 2)(1 — 2)) z:ggZ (1 —21)(1 = 29))

Z (as(MF)) InP((1 — 2)(1 — 2)), (4.105)

p=0

where g; are numeric coefficients, g, are functions only of as(M%) and we have
dropped the Heaviside © function because they only modify the domain of inte-
gration. Thanks to the linearity of the Mellin-Mellin transform, we can focus on
the transform of a single logarithmic contribution, which can be obtained as in .
Then, by looking at , we realise that we need to do some manipulations on
the generating functional. We expand the formula provided by , in powers
of n, as follows

0o 2\ (k)
G(Ny, Ny, n) = % ((vaz)n Z (r )k’! (1)77’€ _ 1)

12y (k) k
- Z s )k! - d1n* Zﬁ) (772(]\71]\72)77 - %) - (4208

In analogy with [I3], we can give an integral representation of the function

m - % _ [/11 dz (1— zl)n—ll [/11 dz (1— 22)77—1]

Ny No

- [/01 iz (1 —zl)"_l} Uol dz (1 —ZQ)H} (4.107)

but this is not the most convenient one, because the 2 scales N; and N, are sepa-
rated. It is more convenient to define 2 new variables x and w, where x is playing
the equivalent of the soft variable x as in [I3]. It is important to note that this
change of variables is providing us with the soft scale and it could not have been
done before the approximation for |Ny|,|Na| — o0, because only in this
limit the 2 scales z; and zy are unifying into a single soft scale x. Having said that,
in the first term we define (1 — z;) = (1 —w)/N;y and (1 — z3) = Ny(1 — ), whilst
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in the second term we simply choose w = z; and x = z5. The result is

_ Uol dw (1 — w)"_l} [/;NN da (1 — x)n—ll

[ [
- _ UOI dw (1 — w)”_l] [/OI_N:NQ dr (1 — x)n—ll . (4.108)

we substitute it into (4.106|) and we obtain

0 F2 (k dk
GV Noyy) = = S o
k=0 ’ d ln <N1N2 )

[/01 dw/o e (1 —w)(1 - 9:))”‘1] . (4.109)

Therefore, we substitute this new relation into (4.101f) and we get:

0o gk
-y B )

e (

[/ o [T o () o

Our aim is to change the derivates with respect to Mellin variables into the deriva-
tives with respect to (z,w) space. We want to exploit relation 3.8 of [13]:

k 1-+ P(1 _ -+ kE1nP(1 _
cli / Nd:zchl (1 x):/ N dx dlnk(l :c)) (4.111)
dIn®(+) Jo -z 0 I—2 din®(1 —x)

which is valid for the single variable case. Now we exploit the fact that

In”((1 —w)(1l —2x)) = (In(l —w) +In(1 —x))P = Z (p) In”" (1 —w) In(1 — x)

q=0 q
(4.112)
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during the following manipulation of (4.110)) in order to apply (4.111)):

S () [ b

k=0 ’ q=0 q

: d" 1 /1N11N2 s lnql(l —x)
dIn (—N1N2> 0 -
i (I'2))( zp: <p> /1 i In”~4(1 — w) /lNllNz dr d*1ni(1 — x)
s 0 1—w  J 1 -2 dln*(1 —2)

F? k> NN d:c d* 1P ((1 — w)(1 — z))
B k / / —x dIn*(1 — z)

i r? / 1 / MiNg 1dg; d’“hf((l—w)(l—x))’ (4.113)
— —w —x dln"((1 —w)(1 —x))

where in the last step we realised that it is possible to substitute the k-th derivative

in the following way:

d din((1 —w)(1 —x)) d d
din(l —z) dIn(1 — x) din((1 —w)(1 —2))  dln((1 —w)(1 —2z))
(4.114)
Now, thanks to (4.113)), we are able to achieve the set goal. We start again from
the Mellin-Mellin transform of and we get:

! 2{\71—1252—1 1
dz d s(My (1 —2z)(1 — S(M3)
I, e e = 200 =) ng )

o oo 2\ (k) 1 w
== g la(ME)D = >k;! = /0 d

1—w
p=0 k=0

/1_”11”2 de_d*Wn’((1 - w)(l — 7))
L—2 dln*((1 —w)(l — )

/1 dw [Y"mMm dr d*
a - 1—Idln’“(( —w)(1—x))

> (12)0)(1
[ ng ay(Mj)) Z F lnp( —w)(l—fv))]

N1N2 d&: - (IQ)(k (1)d 92(as<M§I(1_w)(1_$)))
/ / [_,; k! dIn"((1 - w)(1 - z)) ]

/ / S G2(M(1 = w)(1 - )), (4.115)

l—x

where in the last step we defined a new power series A(a, (M2 (1—w)(1—z))) as the
squared brackets in the step before. Now the remaining steps are straightforward:
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we only need to change variables in the integral k* = M7 (1 —w) and n = ;= and

1
(4.115)) results in:
NN gy (M
_ / S g ) (4.116)
1 n-Jo
Therefore, we can simply use the resummation formulas for the inclusive cross
section substituting N — N Ns.

4.7 Singly soft limit: the resummation formula

As in section [£.6, we apply the relations (3.34) and (3.35)) to the case of rapidity

distributions in the singly soft limit. In this case, there are 2 hard scales: M% and
M%(1 — z) (for 23 fixed and z; — 1), or M% /N, in Mellin space. In section
we obtained the soft scale MZ (1 — z1)? (M%/N} in Mellin space) and the collinear
scale M%(1—z)(1—22) (M%/(NyN,) in Mellin space, proved in the section [4.6.2)),
where both z; and 25 are approaching 1. Therefore, in this case, the resummation

formula ([3.34) becomes:
M?% M?%/N. M%
O(M S A ) ) = o (o))

Cdn (M dk? NNz g (MEINe )2

exp{ [ [ e [ [T 02/
1 n nM2 k

(4.117)

and formula (3.35):
M 2 M 2
C (N17N27 ,U, ) Qs ( )) = CO (F?as<ﬂ ))
1 ZNl 1 1 1 z1) d)\2
oof [fa [T e
0 12

]_—Zl

LNl 7H(1 21) )2
/ d21 1 / 291(a8()\2))}. (4.118)
0 — A

Since N is no longer approaching oo, the argument of section [£.6.1] can no longer
be applied, therefore there are no suppressed scales.



Conclusion

In thesis thesis we considered the rapidity distribution of a colourless massive
particle final state. In particular, we focused on the resummation of soft logarithms
in two threshold regions: the doubly soft limit, i.e. the limit where the centre of
mass energy of the collision is approaching its minimum possible value in order
to produce the final state massive particle (z — 1, or z; — 1 and 25 — 1) and
the singly soft limit, i.e. the limit where the partonic longitudinal rapidity of the
final state massive particle is approaching its maximum possible value (25 fixed
and z; — 1 or z; fixed and zp — 1).

In order to derive the resummation formulas, we applied the general formulas
for multi-scale resummation, which require the knowledge of the hard scales and
the soft /collinear scales of the process.

We argued that in the doubly soft limit, the process has only one hard scale,
i.e. the mass of the final state particle M%. On the other hand, in the singly soft
limit the process has two hard scales: the mass of the final state particle M%, and
the longitudinal momentum endpoint, which is M% (1 — zy) for 2, fixed and z; — 1.

Then, thanks to an analysis of the structure of the phase space, we derived the
soft scale M%(1 — z;)? and the collinear scale M%(1 — 2,)(1 — 23). They are the
same both in the doubly and singly soft limits, but with different behaviours and
interpretations.

Moreover, we proved that in the doubly soft limit, the soft scales produces
only subleading contributions, therefore we are left with the collinear scale, which
is actually playing the role of a soft scale because in the doubly soft limit the
collinear radiation is also becoming soft.

We proved that the doubly soft resummation formula can be rewritten in a
different form, which has already been obtained with a different method. We also
proved that the structure of the resummation formula is identical to the one of the
inclusive cross section, and can be obtained from it by substituting N — N Ns.

To summarize, the single-scale renormalization group approach, together with
the phase space structure analysis, in [I3] has been used to derive the resummation
formula for the inclusive cross section. The multi-scale approach proved to be
effective in deriving both the transverse momentum resummation formulas [15]
and the rapidity distributions resummation formulas (object of this thesis). The
natural following application is the fully differential cross section, both in transverse
momentum and in rapidity, namely the one where the Higgs kinematic is completely

fixed.
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Appendix A

Mathematical tools

A.1 Mellin transform

Here we provide the definition and some properties of the mathematical objects
used in this thesis. First of all, we define the monolateral Laplace transform.
Given a function f(t) with ¢ € [0, 00|, its monolateral Laplace transform is defined
as follows: .
FOV) = L) = [ dee s, (A1)
0
Given the Laplace transform f(N), f(t) can be obtained as its inverse Laplace

transform: ‘
ct100

f6 =L = [ aveNi), (A2)
where ¢ is a real number chosen to be greater to the real parts of every pole of
the function f(V). Sometimes, it can be useful also to define the bilateral Laplace

transform:

Lol = [ dre (). (A3)
In definition (A.1]), by changing the integrated variable t — =z = —Int, we

obtain the definition of Mellin transform, which is defined for function f(x) with
x € [0,1]:

FOV) = MU = [ daa¥ (o) (A4)
and analogously its inverse is:
F@) = M) = [ ava g, (A5)

Like Fourier and Laplace transforms, it is possible to define a convolution which
factorize under Mellin transform. The convolution of 2 functions f(z) and g(z) is

defined as follows: )
G = [ Lt (5) (A.6)

o8
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Through a simple manipulation, it is possible to rewrite the above definition in the
following form:

(f ) /dy/ 42 8(z — y2) f(9)g(2). (A7)

Expression (A.7)) allows us to simply generalise the convolution of 2 functions to
the case of many functions, which reads as follows:

(fi®..0 fu)(z / dx, .. / dr, fi(x1).. fo(2n)0(z — 21..1p). (A.8)

The factorization property of the convolution is very easy to prove, in fact:

/\/l[(f®9)](N)=/ dw ™ [/ dy/ dz8(x — y2)f(y)g ()}
{/0 dyy™~ f(y)} {/0 dz 2N lg(z)]:}’(]\f)g(]\[)’ (A.9)

and, in complete analogy, in the many functions case we get

M[(fr @ . @ f)I(N) = [r(N)... fu(N). (A.10)

A.2 Plus distributions

Another important tool is the plus distribution, which is a distribution in the sense
that it is a map from a function space to the real numbers. Therefore it is defined
by its action on a test function of this function space:

/Odl‘ [f ()] +9(2) 32/0 d f(x)(g9(x) = g(1)). (A.11)

It immediately follows from the definition that every constant function in [0, 1] is
mapped onto 0. Particularly useful is the following identity:

/0 dz [f(z)]+ = 0. (A12)

An equivalent definition of the plus distribution can be provided by the limit of a
class of distributions as follows:

e—0+

[f(2)]s = lim [9(1 Cr ) —6(1—2) /01_6 d f(x)] . (A.13)



Appendix B

A proof that u = (1 + cos@)/2

The partonic cross section differential in rapidity, which has been written above as
function of the variables z and 7, in literature is often presented in terms of the
variables z and )
yo 2= ) (B.1)
(1 — 2122)(2’1 + 22)
and their plus distributions. While the meaning of the former has been already
explained, one might wonder why is that the latter is such a convenient variable.
The answer is that w is nothing but the angle at which a radiation particle is
emitted in the process we are considering.
Here we give a brief proof of this relation. To be as clear as possible, we report

the four momenta of the considered particles

P1 +p2 = @(1707070)
P = <\/M[2{ + p2 cosh @, pr, /) MZ + p% sinh@)
X = <\/M1%1 sinh? § + p2 cosh® §, —pp, —y/ M7 + p2 sinh g}) :

and we want to recognise in the expression

_ 2(1 — 2%)
v= (1 — 2122)(2’1 + 22) (BZ)

elements of the four-momenta above. Firstly, we substitute z; = y/ze? and 2z, =
vze ¥ and we obtain:

e Y(1 — ze%) e ¥ — ze¥

= = B.
" 2(1—z)coshy  2(1— z)coshy (B-3)

Then, we express the exponential as e? = cosh § + sinh § and e? = cosh § — sinh §
to make the expression more similar to the four-momenta, obtaining:
_ coshy —sinh g — z(coshj +sinhj) 1 (14 z)sinh g

= =—|1l——— . B.A4
" 2(1 — z)coshy 2 (1 —z)coshy (B4)
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Thirdly, we switch from the variable z to the variables § and M% and we get:

1 [1 S+ Mg sinhg}}

B.5
§ — M3 coshy (B:5)

In (B.5) we can not immediately recognise elements of the four-momenta above,
but the simple trick is to write the conservation of energy:

Vs = \/ M2 + p2 cosh §j + \/M2 sinh® § + p% cosh® . (B.6)

Firstly, we square this equation firstly as

(\/g —\/ M% + p2 Coshy) —= M3 sinh?§ + p2 cosh® § (B.7)

and then as

2
<\/7 - \/MIQJ sinh? § + p2 cosh? @) = (M3, + p%) cosh® . (B.8)

Equations (B.7]) and (B.g]) can be rewritten as

5+ M2 = 2V5\/ M2 + p%cosh i (B.9)

and

§ — M3 = 23/ M sink?® § + i cosh? . (B.10)
By taking the ratio of the 2 relations above, we obtain

s+ Mz /M3 + pF coshy (B.11)

A - 2 - )
§— M \/ M?% sinh? § + p2. cosh? §

which, once substituted in (B.5]), allow us to see that w is nothing but

1 X* 1 )
we L (1+ ) _ 1+cosf (B.12)

2 X0 2
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