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“We are not going in circles, we are going upwards. The path is a spiral; we have already
climbed many steps.”
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Prelude and outline of the thesis

The physical theory which deals with the strong interactions between quarks and
gluons in known as Quantum Chromodynamics (QCD). This theory, together with
the ones that deal with electromagnetic and weak interactions (unified in electroweak
theory) are combined into the Standard Model (SM). The gravitational interaction,
the other known force in nature, is well described by General Relativity. The Stan-
dard Model is built in terms of a Lagrangian of quantized fields describing funda-
mental degrees of freedom, quarks and leptons, and bosons that act as carriers of the
cited interactions.

One of the more fundamental open questions in QCD is to understand how the
observed properties of hadrons are generated by the dynamics of their inner con-
stituents. In order to shed some light on this question physicists use different theo-
retical approaches from different perspectives, like perturbative QCD, effective field
theories, lattice QCD, etc. A very interesting research field to test and understand
QCD is the exploration of the multi-dimensional structure of hadrons. The main goal
of this field is to reconstruct multi-dimensional images of a hadron investigating the
distribution of partons, namely quarks and gluons, inside it. In this way, issues
such as the the role of quarks and gluons in generating the nucleon’s spin or par-
tonic angular momentum can be investigated. There is a high interest into hadron
structure in the experimental community, with important facilities such JLab, DESY,
BNL, CERN, KEK, running experiments to study the multi-dimensional structure
of hadrons. Also, the LHC can help a lot in this field, especially to understand the
role of gluons inside the protons. Recently, the US government has approved the
construction of a new accelerator, the Electron-lon Collider (EIC) at BNL. Part of the
predictions given in this thesis are suitable to be tested in this new accelerator.

A very interesting type of observables that can give information about hadron
structure are the ones with non-vanishing transverse momentum dependence. This
interest was already there in the first years after the establishment of QCD as a fun-
damental theory of strong interactions [1-5]. These observables are very interesting
for hadron colliders and have very relevant impact on, e.g., the study of Higgs bo-
son production and the search for physics Beyond Standard Model. A crucial point
to deal with these type of processes is obtaining well defined factorization theorems
and resumming large logarithmic contributions to perform phenomenological anal-
yses and predictions. A large amount of work has been done to establish factoriza-
tion theorems with un-integrated transverse momentum for very relevant processes
as Drell-Yan production (proton-proton collision leading to a pair of leptons in the fi-
nal state) or semi-inclusive deep inelastic scattering (electron-proton collisions lead-
ing to a hadron in the final state) [6—17]. In general terms, a factorized cross section
is written in terms of a hard factor that includes all the high-energy physics and two
objects that include information about the distribution of partons inside the hadrons
in the process. These elements are known as transverse momentum dependent par-
ton distribution functions (TMDPDFs !). In the derivation of factorization theorems

IThe TMD acronym stands for transverse momentum distributions or to indicate transverse mo-
mentum dependence of a particular object. Along the thesis we will use TMDPDF for transverse
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we use the machinery of Soft Collinear Effective Theory (see chapter 1). A more
dedicated study about factorization theorems is given in chapter 2.

The main body of this thesis is divided in two parts, studying factorization theo-
rems and the hadronic information in two different contexts, but aiming at the same
goal: improving the extraction of the three-dimensional information of hadrons.

Part I of this thesis is dedicated to the study of spin dependent TMDPDFs arising
from factorization theorems established for processes involving hadrons with a par-
ticular polarization. In chapter 3 the definition of the unpolarized TMDPDF of [18]
is extended in order to obtain definitions for spin dependent TMDPDFs. At lead-
ing dynamical twist we obtain different spin-dependent distributions for quarks and
gluons. The results of the perturbative information derived from the large transverse
momentum limit of these TMDPDFs (known as matching coefficients) up to second
order in perturbation theory will be given in chapter 4. In this way we achieve
the same level of precision for spin dependent TMDPDFs as for their unpolarized
counterparts. This improvement of the perturbative order known for the different
spin-dependent TMDs will help to decrease the theoretical errors in phenomenolog-
ical predictions involving polarized hadrons and will allow a cleaner extraction of
nonperturbative physics associated to the transverse momentum dependent distri-
butions. As an application, in chapter 5 we use the new perturbative results obtained
for linearly polarized gluon TMD to see their impact in the transverse momentum
spectrum of the Higgs boson.

Part II of this thesis is dedicated to establishing factorization theorems including
jets in final states of the considered processes. In principle, the use of jets in the fi-
nal state decreases the nonperturbative contamination compared to using hadrons
in a final state, because jet properties can be calculated to a large extent in perturba-
tion theory. Thus, processes with jets in the final state (e.g. jet SIDIS) should offer a
cleaner way to access information about the structure of hadrons in the initial state.
Of course, some hadronization effects associated with the jets appear (e.g. due to the
determination of the position of the axis). Thus, in this part of the thesis we study
the establishment of different factorization theorems for some particularly interest-
ing processes using different jet definitions. This allows one to study the advan-
tages and disadvantages of different jet definitions in the extraction of information
about hadrons in initial states. In chapter 6 a new definition for TMD jets is given
through the establishment of different factorization theorems in different regimes
related mainly to the size of the considered jet. This leads to a particular choice of
the jet axis that allows the establishment of factorization theorems in any regime
and will allow us to obtain numerical predictions that can be tested in future experi-
ments as the EIC. Finally, in chapter 7 a different definition of the jet is used in order
to obtain numerical predictions. In this case, we introduce the concept of grooming
that removes the soft contamination to the jet. Thus only the collinear core of the
jet remains and the hadronization effects should be mostly suppressed. So, this way
to proceed represent another way to access to the nonperturbative information of
hadrons in a cleaner manner of using processes with hadrons in the final state.

momentum parton distribution functions and TMDEFF for transverse momentum fragmentation func-
tions.



Chapter 1

Introduction to Soft-Collinear
Effective Theory

The study of problems with at least two different energy scales, in quantum field
theory is usually simplified with the use of Effective Field Theories (EFTs). These
theories allow one to expand physical quantities in the small ratio of the scales and
to separate the low energy contributions from the high energy part of the problem.
The expansion in this ratio of scales usually simplifies this problem and it is often
necessary in order to attack field-theory problems. In Quantum Chromodynamics
(QCD) the low-energy part of the problem is usually nonperturbative, while the
high-energy part can be computed perturbatively. EFTs are able to separate the two
pieces and compute them individually with appropriate techniques. In particular,
as this thesis is focused on hadron-collider observables, the leading nonperturbative
contributions will be encoded in parton distribution functions.

Commonly EFTs are used in low energy QCD, in particular in flavor physics.
However, in recent years several applications of EFTs to high energy physics were
developed. This is not surprising, since processes at high energy colliders are per-
fect examples of problems with different energy scales. Processes in hadron colliders
involve physics from large scales such as the center-of-mass-energy and very low
scales such as the proton mass. Thus, in order to obtain some theoretical predictions
for any process in a hadron collider we need to disentangle the physics associated
with these scales. Traditionally this factorization is obtained using diagrammatic
methods, establishing some properties at all orders in perturbation theory from the
Feynman diagrams in the high-energy limit. Reviews of these traditional diagram-
matic techniques can be found in [6, 10]. Soft-Collinear Effective Theory (SCET)
[19-21] provides an alternative formalism which allows to derive these factorization
theorems. This EFT provides an effective Lagrangian that simplifies the way we or-
ganize the computations. The existence of an EFT to do this kind of computations is
extremely useful because for more complex problems, such as calculations of power
corrections, a purely diagrammatic approach can be too difficult. Although the EFT
approach has important advantages, there is a close connection between both ap-
proaches, because the diagrams of SCET are in one-to-one correspondence with the
expanded QCD diagrams.

A typical example for the type of processes that can be studied with SCET and
that lead to hadron collider observables is two jet production from electron-positron
annihilation. This process involves sprays of energetic particles along two direc-
tions with momenta p,, and p; which form the jet and additional soft radiation with
momentum ps. Also, if the hadronic sources are in the initial state, another impor-
tant process is the Drell-Yan production in which a proton-proton collision leads to
a dilepton pair in the final state. The factorization of this process will be studied in
detail in chapter 2. Graphically this kind of process is sketched in fig. 1.1.
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FIGURE 1.1: Typical two hadron/jet production.

The momenta involved in the process are related by a scale hierarchy
Q" = (pu+pa)* > pia ~ pi > P, (1.1)

where Q? represents the hard scale of the process and its associated physics can be
isolated and absorbed into Wilson coefficients of effective theory operators. This
procedure is analogous to integrating out a heavy particle when one is constructing
a low energy effective theory for light particles only. Then, SCET involves two dif-
ferent types of fields, collinear and soft. They describe the physics associated with
the two low energy scales p2 and p?2.

In this thesis, we will use SCET to analyze cross sections of processes such as the
one presented in fig. 1.1 (see e.g. chapter 2). The result of these kind of analyses is
often a factorization theorem of the cross section as

c=H-FRF®S. (1.2)

The hard function H encodes the integrated physics at the scale Q?>. The hadron
or jet function F (F) depends on the scale p? (p2) and the soft function S describes
the physics at the soft momentum scale, p?. Depending on the observable consid-
ered these elements are multiplied or convolved as indicated by the symbol ®. The
formula in eq. (1.2) is obtained expanding in the ratios of the scales in eq. (1.1). Its
main virtue is that each piece is sensitive only to one scale and they fulfill indepen-
dent renormalization group (RG) equations (see section 1.3.5). This fact allows us to
solve one dimensional differential equations for each piece of the cross section and
to evolve them from their natural scales to the matching scale in order to do reliable
phenomenological predictions.

Two main extra complications arise when SCET is compared to other traditional
EFTs. The first one is that quarks and gluons are present in all the regimes of en-
ergies. So, we cannot simply integrate out particles. Instead the quark and gluon
fields are split into modes associated with the different energy scales. There is a hard
mode which describes the contributions when the particles are purely off-shell. This
term is integrated out in a path integral sense (this mode would not appear as an
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external state) and the low-energy collinear and soft modes are the fields of the ef-
fective theory. Section 1.1 is dedicated to illustrate in a simple form the concept of
modes and their factorization with a simple example based in QED, in which only
hard and soft modes appear. Then, we introduce collinear modes in sections 1.2 and
1.3 to complete the picture.

A second complication is that the different momentum components of the fields
scale differently. The components of the momentum that are transverse to the hadron
or jet direction are always small, but the ones along the hadron or jet direction are
large. To perform a derivative expansion of the effective Lagrangian one needs to
split the momenta into different components. This is done by introducing two vec-
tors in the directions of the two hadrons or jets, i.e. n# ~ p}, and 7i* ~ ph.

1.1 An example of factorization: electron scattering

To study all the main features of SCET in an understandable way, we begin studying
an illustrative example of soft photon production in electron scattering. This is a
simple study case because only hard and soft modes are present. This case will give
us a clear picture of the definition of modes and how they are separated from each
other. With this example we will obtain some results faster and then the study of the
complete theory introducing collinear modes will be easier. Thus, we dedicate this
section to study electron-electron scattering in QED as in [22].

We cannot avoid the presence of soft photons in QED processes, i.e. soft photons
which cost little energy to produce are always included in final states. Indeed, trying
to compute higher order cross sections without taking into account the contribution
of soft photons leads to divergent results. These divergences tell us that completely
exclusive QED cross sections are not physical. So, when we talk about electron-
electron scattering we are referring to the inclusive process,

e (p1) +e (p2) = e (p3) +e (pa) + Xs(3s), (1.3)

where X; is any state with an arbitrary number of soft photons which carry the total
momentum g;. In this section we assume that the electron energies are of the order
of the electron mass, m,. Instead of SCET we will study Soft Effective Theory (SET)
to study the factorization of these soft photon radiation in QED. In this case we
will assume that the energy of these bunch of soft photons fulfills E; < m, and we
will analyze the cross section of this process up to leading powers of the expansion
parameter A = E, /m,.

The first step is the study of the effective Lagrangian for soft photons with E, <
m,. So, we should organize the operators in the effective Lagrangian by their dimen-
sion

1 1
T oY i v
‘Ceff - ‘C4 + mig[ﬁ + @Egz (1.4)

where the coefficients of the non-leading terms of the Lagrangian are suppressed by
inverse powers of the hard scale of the process, in this case m,. Thus, these operators
are suppressed by powers of A and will not be further considered in our analysis. A
further dedicated study about power correction operators can be found in [23, 24].
The leading Lagrangian only involves the term

1
£Z — _iFva}”/, (1.5)
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\ 4
\
A\ 4

FIGURE 1.2: Outgoing electron with soft photon emissions. Note that
g =k+k andg=k

where its coefficient can be adjusted to its canonical value by rescaling the photon
field, F,,. Thus, the leading power effective Lagrangian is simply the one for free
photons. This makes sense, because the effective theory is made integrating out all
the particles which are not photons.

However, L], is not sufficient by itself. Even if the energy is too small to produce
electron-positron pairs we do need to include the incoming and outgoing electrons
in the effective theory. To obtain this contributions we consider an outgoing electron
with momentum p# = m,.v¥, as in fig. 1.2. Consider a soft photon with momen-
tum g. We can expand the internal fermion propagator in the limit where g/ /m, is
suppressed. We find

pHqg+me 14y i i

Ar = = =P 1.

i Z(;H—L/)Z—mgjtio 2 v-g+i0  ‘v-g+i0 (1.6)

where we have defined the projector

1
=17, (17)
2
which has the properties

P, =P, P?=P,  P,¢P,=P,e-v. (1.8)

Using these properties, the outgoing leg part of the diagram in fig. 1.2 can be written
as

_ 1 , 1 .
u(p)va—q(—zes-v)va‘—W(—zes ‘D). (1.9)

This expansion of soft emissions is called eikonal approximation. At this point we
should study if this expanded expression can be obtained from an effective La-
grangian. To do this, we need to view the expanded propagator in eq. (1.6) as the
propagator in the effective theory and the emissions in the expanded diagram must
result from a Feynman rule —iev* for the electron-photon vertex. Knowing the Feyn-
man rules ,we need to construct an effective Lagrangian which reproduces them. We
consider

off = Io(x) v - Dy(x), (1.10)
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where h; should be considered as an auxiliary fermion field which fulfills P,h, =
#h, = hy. As usual, the propagator can be obtained by inverting the quadratic part
of the Lagrangian in Fourier space and multiplying by i. This yields i/(v - q) as
obtained in eq. (1.6). The factor P, arises because the external spinor fulfills the con-
dition P,h, = h, and due to the property P2 = P, only one projector remains in
the result. Due to the fact that D, = 9, + ieA, the vertex Feynman rule is —iev" as
expected. So, the Lagrangian in eq. (1.10) reproduces correctly the eikonal expres-
sion in eq. (1.9) obtained by expanding the original QED diagram. Note that the
propagator of the field /i, has only a single pole in the energy corresponding to the
fermion. This is fine because the field /, describes a fermion close to its mass-shell
with momentum m.v* + g# where g is the momentum of a soft photon. In this situa-
tion anti-fermions cannot arise as external particles and their effects are going to be
absorbed into the Wilson coefficients of the theory.

We need more than one of the recently defined fermion fields to describe all the
fermions in the problem. So, we should introduce copies of the fermion field &, to
take into account the different velocities of the fermions. Thus, we write the effective
Lagrangian as

Ijly[(X) iv;- D hv[(X) - iFvaVV + Lint, (1.11)

M-

Il
—_

Legt =

where the velocities are defined as v} = p!'/m,. There are some interesting fea-

tures of this Lagrangian that will be also present in the SCET one. First of all, the
Lagrangian depends on reference vectors along the directions of the energetic par-
ticles. In SCET we will see that light-cone vectors in the directions of the massless
particles are used. On the other hand, we need different fields to represent fermions
in different directions in the effective theory but they are described with the same
field as in usual QED. In this case they are modes of the full field used in QED,
living in small momentum region around m,o! . The same will happen in SCET.
Now we should study the interaction term, L;n;, which has the form

Lint = Zci({v}/me) hoy ()i, (%) ho, () Tiho, (x), (1.12)

where T; is a basis of Dirac matrices and {v} = {v;,i = 1,...,4} is a set of velocity
vectors. Terms with only two fermion fields in the interaction Lagrangian are zero
when velocities are different. Note that in eq. (1.12) contraction of Dirac indices of
the coefficients and the fermion field are implicit.

At this point, the effective Lagrangian is complete. The only object we should
calculate are the coefficients C; (Wilson coefficients). To do this, we should compute
the total amplitude in QED and compare with the effective theory. We use the am-
putated on-shell Green’s function for the process in eq. (1.3) calculated in full QED
to do the matching.

Thus, our effective theory separates high and low energy energy physics. On
one side, the hard scattering of the electrons is calculated in QED and is part of
the Wilson coefficient, which depend on the hard scale, m,. On the other side, low
energy diagrams in the effective theory depend only on scales of order of the photon
energy. We introduce a very elegant form of the low energy matrix by introducing
the Wilson line in the direction of v;

Si(x) = exp [—ie /O dsv; - A(x +sv;) | . (1.13)
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We can see that the Wilson line introduced in eq. (1.13) reproduces the emission of
an incoming electron taking the matrix element with a photon in the final state. To
obtain this contribution we expand the Wilson line up to first non-vanishing order,

0
(Y1S:(0)[0) = —ie [ dsof (v(K)|A,(s01)]0) (114
.0 s i-e(k

Indeed, we reproduce the eikonal rule obtained in eq. (1.9). Analogously, we can
define a Wilson line describing the radiation of an outgoing particle

SH(x) = exp [—ie /Ooo dsv; - A(x +sv;) | . (1.15)
It is important to note that the Wilson line fulfills the equation
v; - DS;i(x) = 0. (1.16)
Now we redefine the fermion fields in the Lagrangian as
Iy, (x) = Si(x)hY (x), (1.17)

where hz(,?) (x) is a new fermion field. So, introducing conditions in egs. (1.16, 1.17) in

the fermion part of the Lagrangian we have

fio,(x) i0; - Dho, (x) = Ry (x)SF (x) iv; - DIS; (xRl (x)] (1.18)
= 1Y) (x)ST(2)Si(x) iv; - 9hY) ()

= A9 (x)iv; - onlY (x).
This result tell us that the field hz(,?) is a free field and we were able to remove the
interactions with soft photons. The same procedure is used in SCET to decouple soft
gluons. Note that while in the fermion Lagrangian the soft photons are decoupled,
they are still present in the interaction part, so

£int = ZCZ'({U}, me) fzz(g)ggfzslhz(}?)fzz(,g)s_ll“lszhgg) (119)

We see that this expression has Wilson lines along the directions of all particles in
the scattering process.

Finally, we use the effective Lagrangian recently constructed to compute the scat-
tering amplitude for the process in eq. (1.3), M, where the final state contains n
photons, X,s(k) = y(k1) + ... + ¥ (ks). Using the interaction Lagrangian obtained in
eq. (1.19) the amplitude is written as

Mint = ZCia(vg)Fiu(vl)ﬂ(m)l’iu(vz)<Xs(k)|5_§515_2;52\0) (120)
= Mee<XS(k)|§§515_ZSZ|O>I

where M., is the amplitude of the process in eq. (1.3) without photons and calcu-
lated in full QED. So, we have proven that the amplitude factorizes in a hard part
that takes into account purely electron-electron scattering and a soft part that takes
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into account the contribution of soft photons. Analogous statements hold for soft
gluons in QCD, taking into account that Wilson lines are matrices in color space.
The cross section of this process is obtained squaring the amplitude, so

o= H(m,, {v})S(Es, {v}), (1.21)

where the hard function is the cross section of the process without soft photons

1
Pps  dps

2(9)454) o
*(2n)32E; (27)32E, Meel @)% pr P2 = pa = pa),
and the soft function is the Wilson line matrix element squared with the phase space

constraints on the soft radiation
S(Es, {0}) = /X 1(X,|51515152(0) [20(Es — Ex.). (1.23)

The integral in eq. (1.23) means that one has to sum over the different multiphoton
final states and integrate over their phase space. This kind of Wilson line matrix
elements have the very interesting property of exponentiation, i.e.

S(Es {0}) = exp [ S (E: {0})], (1.24)

so the all order result is obtained by exponentiating the first order result. The deriva-
tion of this formula is based in the eikonal identity

1 1 11
v ko (htk) o ko (htk) v ko k'

(1.25)

which allows one to rewrite sums of diagrams with multiple emissions as products
of diagrams with single one. In non-abelian gauge theories such as QCD, there are
genuine higher order corrections since the different diagrams (and thus the different
terms in Lh.s. of eq. (1.25)) have different color factors and cannot be combined.
However, these higher order corrections only involve certain maximally non-abelian
color structures.

Finally, we should note that the inclusive cross section is finite, but the hard and
soft functions contain divergences individually. The soft function contains ultravi-
olet (UV) divergences which are regularized using dimensional regularization. The
renormalization of these divergences gives a finite hard function but introduces a
new scale y, which is called factorization scale. After renormalization the factoriza-
tion theorem takes the form

o = H(me, {0}, 4)S(Es, {v}, 1), (1.26)

where the y-dependent objects fulfill RG equations.

1.2 The method of regions

In last section we have constructed the effective Lagrangian, L.¢, expanding over
the soft photon momenta. This is fine for tree level diagrams but we should pay
attention to what happens with loop corrections. In this section we study the part
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mev — k meV

k+q

FIGURE 1.3: Loop correction to an outgoing fermion line

that gets lost in the low energy expansion and we will see that it can be recovered
by expanding the loop integrals in the region of large loop momentum. This kind
of expansions are part of a general technique called the method of regions [22, 25,
26] to expand loop integrals about various limits. As this method is used in the
construction of SCET we discuss here a simple example based in the computation of
the diagram in fig. 1.3. Note that for our discussion we will consider the associated
scalar integral because the numerator does not include relevant compications, so we
should compute

1

_ d
F= [ (k+ )2 [(me0 — k)2 — ni2]’ (1.27)

where g is a soft photon momentum.
In the low energy theory, we assumed that k# ~ g# < m,. Thus, we expand the
integral in this region

2 —/ddk ! ! DL (1.28)
low = (k+4g)%2 —2m,v -k 2mev-k ) '

This expansion produces the propagators i/ (v - k) found in the tree-level discussion.
As the loop momentum is integrated up to infinity the approximation in eq. (1.28) is
no longer valid when k* ~ m, or longer. Looking at the integral in eq. (1.28) we see
that this expansion produces UV divergences stronger than in the original integral in
eq. (1.27), but the integral are well defined in dimensional regularization. To correct
the problems we consider the difference

Fhigh = F— Fow (1.29)

k+q2 [(mo—K2—m?  —2mo -k ok )|

Note that this integral has support only in the limit k# > g# since the square bracket
tends to zero for k¥ ~ g*. So, we can expand the integrand around g* = 0 by
expanding the first propagator denominator

o o1 (7

X ! — L 1+ L +
(mev—k)2—m2 —2m,v-k 2mo-k )|
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k+p k+1

p [

FIGURE 1.4: One loop correction to the Sudakov form factor

Dropping the scaleless integrals we get

Fan = [aiks (1- 57+ ! (131)
igh = k2 2qg-k ) (mev—k)2 —m?2’ '

which is the expansion of the integrand of eq. (1.27) in k* ~ m, > g". The main mes-
sage of this procedure is that we obtain the full result by performing the expansion
of the integrand in two regions, integrating each term and adding the results. In our
case, the relevant regions are the hard region (k# ~ m,) and the soft region (k¥ ~ g/).

1.3 SCET;

1.3.1 The Sudakov form factor

The first step to understand the construction of the full effective theory, SCET, will
be the study of the simplest object in which soft and collinear particles play a role,
the Sudakov form factor. This object is not a physical quantity by itself but it is
important and enters in many processes in collider physics. Based in the method
of regions explained in section 1.2 we can study this object and explicitly see how
collinear modes enter. This generalizes the cases studied in last sections where only
soft modes are considered. In fig. 1.4 the one loop correction to the Sudakov form
factor is considered. We define the following Lorentz invariants from the different
momenta of physical particles in the diagram

[*=-1>-i0, P=-p*—i0, Q*=-(1—-p)*—i0 (1.32)
and we study the form factor in the limit
L* ~ P? < Q?, (1.33)

which is the limit of high momentum transferred and small invariant mass. This
limit is the used in hadron/jet production processes. We put a small off-shellness in
the external lines due to the existence of soft and collinear emissions.

The study of the Sudakov form factor is based on finding which momentum
modes are relevant and how the different components of the momenta scale com-
paring with the external momenta. As a tensor loop integral contains exactly the
same momentum regions that its analogous scalar integral we work with the last
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one

1

_ d/2 2¢ d
1= [l (21 i0)[(k + p)2 L i0][(k L 1) + 0]’ (1.34)

where we make the usual choice in dimensional regularization for dimensions, d =
4 —2e.

To perform the expansion of the integral in eq. (1.34) around the limit in eq. (1.33)
we introduce two light-like reference vectors along p* and ¥, in analogy with the
velocity vectors o} which we introduced in the case of soft photons. Thus, our light-
cone coordinates are

n* = (1,0,0,1) = p"/p°, (1.35)
a' = (1,0,0,—1) = 1"/1°,

with n? = 2 = 0 and n - i = 2!. Using these light-cone vectors any four vector,p”,
can be decomposed as

Ak nt L
pu:n.p7+ﬁ-p?+pl:p’i+pﬂ+p’i. (1.36)

So, (n-p,fi-p,p'}) are the light-cone components of the vector and we should dis-
cuss how they scale. We define a small expansion parameter

A ~Pr/Q? ~ L2/Q% < 1. (1.37)

Note that as p> = n - pii - p + p2 and due to p> ~ A2Q? and p* = p" + O(A) the
components of the external momental scale as

pro~ (A%1,0)Q, (1.38)
"~ (1,A%,1)Q.
Now we perform the region expansion of the integral in eq. (1.34) assigning dif-

ferent scales to the loop momentum k* and expanding in each region. The scalings
that yield to non-zero contributions are

hard (h) (1,1,1)Q, (1.39)
collinear to p* (c) (A%,1,1)Q,

collinear to I* (¢) (1,A%,A)Q,

soft (s) (A%,A2, AZ) (1.40)

where the components of k# are (n - k, 7 - k, k}i) From now on, we refer to momenta

which are collinear to p# as collinear and to the ones collinear to I* as anti-collinear.

Since in the soft region all the components of the loop momentum scale as A2 we
have

P21

K2~ A*QP ~ —— < PP~ 12, (1.41)

that is the hierarchy shown in eq. (1.1). Since k? < k? these modes are sometimes

called ultrasoft. This is to differenciate them from soft modes in other observables

that scale as (A, A, A)Q. The version of SCET for this situation is called SCETy; and

Note that in some part of the literature 7 - 7 = 1 is chosen.
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it involves the rapidity logarithms that will be present along this thesis and we will
study how to treat them. We will study SCETy; later, however to make clear this
introduction we limit ourselves to the present case, SCET].

Now we expand the integrand of eq. (1.34) in the different regions up to leading
power. To get the leading power in the hard region we simply set all the suppressed
components of momenta to zero, i.e. p* — p" and I* — I'. So,

1
i —d/2, 2 d

b= i /dk(k2+z’o)(k2+2k_-z++z’0)(k2+2k+-p-+io)
_ I(1+e) T*(—¢) Y (1.42)
T 20, p_T(1-2e) \2, p_ '

Expanding the integral in the collinear region implies that integration momen-
tum scales as k* ~ (A%,1,A)Q and k* ~ A?2Q% So, we can expand (k +[)? =
2k_ - I+ + O(A?). The integral we should compute is

_ _—d/2, 2 d 1
I. = irm u /d k(kz—i—iO)(Zk_~l++i0)[(k+p)2—|—i0}
_ T(1+e) T2(—e) (12\°
T2l -p T(1-2e) (PZ> ‘ (1.43)

Note that the contribution to the anticollinear integral is obtained replacing P> — L?
in eq. (1.43).

The only missing contribution is the expansion of the integral in the soft region,
where we can expand (k+1)? = 2k_ - 1. + 12+ O(A%) and (k+p)? = 2ky - I_ +p* +
O(A3). Thus, we obtain

1
o —dy2.2e [ g
o= /d k(k2+i0)(2k7'l++i0)(2k+'l?f+l?2+i0)
T(1+e) (2o pr\©
7, Terce (k) .

Adding the results for the different integrals calculated we find the final result

1 2 Q2 2
hot=1Iy+ I+ I+ 1= @ (hlLZ]an + 3> ’ (1.45)
that is finite and reproduces the leading power of the expansion of the full integral
in eq. (1.34).

1.3.2 Effective Lagrangian

The exercise done in the last section teaches us to identify the relevant momentum
regions for the Sudakov problem. Now we work analogously to section 1.1 to write
an effective Lagrangian whose Feynman rules reproduce the diagrams obtained us-
ing the method of region expansion.
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1.3.2.1 Scaling of the fields

We introduce effective theory fields whose momenta scale as appropriate for each
momentum region. Thus, for quark and gluons fields we can substitute

Y = et tips, (1.46)
A — AP+ AL+ AL, (1.47)

in the QCD Lagrangian, then remove the suppressed terms and read off the effective
Lagrangian. Of course this is valid at tree-level. Atloop level some matching correc-
tions arise but can be fixed modifying the coefficients of tree-level operators. These
matching corrections only affect the terms involving both collinear and anticollinear
fields. So, to construct the purely soft and collinear Lagrangian the tree-level substi-
tution for fields is fine.

Both fermion and gauge fields have several components, which scale differently
with the expansion parameter A. To study the scaling of the fields we consider the
propagators. We start with the gluon propagator

PuPv
p?

4 i
O ALY = [ 5

_— ab
27)* p? +i0 ] o (148)

oip [_ Gt €
where a, b are the color indices of the fields. in the following we work with A, =
Ajt?, where " are the generators of SU(N), to keep color implicit. The position x*
is the Fourier conjugate of the momentum p# so p-x ~ O(A?). The part of the
propagator that involves the gauge parameter ¢ scales like d*/(p?)?pupy ~ Pubv-
As gauge symmetry transforms as their associated momentum we expect that in a
general gauge A, ~ p,. For soft and collinear gluons the field components scale as

(n-As, - A, Al )~ (A%, A%,0%), (1.49)
(n-Acfi- A, AY)) ~ (A%1,1A). (1.50)

From the scaling we see that in terms including soft and collinear gluons, the soft
gluons are power suppressed except for the contribution from the n - A; component.

We do the same exercise with the fermion propagator. For a soft fermion the
propagator is written as

- d* ] ; A?
OIT (s ()F(0}10) = [ G i bge ™~ (05 =2% as

From this propagator we see that soft fermions scale as ¢s(x) ~ A3. The collinear
case is more complicated because the numerator of the propagator should be de-
composed as

V:n.p§+ﬁ.p§+VL (1.52)

and the three terms have different scaling. This implies that different parts of the
field scale differently. So, one splits the fermion field into two parts

Y =2Cc+1n.=Pryp+P_y, (1.53)
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where we have define the projectors

e, (1.54)

P
tT g 4

which fulfills the properties Py + P_ = 1 and P = P.. Now we can investigate the
propagators of these fields, so

3 _ d4p —i xﬂﬁ IV ﬁ%
OG0 = [ G e T s (1.55)
/ d4p o ipx Zﬁp% ~ /\74 — )2
(2mr)* p24i0 A2 '

Thus, we can observe that (. ~ A. Repeating the exercise for 7. we observe that
1 ~ A%. From these results we see that soft fermions are suppressed with respect to
collinear ones.

1.3.2.2 Effective Lagrangian at leading power

Once we know how the fields scale with the expansion parameter we can insert the
decomposition shown in eq. (1.46) into the full QCD action and we get the tree-level
effective action and Lagrangian,

S = Ss + SC + SC_ + Schs “l_ SE+5 + vesy (1.56)

where the different terms are collected in terms of their content. S; contains purely
the soft terms, S. the collinear terms and S.;s describes the collinear-soft interac-
tions. Anticollinear terms are obtained from collinear ones with simple substitu-
tions, thus we suppress a dedicated study on them.

The soft part of the action has the same form that the total QCD action, but re-
placing the QCD fields by soft ones,

S.= [ dgainap - J(ED? (1.57)

where the covariant derivative is iD¥ = io* + AY and the soft field strength tensor
F;y is built from this derivative. Note that all terms in the action are O(A?) since the
integration measure d*x ~ O(A8).

Next, we consider the collinear part of the action that is again a simple copy of
the full QCD one but with . = ¢ + .. Thus,

_ 1
S. = /d4x(éc + 7c) [ziﬁ D, + %z’n De+ilPey | (G +1c) — ;L(F,isﬁ‘)z
_ it - ) . 1
= /d4x§clzm “Dc&c + gclwcj_ﬂc + ﬁcZDcJ_‘:c + ﬁc%lﬁ “Deyje — E(Fﬁf)2~
(1.58)

This form of the collinear action is not convenient because it includes large and small
components of the collinear fermion field, mixing each other. It is simple to avoid
this complication integrating over the smallest one. As the action is quadratic in 7,
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we can integrate over this field exactly. So, we perform the shift

He = e — Z 7- D, ZDcL{:—fc (1.59)

to complete the square in the action S.. Then, the action takes the form

o= [atag, [ D, +i0 D1 | e~ (P + Achin-Dage  (160)

J__
c Dc

that can be integrated over the field 7. This integration leaves a det ( ifl - Dc) that

can be done (as the inverse derivative in eq. (1.59)) adopting an i0 prescription for the
ifi - D, operator. The prescription does not introduce physical consequences because
it concerns the region close to 7 - p = 0, while the effective theory study the region
fi-p = Q. The determinant is trivial and this fact can be seen evaluating in light-
cone gauge, where 71 - A; = 0, and noting that it is gauge invariant. After dropping
the trivial determinant, the collinear SCET action is given by

s |- . 1 . 1
Sc = /d4x‘§c |:1n -Dc+ lwchlwcL Ge — Z(F;%Z)z' (1.61)

Finally we consider the soft-collinear effective action, Ssy.. The general con-
struction of these type of terms is involved and it is performed in position space
formalism in [27] but we restrict ourselves to study the leading power terms. So, we
should take into account some considerations: 5 is power suppressed compared to
the collinear fermion fields, so there are no soft fermion fields in leading power inter-
actions with collinear fields. Also, as 7 - A; and Al are power suppressed compared
to their collinear counterparts only terms with n - A arises. Thus, these conditions
imply that the leading power term of S, is obtained substituting

M
Al Al 4 AS% (1.62)

in S.. To get the final result we should perform a derivative expansion in the result-
ing action which corresponds to the expansion in small momentum components.
Thus, we consider the interaction of a soft gluon with a collinear fermion

Sove= [ @) Sn A0 (), (1.63)

which arises from the substitution of the condition in eq. (1.62) in S, action in eq. (1.61).
The momentum is given by a soft and a collinear momentum which scales like a
collinear one so x* is conjugate to a collinear momentum. Explicitly, this implies the
scaling

pE+pl ~pl ~ (A%1,1), (1.64)
o~ (LATE AT,

coming from the fact that

1
Pe- X En-pﬂ-x%— fi-peh-x+pey-x; ~1, (1.65)

N =N =

1
Ps-Xx = En-psﬁ-x+ fi-psf- X+ Ppsi X1 (1.66)
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= Pst X+ Ps— Xy +Psi X, (1.67)

where only the term involving x_ is leading power. Thus, we expand the action Ss
into a Taylor series

Sere = [ @G0 TE(x) L2 0L+ +]ne Ax)| _(168)

_ /d4x§C ()1 - As(x_) + O(A),

because all the terms with derivatives in eq. (1.68) result in subleading terms. This
expansion is called multipole expansion in [21]. In the original SCET papers [19, 20] a
different method is used to expand in small momentum limit. In this approach, one
splits the momentum in a large and a small components and treats the large com-
ponents in Fourier space and the small ones in position space. This is similar to the
procedure used in the study of soft photons, where we split the electron momentum
into p# = m,v" + k' and we expand over the soft residual momentum k*. Thus,
the position dependence of the field h,(x) is conjugate to the residual momentum k*
and the large part m,v* is used as a label on the field, /1,(x). This hybrid position
and space formulation of SCET is called Ilabel formalism. Further details about this
formalism not covered in this introduction can be found in [28].

Once we have studied the different terms of the SCET effective action we arrive
to the final expression for the leading power SCET Lagrangian,

Lscer = Fuillotps + &5 |in- D+ i, Dczwu} - (B0 -5 (B0)

4

(1.69)

where soft and collinear covariant derivatives are involved
iD}, =iy + gAj (%), iD;, = ioy + gA; (%), (1.70)

and also the mixed covariant derivative

in-D=in-0+gn-Acx)+gn-As(x_). (1.71)

The soft and collinear strength tensors are defined as usual
igFyitt = [iD;, iDi] ,  igFyt" = [iD,,iD,], 1.72)

where the covariant derivative that appears in the second commutator is defined as

DV =n- D2+n DCZ—i—D (1.73)

We stated above that we do not consider terms involving ¢ fields in the effec-
tive Lagrangian, but they can be obtained from the ones involving c fields with the
substitutions n <> 7 and x_ <> x.
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1.3.2.3 Gauge transformations

In this section we briefly discuss gauge transformations of the effective Lagrangian
recently studied. As we split the gauge field into different soft and collinear compo-
nents, we consider different gauge transformations

soft: Vi(x) = expliad(x)t?], (1.74)
collinear: Ve(x) = exp[ial(x)t"], (1.75)

where the gauge transformations scale as their associated fields da?(x) ~ A%a?(x)
and 9,a%(x) ~ (A%,1,1)a?(x). The soft gauge transformation act over the soft fields
as usual,

Pu(x) = Ve(@)ps(x), | (1.76)
AL) = VALV + V(009 (), (1.77)

so the soft covariant derivative transforms as D} (x) — V;(x) D}V (x). On the other
hand, the soft gauge transformations act over collinear fields as

Pe(x) — Vs(x-)pe(x), (1.78)
Al(x) = Vi(x )AL (x) VS (x-). (1.79)

Note that the multipole expansion is used and we have replaced x — x_ in the
soft fields. Without this expansion a tower of inconvenient power corrections would
appear. Also, the gauge collinear field transforms as a matter field, without an inho-
mogeneous term. This ensures that the mixed covariant derivative transforms at it
should be, D¥ — V,(x_)D¥(x)VJ (x_).

Now we consider the collinear gauge transformation over collinear and soft fields.
Soft fields remain invariant under these transformations while collinear fields trans-
form as usual

Ce(x) = Ve(x)&:(x), D" — V,(x)D*V!(x), (1.80)
Ps(x) = ps(x), DI — Df, (1.81)

" Hyst 1 : it +
AL — Vo (x)ALVY (x) + §Vc(x) io +tgon As(x2), Vi(x)|. (1.82)

Once we know the transformation of the covariant derivatives is straightforward
to verify that the effective Lagrangian in eq. (1.69) is invariant under both soft and
collinear gauge transformations.

1.3.3 The SCET vector current

We have constructed terms in the effective Lagrangian which describe the interac-
tion between soft, (anti)collinear and (anti)collinear-soft fields. What is missing are
operators describing the interaction between collinear and anticollinear fields. In the
Sudakov problem only the electromagnetic current connects both fields. The neces-
sary hard momentum transferred is provided by the external virtual photon. The
tree-level diagram in QCD can be replaced by the SCET operator

J =Py — Syt (1.83)
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Due to the projection properties of the collinear fermion fields we simplify the oper-
ator in eq. (1.83) as

R AL L A (189

However, this operator is insufficient when one wants to make loop calculations
or introduce collinear gluons. Usually operators with derivatives are power sup-
pressed but in SCET the derivatives corresponding to the large momentum compo-
nent of the collinear fields i.e. in general 7 - ¢, ~ A0 Q¢e. So, to construct the more
general gauge invariant operator at leading power we consider the series

= "
— . 1.
(x + ti1) ; pr ¢e(x) (1.85)
We insert this expansion into a convolution obtaining
_ — Cn
[atCtgex+tm) = Y T2 (1) (), (1.86)

n=0

where C,, is the n-th moment of the coefficient function
Cy = / dtC (1)t (1.87)

So, instead of including an arbitrary number of derivatives we smear the field ¢,
along the light-cone as in eq. (1.86). The function C(t) encodes the information about
the Wilson coefficients of the higher derivative operators. With the smearing of this
field the operator becomes non-local and we should be careful to maintain gauge in-
variance. We consider the operator that defines the quark parton distribution func-
tion

Eo(x + 1) [x + t1, ] ggc(x). (1.88)

This operator is not gauge invariant. To solve this problem we need to transport the
gauge transformation at point x to the point x + t7i. This can be achieved using the
collinear version of the already known Wilson line

t
[x + t71, x] = Pexp [ig/o dt'in- Ac(x+ )| . (1.89)

Note that the exponent is a color matrix, so the symbol P specifies an ordering pre-
scription. The path ordering defines that the color matrix at later time is to the left
to the earlier ones. The Wilson line transforms under gauge transformations as

[x +t71, x] = Ve(x + t7) [x + 7, x] VI (x), (1.90)

which renders the operator in eq. (1.88) gauge invariant. In SCET is useful to define
a Wilson line running from infinity along " to x* as

We(x) = [x,x — ooil], (1.91)
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so a Wilson line defined over a finite segment can be written as
[x + ti, x] = We(x + t) W] (x). (1.92)

This means that to go from x to x + tit we first move from x to infinity and then back
to x + ti1. The segment that we travel in both directions drops out by unitarity of the
matrix, leaving the finite matrix element. With the Wilson line, W, (x) we can define
the building blocks

xe(x) = WHx)&(x), (1.93)
Al = WIDIW,, (1.94)

which are invariant under collinear gauge transformations that vanish at infinity.
These building blocks allow us to easily construct gauge-invariant SCET operators.
Later, we will introduce the soft Wilson line to decouple soft interactions as we did
in eq. (1.13).

Now we can write the more general SCET current operator at leading power. So,

J#(0) = / ds / dt Cy (s, £) 3 (1) xe(sm). (1.95)

Note that at leading order the matching coefficient Cy(s,t) = &(s)é(t) in order to
reproduce eq. (1.84). We should take into account that the Fourier transform of the
coefficient encodes a dependence only on the large component of the momentum
transferred, Q2 =n-I17-p. In order to see this, we shift the field to the origin x =0
with the momentum operator and we take the matrix element between a state with
an incomng quark with momentum /* and a outgoing quark with momentum p*,

WP Ola) = [ds [atCo(s e ™ a(p)aul)  (1.96)
= Cy(n-1ii-p)a(p)y' u(l).
We observe that the Fourier transform of the Wilson coefficient, Cy, only depends
on Q> = n-1#-p as we notice before. This fact derives also from the fact that
SCET is invariant under a rescaling n* — an’ and #¥ — 1/afi*, which is known
as reparametrization invariance [29]. This makes the physics independent of the exact
choice of the reference vectors used to set up the effective theory.

1.3.4 Application: one-loop result of Cy

At this point, we briefly discuss the determination of the explicit one-loop contri-
bution of Cy. The Feynman diagrams we should consider are shown in fig. 1.5. In
addition to loop diagrams involving (anti)collinear fields and soft exchanges, there
is a contribution from the one-loop correction to the Wilson coefficient. The ver-
tices in which an (anti)collinear gluon is emitted from the current are obtained after
expanding the Wilson line in the building blocks in terms of the coupling. The dia-
grams are in one to one correspondence to the diagrams computed when we studied
the method of regions for Sudakov factor except for the fact that in that case we left
out the numerators of the diagrams, and now we have to include them. Setting the
low energy scales P? and L? to zero the soft and collinear integrals become scaleless.
In this way the full theory becomes equal to the hard region and on the effective the-
ory side only the one loop contribution of the Wilson coefficient remains. Thus, we
extract the Wilson coefficient computing the on-shell form factor with P? = L2 = 0.
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FIGURE 1.5: Diagrams contributing to the one loop Sudakov form
factor in SCET. The Feynman rules for gluons emitted from the cur-

rent are obtained after the expansion of the collinear Wilson lines in
the strong coupling, g.

We obtain then the bare Wilson coefficient

2 2
Ch™(e,Q%) = 1+as(u)Cr <—€22—i+72—8+(9(e)> <§2> +0(a3), (1.97)

where as(u) = as(p)/(47) and the color structure is given by t*t* = Cr1 = (N? —
1)/(2N;)1. As this is the bare coefficient we still have to renormalize it, absorbing
the divergences into a multiplicative Z—factor,

Cy(Q% 1) = 271 (e, Q% u)Ch¥™ (e, Q%). (1.98)
So, we have the renormalized result

QZ 2
+ 3In y+—8> +0O(a?). (1.99)

C(@2 1) = 1+ (u)Cr (~In? :

The unusual feature of this calculation in comparison with another analogous calcu-
lations in quantum field theory is the emergence of a 1/ divergence. This diver-
gence arises because we have both soft and collinear divergences. As a consequence,
the Wilson coefficient contains double logarithms and the anomalous dimension that
governs the RG equation of the Wilson coefficient contains a logarithmic part,

d 2
T V(@) = I’msp(as)lngz—l—'yv(as) Cu(Q% ). (1.100)

The cusp (T'cusp) and non-cusp (yy) anomalous dimensions are known up to O(a?).
Their explicit expressions up to three-loops are given in appendix A and the four-
loop result has been recently obtained in [30]. The matching coefficient Cy is also
known up to the same accuracy [31, 32] and the explicit results used along this the-
sis (up to O(a?)) are given in appendix A as well. The presence of this extra log-
arithm in the anomalous dimension is a distinguishing feature of the RG equation
in eq. (1.100). It is important to note that the dependence on this logarithm is only
linear, so the expansion of the anomalous dimensions is not spoiled by the presence
of large logarithms. We study the origin of this linearity in the next section.
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The last point we should study is the decoupling of the soft radiation from the
collinear fields. As we did with soft effective theory the soft radiation can be decou-
pled by considering the soft Wilson line

0
Su(x) =Pexp [ig/ dsn-As(x+sn)|, (1.101)

which fulfills the equation n - DsS,(x) = 0. At this point, we can redefine the
collinear fields as

& = Su(x )&, (1.102)
Al = S, (x_)AESH (), (1.103)

So the soft-collinear interaction term becomes

ﬁc+5 == gcgin . Dgc - gcg(in . Ds + n- Ac)éc (1.104)
= Eﬁo)g(in st n- A = Eﬁo)gz’n .V, (1.105)

where the decoupling has removed the soft-collinear interactions from the leading
power Lagrangian. Performing an analogous decoupling for the anticollinear fields,
the SCET effective Lagrangian takes the form

Lscer = L0 + £ + £, (1.106)

which tells us that we are dealing with independent theories fo soft and collinear
particles. Also, the states separate as

1X) = [Xe) ® [Xe) ®[X). (1.107)

As in the soft photon case, this does not mean that the soft radiation is totally re-
moved. It is manifested as soft Wilson lines along the direction of energetic particles.
For example, the vector current is rewritten as

Re(t) Y xe(sn) = 3 (41)51(0) 7 S5(0)xe(sm).- (1.108)

1.3.5 Resummation by renormalization group evolution

In the decoupled theory, the form factor studied above can be written in its factorized
form

F(Q% L2, P?) = Cv(Q% w)F(P?, w)F(L?, u)S(AF, 1), (1.109)

which can be understood graphically with the help of fig. 1.6. The collinear and
anticollinear functions F and F are identical and the soft function has a scale A2 =
L?P%/ Q>

Each of these objects fulfill individual RG equations. Solving them one can resum
the large perturbative logarithms that arise in the fixed order calculations. This is
done evaluating each function in eq. (1.109) at its natural scale and evolving them
to a common reference scale where they are combined. In this way, logarithms as
a™n™ (Qz/ pz) with m < 2n and p2 = P?,12, Q2 are resummed, preventing us to
spoil the standard perturbative expansion of these objects. It is characteristic that in
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FIGURE 1.6: Factorized form of the Sudakov form factor.

processes as the one presented in fig. 1.6 logarithms with m = 2n appear. They are
known as Sudakov logarithms and are the result of an interplay of soft and collinear
physics.

We have indicated that all the matrix elements in the effective theory depend
on the renormalization scale, y. This dependence must cancel in the product in
eq. (1.109), so the sum of the anomalous dimensions of the ingredients should be
zero. In eq. (1.100) we gave a RG equation for the Wilson coefficient and here we
show the RG equations corresponding to collinear and soft factors,

d 2\ p? 2

mF(P ,l/l) — - |::l.—|cusp(ﬂs)h"l‘u2 + 7F<ﬂs):| F(P ,‘u), (1110)
d 2 A? 2

ding S(AZu) = l“cusp(as)ln—y2 + vs(as) | S(AS, u). (1.111)

So, the fact that F is independent of  implies

QZ P2 LZ
Fcusp(as)ln? +yv(as) — Teusp(as) <lny2 + lnyz> —2vp(as) (1.112)

AZ
+Fcusp(as)lnﬁ + vs(as) = 0.

In order to obtain a total cancellation of the logarithms we need that all the anoma-
lous dimensions are linear in the logarithms and their coefficient is the same in every
case, [cusp-

To resum the large logarithms in the form factor, we evaluate every element at
its characteristic scale and then we evolve it to a common scale solving the corre-
sponding RG equation. For example, for the hard factor, whose characteristic scale
is uy ~ Q, the evolution is

2
exp { }: dInji [I’Cusp(as)lni_?2 + ’YV(HS)} }CV(QZ, 1)

= U(pun, 1)Cv(Q% n)- (1.113)

Cv(Q% )
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1.4 SCETy

Once we have studied the construction of the SCET] effective Lagrangian, the study
of the known as SCET} can be achieved in a systematic way. The main difference
between both effective theories is the scaling of the modes with respect to the expan-
sion parameter. In SCETy; the scaling of collinear and soft modes are

pn ~ (1,A%0)Q, (1.114)
ps ~ (AAAN)Q, (1.115)

where in this case the expansion parameter is, A = Aqgcp/ Q. Note that if we change
the expansion parameter to A = \/Aqcp/Q the soft modes scale as the soft modes in
SCETj (or ultrasoft modes) did. However collinear modes scale different than they
did in SCETj. It is interesting that in SCET]y the collinear modes do not interact with
soft ones because they would be off-shell i.e. p, + ps = (1,A,A). This difference is
crucial with respect to SCET; and makes the construction of the effective Lagrangian
of SCET much simpler. Thus, we write the effective Lagrangian of SCETy; as

Lscery = Le+ Le+ L, (1.116)

where the collinear Lagrangians are the same as the ones derived for SCET; and the
soft Lagrangian is analogous to the one in SCET] but changing the ultrasoft modes
by the soft ones recently defined.

Another important feature in SCET] is that the invariant mass of both soft and
collinear particles scale as Q?A?, so in a physical process they are only distinguished
by their rapidities. Thus, a boost can interchange the roles of both types of particles,
letting the physical process invariant. This does not happen in SCET], where the
mass of the collinear particles scales as Q*A? while the mass of soft particles scales
as Q%4

Due to the fact that the soft modes in SCETy; are basically the same as their corre-
sponding soft modes in SCET], the matching between both theories is done changing
ultrasoft Wilson lines in eq. (1.101) by the corresponding Wilson lines for soft fields.
As the functional form of these Wilson lines is exactly the same that the ones for
ultrasoft modes, they are written in the same way given in eq. (1.101).

This EFT is particularly useful when one analyses transverse momentum dis-
tributions because it allows to separate the perturbative information obtained at the
scale of the transverse momentum from the low energy nonperturbative information
(see eq. (2.34)).



29

Chapter 2

Transverse momentum dependent
factorization theorems

The main goal of this thesis is the study of the structure of hadrons by extracting
information from cross sections of processes which include hadronic sources. In
particular, we focus on the extraction of information about the three-dimensional
structure of hadrons, i.e., we study processes with a non-vanishing (or unintegrated)
transverse momentum, gr.

The study of processes involving hadrons is involved due to the fact that one
cannot calculate their contributions to the cross section with the perturbative ap-
proach used in QCD. Hadrons are made of partons (quarks and gluons) distributed
inside them and an image of the probability distribution of the partons inside the
hadron is given by the so called parton distribution functions (PDF). Because of the
nonperturbative nature of these objects they cannot be calculated in perturbation
theory in QCD and generally they are extracted from the experiments. As in this
thesis the interesting processes depend on a non-vanishing transverse momentum
we focus on transverse momentum parton distribution functions (TMDPDF) giving a
three-dimensional information of the probabilistic distribution of partons inside the
hadron.

The TMDPDFs are defined in an energy regime gt < Q where Q is the hard scale
of the process. Thus, we will see that for g7 > Agcp (Where Aqcp represents the
position of the Landau pole) one will be able to derive some perturbative informa-
tion which will be complemented by a nonperturbative information extracted from
the experiments or Lattice QCD (see e.g. [33-35]). So, having perturbative informa-
tion of the TMDPDF is crucial in order to reduce theoretical errors and obtaining
cleaner information about the nonperturbative physics. In particular, part I of the
thesis is devoted to the study of the perturbative information for different TMDPDF
depending on their polarization up to the highest known order.

The proper definition of TMDPDFs is given by transverse momentum dependent
factorization theorems. This issue was considered years ago by Collins, Soper and
Sterman [5, 36] where notions of factorization and resummation of large logarithms
(in the form a”In" (4% /Q?)) were systematically investigated. Those results yielded
the well known CSS-formalism. However, in this section we use the principles of
SCET revised in chapter 1 to derive factorization theorems for the gr-differential
cross section. Within this framework other observables have been considered in
[9, 37-40].

In this section we present the derivation of a factorization theorem for one of the
most relevant processes known as Drell-Yan (DY) process. In this process a proton-
proton collision leads to a pair of leptons in the final state,

pp— 171" +X, (2.1)
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where X represents all the unidentified particles that are emitted in the process. Let
us consider a hard partonic reaction of two incoming partons with momenta p; and
p2 along directions n and 7 defined in eq. (1.35), respectively. They are going to gen-
erate a virtual photon with virtuality Q? = g% > 0, where g is its four-momentum.
A neutral gauge boson, as the Z boson could be generated as well, but for simplic-
ity in the exposition we do not consider this case. The virtual photon has a non-
negligible transverse momentum, g7, defined in light-cone coordinates in the sense
of eq. (1.36). The momenta of the initiating partons corresponds to collinear (1) and
anticollinear modes (71) and therefore the momentum of the outgoing photon scales
as Q(1,1,A) where A ~ gqr/Q is the expansion parameter of SCET,,.
The DY cross section factorizes in a very similar way to eq. (1.2)

do = H(Q% u})Fu(ur, Q) ® Fa(ur, ) ® S(pr, ), (2.2)

where the physics at the hard scale is encoded in the hard factor, H, the collinear
modes are encoded in the TMDPDE, F, ), and the soft modes are encoded in the
soft function, S. In next section we will give explicit definitions for these objects.
The symbol ® represent a multiplication or convolution depending on the space
we are working in and up, ur play the role of the high-energy and factorization
scales, respectively. Finally, the scale ( is an extra scale that appear as a consecuence
of the transverse momentum and it is related with a new type of divergence that
appears characteristically in these types of processes. They are a kind of light-cone
singularities called rapidity divergences and will be studied in detail in section 2.2.
Note that in eq. (2.2) the power corrections of order (g%/Q?)" are omitted.

In the effective theory approach used to derive factorization theorems, soft parti-
cles scale as Q(A, A, A) and collinear particles scale as Q(1,A2,1) (and Q(A2,1,A) for
anticollinear ones) where A ~ g7/Q. They are not allowed to interact because the
collinear particles would be driven off-shell. This fact is not true in the case of ultra-
soft gluons, which scale as Q(/\Z, A2, Az), but they are not relevant to the kinematical
region of interest. The relevant framework to describe soft gluons interacting with
collinear particles was named SCET-g7 in [37] and we use here the same denomi-
nation. In this theory the virtuality of the particles is of order g% and it is different
from SCETy where it is of order Aqgcp. However, SCETy; is needed to perform an
operator product expansion (OPE) at the scale g7 to separate the perturbative part of
the TMDPDF of the integrated PDF (in qr). In both theories soft gluons are decou-
pled from the collinear ones with the effect of the introduction of soft Wilson lines
as happened in chapter 1.

As the soft function in eq. (2.2) has a non-vanishing contribution one needs to
consider the problem of double counting arising from the overlapping of soft and
collinear modes. This fact is important and can affect to the proper definition of
the TMDPDFs. In order to cancel the overlapping contributions (known as zero-bin
contribution) we rewrite the factorization theorem as

do = H(Q%, 12) [ﬁn ® S—l} ® [ﬁn ® 5—1] ®S, 2.3)

where hatted quantities represent a perturbative calculation of the collinear elements
that still include the contamination from soft radiation region. This version of the
factorization theorems is still problematic, because individually the collinear and
soft functions are plagued of unregularized and uncancelled divergences which ren-
der them ill defined. These divergences appear perturbatively as integrals of the
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form

1

ﬁ, (2.4)

o t
which are manifestations of light-cone singularities. These type of divergences ap-
pear for some kind of IR regulators also in the fully integrated PDFs but they are
cancelled when real and virtual contributions are combined. But this is not the case
for TMDPDFs. These light-cone divergences are a consequence of having soft and
collinear Wilson lines defined along light-like trajectories that allow gluons with in-
finite rapidities to interact with. To avoid these singularities an idea due to Collins
and Soper is to tilt the Wilson lines going off-the-light-cone. This trick is used in
[41, 42]. However in this thesis a different path is taken. In our approach all the Wil-
son lines remain on-the-light-cone and we will define the TMDPDF consequently. A
more detailed explanation is given in section 2.2 where we explain how to deal with

light-cone singularities in our framework.

2.1 Drell-Yan cross section in TMD factorization

The initial form of the cross section for the DY process [11] is

4rta?, dig 1

do = dtye~iay) 2.
7 302 2n44m/ e @3

(=g ) (N1 (P1,01)No (P2, 02) | J* (y) ]V (0)| N1 (Py, 01) Na (P, 02)),

where Nj; represent the two hadrons in the process with momenta Pj, and s =
(P + P,)2. Note that the scaling of the position variable y is 1/Q(1,1,1/A). On the
other hand, J# is the electromagnetic current

Ji = Zeql/;'ﬂ‘l/), (2.6)
q

with e; the quark electric charge in units of the electron charge. The full QCD current
is matched onto the SCET,, one

JF = Cv(Q* /1) Y _eqXnSa v"Sp xn,s (2.7)
q

where Cy is the quark form factor introduced in chapter 1 and the n- and 7i-collinear
fields are described by the building blocks x,z) = Cn . The collinear fields &,,7)

were introduced in eq. (1.53). The collinear and soft Wllson lines, WnT(ﬁ) and STTZ( 7)
are defined as presented in chapter 1 with the difference of the introduction of the
superscript T, that represent an extra transverse Wilson line. The transverse Wilson
lines are essential to ensure gauge invariance of x, () among regular and singular
gauges [43—-46]. In this thesis Feynman gauge is used so transverse Wilson lines are
presented in this chapter but they will not be relevant in further calculations. For
DY kinematics collinear Wilson lines are defined as

T —
Wn(ﬁ) - Tn(ﬁ)Wn(ﬁ)/ (2.8)

Wu(x) = DPexp [ig/o dsii-Ap(x+si)|, (2.9)
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0

Tu(x) = Pexp [ig/ dtl - A, (xT, 007, x, + llr)] , (2.10)
~ 0

Ta(x) = Pexp [ig/ dtl - Az (0, x7,x; + llr)] . (2.11)

Note that Wj can be obtained from W), by substitution of n <> 7i and P <+ P. On the
other hand soft Wilson lines for DY kinematics are defined as

T _
Sn(ﬁ) — Tsn(ﬁ)sn(ﬁ), (2.12)
r0
Squ(x) = Pexp ig/ dsn- As(x + sn)} , (2.13)
r0
Tsn(x) = Pexp ig/ dtl) - As (x7, 007, x| + lﬂ')} , (2.14)
r0
Tsn(x) = Pexp ig/ dtl - Ag (o0, x7,x, + ZLT)} , (2.15)

where, analogously to the collinear case, Sy is obtained with the substitutions n <« 7
and P < P.

Averaging over nucleon spins and with the help of Fierz transformations we can
rewrite the hadronic element in eq. (2.5) as

(—g;w)(Nl(Plzo"l)Nz(PZ/Uz)|V‘+( )J'(0)[N1(P1, 01)Na (P, 02)) —
‘CV QZ/V ‘223 N1 P1,0'1)N2(P2,0'2)‘ (Xn(y)zxn(0)> (2.16)

(m(y)’ﬁxn(m) Tr [T (S50)5:()) T (S5(0)54(0))] 1N (P, 01) Na(Pa, ).

The n- and fi-collinear and soft fields act on different Hilbert spaces and one can
disentagle the general Hilbert space itself into a direct product of three different
Hilbert spaces, corresponding to the different modes [19, 47].

At this point, the cross section in eq. (2.5) is rewritten as

4 2 d4
3735;” 42/ dtye T H(Q 1) ZeZF )S(y)  (17)

0102

do =

where H(Q?/u?) = |Cy(Q?/u?)|? encodes the physics in the hard region and

Fiy) = 5 LANi(Pr o) () 5 ()N (P ), .18)
B = 5 TP o 2al) 50a 0N (Pa2), .19
Sty) = (OITe [T (S5w)Sa(v)) T (S50)54(0)) ] 10)- (2.20)

Taylor expanding eq. (2.17) in the physical limit that we are interested in, and
taking into account that the derivatives of the fields scale analogously to their corre-
spondent momentum scaling

_d L 0 0 5
(y ayan,y WFn/yL%Fn> ~ (1,A5,1) (2.21)
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_d L 0 d 5
<]/ ayi_Fn/]/ ay_i_Pn/]/LayLFn> ~ (A% 1,1) (2.22)

_ 0 L 0 d
~ (L1,A 2.2
(y 3y Sy ayﬁfmayf) (1,1L,A) (2.23)
we write the leading power term of the cross section as

472,
0= NS 27'[4 2/d4?/€ T H(Q*/ ) (2.24)

0102

x Y egFa(0%,y =,y )Fa(y",07,y1)S(07,07,y1) + O(A).
q

It can be noted that if ultrasoft gluons would be considered instead of soft ones, after
the Taylor expansion the soft function would be one to all orders in perturbation
theory, as studied in [9]. The fact that the soft function depends only on transverse
components is a crucial point in order to have final well defined TMDPDFs.

From now on, we consider the leading power contribution to the partonic cross
section but abusing the notation we denote the partonic versions as their hadronic
counterparts. So, in momentum space

dx dx,d?
S LD @2

q

do

x /dzkudzkmdzksﬂs(w —kn1 —kay — ks i) Fa (21, k1 ) Fa(x2, ki1 ) S (ks 1)
Note that x1, are the Bjorken variables defined as

Q@+ 0 4 g2
= VE Ty %m (q 4 > (2.26)

X179 =
e NG P° —F

where y is the rapidity of the photon. Thus, the collinear and soft objects are

Fn(.X'1, knL) _ / dr— d VJ_ 71 r xlpfr/Zer-kM)Fn (0+, r, H)/ (2.27)
+ 2 B

Fﬁ(x1,kﬁL) _ 2 / 1’ d rL —l r+x2p2 /Z_rL.kﬁL)Pn(rJ’_,O_,rL), (228)

S(ksy) = / (6;732 eiﬂ'kb‘iS(O*,O‘, ). (2.29)

The cross section in eq. (2.25) has a problem related with the existence of a new
type of unregulated and uncancelled divergences in collinear and soft functions
which complicate both the renormalization and the nonperturbative interpretation
of such elements. These divergences are called rapidity divergences and will be stud-
ied in detail in section 2.2. In conclusion each of the three elements in egs. (2.27-2.29)
are ill defined and have no physical meaning by themselves. However, considering
the combinations

FR(xp,kyy) = dr dz“ ei Pl 2k, (0F, 5(0+,0-
n(xl/ TZJ_) 2 n( s /rj_) ( ’ ,T’J_),

+ 2
dT d ry 7i(r+x2pg/27rl-kﬁL)Fn(rJr/0*/rL) S(O+,0_,1’l),

F}f(xl,kﬂ) = E/
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(2.30)

can be proved that these quantities are free from rapidity divergences, and we re-
name them with the superscript R. This redefinition of the collinear elements is also
valid for any considered polarization as we will discuss along chapters 3 and 4 of
this thesis.

In the section 2.2 we will discuss that with the regulator used to regulate rapidity
divergences, the modified 6-requlator, the overlap between collinear and soft regions
(known as zero-bin contribution) is analogous to the soft function. With the use of
this regulator we can find a simple definition of the TMDPDF in which the zero-bin
contribution can be extracted explicitly, i.e. in our notation F,, — F,/S. Thus,

r F0%77,
Fiek) = 2/ r m ) H'S((o+ro—rj))/ (2.31)
7 s
d +d2 ) o
Fg(XLkﬁL) - 2/ : rL e’ (rfxapy /2=r1kaL) ns((rO‘;OO—,rrl));
7 s

where the square root of the soft function is subtracted from the naive collinear ma-
trix elements, affected by rapidity divergences.
Thus, we can rewrite the cross section in eq. (2.25) as

_ em dxldXZd 5]T 2
do = 3NcQ2 220)i H(Q*/u?) Ze (2.32)

X /dzknﬂi ka1 d®ks 1 6(qr —knt — Kt — ket )ER(x1, K )ER (%2, k1),

where the soft function is absorbed into both collinear matrix elements in order to
have a well defined TMDPDE.

To finish this section we study the form of the cross section in the regime g7 >
Aqcp- This regime is interesting because eq. (2.32) is not the final form of the cross
section and the TMDPDFs can be refactorized. This means a second matching of
SCETj,, that describes the physics on the intermediate scale qr onto SCETy;, that
studies the nonperturbative physics at the scale Aqcp. This second matching is very
interesting because it allows one to separate the perturbative information computed
from TMDPDF from its purely nonperturbative behavior.

Since the scale of this region, qr, is big enough to be perturbative, its conjugate
coordinate, the impact parameter b, is small enough to perform an operator prod-
uct expansion (OPE) in impact parameter space. Thus, we refactorize the TMDPDF
defined in impact parameter space

Fy(x, b, 1) = / Pk, 0V, (x1, kL, 1), (2.33)
as
Ldx!

X
Fn (x/ bl ,u) = . 7 C (;/b/ ,u) fn (x,/ ll) + O(bzAQCD), (234)

where y is known as the factorization scale and f, is the integrated PDF defined as

1 Ay~ .+
Fulon) = 5 [ e plRa(07, 57,00 SO, 2.35)
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with p the momentum of the considered parton. On the other hand, the matching
coefficients C are the perturbatively calculable part of the TMDPDF and part I of
thesis is dedicated to find them up to O(a2) for different polarizations of TMDPDFs.

Note that along the derivation of the TMDPDF only the factorization scale is ex-
plicitly written but due to the existence of rapidity divergences a new scale arises
and the TMDPDF has a double-scale dependence that is studied in section 2.3. Also,
in section 2.2 we will see how this new scale arises with an explicit one-loop calcu-
lation of an unpolarized TMDPDE.

2.2 Rapidity divergences

At the beginning of this chapter, it was pointed out the emergence of rapidity di-
vergences due to some unregulated and uncancelled logarithmic divergences that
appear in perturbative calculations of the collinear and soft elements of the factoriza-
tion theorem in e.g. eq. (2.25). Particularly, these divergences appear in the integra-
tion of eikonal propagators given by the Feynman rules of soft and collinear Wilson
lines. To regularize these divergences a particular regularization scheme should be
chosen. Multiple options in the literature are used in order to regulate rapidity diver-
gences (see e.g. [11, 14, 48-52]) but we will use the known as modified J-regularization
scheme developed in [51, 52]. Also, in this section an explicit calculation to see how
rapidity divergences are explicitly cancelled is presented.

2.2.1 Modified j-regularization scheme

The original J-regularization was proposed in [11] and it is based in an infinitesimal
shift of the i0-prescriptions that appear in eikonal propagators. So, at the level of di-
agrams the regularization scheme is based on the substitution (e.g. in the absorption
of one gluon by a Wilson line [co™, 0])

1 . 1
kt —i0 "kt —iét’

(2.36)

with 67 — +0. However, this regularization is not accurate enough to do calcu-
lations at higher-orders (in particular from NNLO). Particularly, with this simple
substitution the soft function and the zero-bin contribution are only equal to each
other at NLO but not for higher-orders. Therefore, eq. (2.30) would not be true at all
orders in perturbation theory. In [51, 52] the original J-regularization scheme was
modified to solve this and other issues. Thus, a modified J-regularization scheme is
implemented at operator level and constructed in a way that non-abelian exponen-
tiation and the equality of the soft function and the zero-bin are preserved.

This operator level redefinition consists on a modification of the operational def-
inition of the collinear and soft Wilson lines. In particular, the soft Wilson lines in
eq. (2.13) are modified as

$a(0) = Pexp [_ig/o dSAs+(5ﬁ)} —  57(0) = Pexp [—ig/o dsAs+(sﬁ)e_i‘5+s] ,

0 0 .
Su(0) = Pexp [z’g/_ dSAs—(S”)} —  5,(0) = Pexp [z’g/_ dsAs_(sn)et™ S} )
(2.37)
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where §* — +0. At the level of Feynman diagrams in momentum space the modi-
tied expressions for the eikonal propagators are (e.g. for absorption of n gluons by a
Wilson line [oo™, 0])

1 1
(kF —i0)(kf —i0)o (ki —10) (ki — o™ ) (k} —2i6%).(ky — nio™)’

(2.38)

where the gluons are ordered in the way that k, is the gluon that fulfills the con-
dition |k;| < |k;"|Vi. As a consequence of the rescaling invariance of the Wilson
lines, now broken by the regulators 6%, the expression of the diagrams depend on
a unique combination of regulators, 6"¢6~. The ordering of the poles in the eikonal
propagators is crucial to preserve the non-abelian exponentiation theorem for color
factors [53, 54]. Within modified J-regularization only diagrams with non-abelian
color prefactor arise in the exponent. Thus, the soft function can be written as usual

3(b) = exp [ascp (s“l + a8 4 )} . (2.39)

Analogously to the soft Wilson lines, the collinear Wilson lines are modified, for
the TMDPDF as,

Wy (x) = Pexp [ig/ dsA_(x + sn)} — Pexp [ig/ dsA_(x +sn)e+zé‘ xs:| ,
(2.40)

and for the TMDFF as

0 0 .
W, (z) = Pexp [z’g/ dsA_(z +sn)] — Pexp [ig/ dsA_(z+sn)et’0 /Z)S] .
(2.41)

This type of regularization of Wilson lines at operator level is also used in the cal-
culation of multiparticle webs [55-59]. Note that the é-regularized Wilson line vio-
lates the rules of gauge transformations, but this violation is power-suppressed in é.
Therefore, in the calculations ¢ should be considered as an infinitesimal parameter
in order to avoid contributions that violate gauge invariance.

As the soft function is split in order to be combined with the bare definition of
the TMDPDF and cancels rapidity divergences (see eq. (2.30)), a new scale is intro-
duced. In the calculation of the soft function the whole dependence on the rapidity
regulators appears in terms of a unique function In(u2?/(6%67)). As each § regulator
represents the rapidity divergences coming form each TMDPDEF in the factorization
theorem one can separate the soft function introducing new scales, {+,

s (oan (#5)) =2 (o (o)) o (o (i)

(2.42)

where . = (pTp~)? = Q*, with Q? the hard scale of the considered process. In
order to introduce this new scale in the calculation of a single TMD, one can do the
following substitution

5~ =46t 6 (2.43)
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FIGURE 2.1: Feynman diagrams contributing to the TMDPDF at NLO
in QCD. The star in a Feynman diagram indicates that its complex
conjugate should be added.

where the subscripts + are omitted for the variable .

2.2.2 One-loop calculation. Cancellation of rapidity divergences

In this section we present a sketch of a one-loop calculation of an unpolarized quark
TMDPDF as in [18] that will help to understand explicitly the cancellation of rapidity
divergences between a bare TMDPDF and the soft function, extracting the matching
coefficient considered in eq. (2.34) at one-loop accuracy. On the other hand, this
calculation helps to understand the way to proceed in the calculation of matching
coefficients for polarized TMDs presented in part I of this thesis. Here and along the
thesis, Feynman gauge is used.

The Feynman diagrams corresponding to the bare TMDPDF are drawn in fig.
2.1. As we consider massless external particles the only Lorentz invariant present
in the calculation is the conjugate coordinate of the transverse momentum, b. This
quantity appears only in the diagrams whose left and right parts are connected,
so purely virtual diagrams (without any cut propagator) are set to zero. The only
relevant piece of the virtual diagrams is the UV-divergent part, that enters in the
renormalization constant, Z,, of the quark TMDPDF'. At one loop we have

2 4+21
- (B H2), e

where we introduce the following notation for logarithms, useful along all the thesis,

XZbZ VZ 5t

Note that we denote euclidean vectors with bold font, i.e. b> = —b2.
The computation of the non-zero diagrams for the quark TMDPDF provides the
quark-to-quark bare matrix element,

e (- 2xx
FBU(x,6) = 2C¢T(—€)B <x(1 —e)+ W) : (2.46)

where B = b?/4 and ¥ = 1 — x. Before combining the collinear and soft matrix
elements we should develop our result in the limit 6 — 0. This step implies to

More information about the renormalization of the TMDPDEF is given in chapter 3, while in this
section we introduce only the necessary information to perform this calculation.
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proceed from analytical functions to distributions, where the singularity at x — 1is
regularized by the (..);-distribution

1
F)e = (1) =0(5) [ dvf (). 247)
Within é-regularization, this transformation can be done as
1
PPl (x,8) = (FPl(x,0)) +0(®) / dy FBU (y, 6) + O(9). (2.48)
0

Using this relation the result in eq. (2.46) is rewritten as

2x
1—x

FBI = 2CrT(—€)B¢ (< +%(1— e)) +5(%) <—i - g — 2/\5>> . (249)

+

The soft function, necessary to cancel rapidity divergences remaining in eq. (2.48),
is calculated up to NNLO within modified -regularization scheme in [52]. At NLO
the soft function is given by

Sl = —4CBeT(—e¢) (L ve T2 —p(—e) - WE) , (2.50)
where the color factor, Cx = Cp(C,), for quark (gluon) initiating partons. Combin-

ing results in eq. (2.49) and eq. (2.50) we find a result free of rapidity divergences.
Thus, the final expression for the TMDPDF (e-expanded) is written as

21+ x? 1+ x2
F[”:CFK— —2L +2x> +6(x) (—L2 +2L,0; + 3L, +1— 0o }
el—x 1 —x N ( # # # )

(2.51)

This expression is free from rapidity and UV divergences. However, one rec-
ognizes the e-pole which is part of the corresponding integrated function. In order
to get the result of the matching of the TMDPDF over its corresponding integrated
function we have to calculate the matrix elements of the integrated part. The dia-
grams contributing to this object are all zero, because there is no Lorentz invariant
scale. Therefore, the only non-zero contribution is the UV renormalization factor,
which is deduced from the DGLAP kernel. For quark-to-quark channel we have

ZCF 1+ x2
o= == < ) . (2.52)
A € 1—x/,

Finally, we find matching coefficients where e-poles totally cancelled. Up to one
loop we find

cll, = &), (2.53)
1+ x2
1—x

., = ¢ [—2LM +2% +6(2) (L3 + 2L, — §2>] , (254
where the divergent terms at x — 1 should be undestood as (..)-regularized. In

eq. (2.54) we see explicitly how the dependence over the rapidity scale { enters due
to the procedure to cancel rapidity divergences.
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2.3 Evolution of TMD distributions

In this section we discuss the properties of the TMD operator under renormalization
scales. From this point, we can derive evolution equations of the TMD distributions,
whose solution helps us to obtain the evolution factor which resums logarithms in
order to obtain trustable predictions of cross sections. An important point about the
evolution of TMD distributions is its spin independence. Thus, the discussion in this
section is valid to all the considered TMD distributions. We use the generic notation
F for a generic spin (in)dependent TMD.

2.3.1 Double scale evolution

The dependence on renormalization scales is given by the pair of evolution equa-
tions

]/tzdizl-"(x,b;y,g) = IYF(g'g)F(x, b;u,Q), (2.55)
CLE(bing) = D, b)F(x,bin,0). (256)

dg

The anomalous dimensions r and D are defined via the corresponding renormal-
ization constants and are known up to three-loop order [60-63]. Their explicit per-
turbative expressions can be found in appendix A. As the TMD distributions have
two types of divergences renormalized in two different ways, we have a system of
two differential equations. A detailed study of this system has been recently pre-
sented in ref. [16] and a summary of the main features can be found in the next
subsection.

Anomalous dimensions yr and D satisfy the integrability condition (also known
as Collins-Soper equation [64])

dD(b, )
2‘112617“2 =

d ,
_gr)’l-"églg) = rcusp(,u)/ (2.57)
where Leusp 1 the anomalous dimension for a cusp of two light-like Wilson lines.
Due to this equation the expression for yr can be rewritten in the form

TE(,0) = Thusp (1)1 — 2, (2.58)
where 'y{, is anomalous dimension of the vector form factor for quarks (f = g) or
gluons (f = g). The rapidity anomalous dimension D has not such a simple rep-
resentation due to the presence of an extra dimensional parameter b2. It generally
contains all powers of logarithms In(u?b?), that at some large values of b? turns to
some non-perturbative function [65].

Due to the integrability condition in eq. (2.57) the system of evolution equations
in egs. (2.55, 2.56) has a unique solution:

Fron(x,b;u1,51) = RIb; (1, 81) = (2, Q) Fpen(x, U512, 32),  (259)

where the TMD renormalization factor reads

R 0 = ) =ep [ [ (0% - Dum)F) ] 20
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Here, P is arbitrary path in (y, {)-plane connecting (11, (1) and (y2, {2). Eq. (2.60) is
in principle independent of the path P, however the truncation of the perturbative
series makes some choices more preferable, for a detailed discussion see ref. [16]
and next subsection. In particular, we use the special practically-convenient path
that corresponds to the {-prescription introduced in [16, 66]. We again stress that
the TMD evolution equations and their solution of eq. (2.59) do not depend on the
polarization.

In eq. (2.34) we pointed out that the small-b limit of the renormalized TMD distri-
bution can be related to the collinear PDF through calculable matching coefficients.
So, it is important to know the evolution of collinear PDF with the DGLAP kernel
evolution equation

d Ld X
2.4 = [ Yp, (%) 2.61
gl xm) / y Lt <y)f (Y m), (2.61)
where the DGLAP kernel P is known up to two (or even three) loop order for every
polarization in [67-71]. Combining together egs. (2.55, 2.56) with eq. (2.61) we obtain
the evolution properties of the matching kernels. They are

d
Vsz,quef@ Ly 1g) (2.62)
L) X , _
= ) / FCpep <IL;~1§> (W(szsffffS(y) —Pf’<—f(y)>/
f=aq’* Y y
d
gdigcq%f(x/ Lwlé) = _D(.urb)cqef(xr L;ul(,)~ (2.63)

In perturbation theory, the expression for the coefficient function can be presented
as

I M+

Z LA 1L oC ﬁ_k]!, x). (2.64)

0Crep(xLyl) = ) a

n=0

The coefficients 6C"*!) with k + 1 > 0 are fixed order-by-order with the help of the

renormalization group equations in egs. (2.62, 2.63). Thus, the only non-trivial part

to evaluate is C"%). The expressions for these coefficients in their generic form

up to two-loop are given in the chapter 4 of this thesis, devoted to the systematic
calculation of matching coefficients of polarized TMD distributions.

2.3.2 (-prescription

The implementation of the {-prescription leads to the definition of the so-called op-
timal TMDs. We sketch here the procedure to obtain optimal TMDs referring to
the original work [16] for further details. The anomalous dimensions ve(p,{) and
D(u,b) governing the evolution can be thought as two components of a vector field
in the plane (Iny?, InZ). The integrability condition, e.g. eq. (2.57), states that such
field is irrotational, i.e. locally conservative. This allows to define a scalar potential
and guarantees that the evolution between two points in the (Iny?, In) space is in-
dependent of the path; in particular, no evolution occurs along equipotential lines.
However, the perturbative expansion breaks the validity of such statement and in
fact it was shown that numerical predictions largely depend on the choice of path.
This limit is overcome by the improved -y solution, that reinstates path-invariance by
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FIGURE 2.2: Sketch of the geometry of the ({, jt) plane where the dou-
ble scale evolution takes place. The anomalous dimensions determine
a conservative field (grey arrows) and the evolution is null among
equipotential lines (shades of red). The intersection of two special
equipotential lines (bright red) determines a saddle point; the zeta-
prescription corresponds to running the evolution from this point, af-
ter reinstating path invariance. The equations for the special equipo-
tential lines in the figure correspond to the one-loop result.

supplementing yr with formally higher-order terms. If we let F be a generic TMD,
then the evolution kernel R, implicitly defined as

P(x/ b, Hes éf) = R(b? Hrs gf; Wi, éi)P(x/ b, Wi, gl) ’ (2.65)

within the improved < solution yields

2 2

. N FEN e B
R(b; s Cipin Gi) = exp{D(‘uf,b)ln(gf> D(yl,b)ln(gi) (2.66)
d
—/W P 12D(y,b) +7v(ﬂ)]}/
wi M

where -y is the noncusp anomalous dimension.

Path independence allows one to apply the (-prescription, the key point of the
method. The idea is setting the initial rapidity scale {; = ;;, as a function of p; such
that the scale-dependence of the initial TMDs vanishes independent of y;. At one
loop, this simply reads

v

{u=ce ™rpu?, (2.67)

and the corrections to higher loops are evaluated in [16].

The relation between { and p draws a line in the (In, Iny?) plane (fig. 2.2). Since
by requirement the TMDs are constant along it, this must be an equipotential line,
which is well defined only if path-independence is restored. The remarkable fact
with the { prescription is that, contrarily to standard evolution, the cancellation of
large rapidity logarithms affecting the un-evolved TMDs is an internal mechanism.
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The rapidity evolution is still responsible for cancelling the large logarithms in the
hard function, but the scale uncertainty of the evolution is now entirely decoupled
from the definition of the TMDs (and in particular, from the non-perturbative model
that enters their definition).

The definition of optimal TMDs requires one more specification, which concerns
the choice of initial scale y; (and consequently ), and follows from TMD factor-
ization. Considering TMD PDFs for definiteness, we have up to nonperturbative
corrections

d
Fa%h(xz b/ H, g}l) = Z/x ];V Ca%h(il b/ H, g}l/ .uOPE)fb%h (]/z VOPE) |:1 +0O (bzAéCD)] ’
b
(2.68)

where f;. 5, are the collinear PDFs, C,.; are transverse momentum matching coeffi-
cients known at two loop from ref. [18]. The matching is performed at the scale popE.
The choice of popg is in general constrained by y;, as they need to lie on the same
half-plane with respect to the saddle point. This undesired feature is eliminated by

choosing p; = Msaddle-
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Chapter 3

Polarized transverse momentum
distributions

3.1 Definition of spin dependent transverse momentum dis-
tributions

The transverse momentum dependent factorization theorems for semi-inclusive deep
inelastic scattering (SIDIS) and Drell-Yan type processes formulated in [10, 11, 13, 14]
and revisited in chapter 2 yield a well defined spin (in)dependent transverse mo-
mentum dependent distributions (TMDs) free of rapidity divergences. These dis-
tributions describe the three-dimensional distribution of quarks and gluons inside
a hadron, due to the extra dependence on the transverse momentum in addition to
the one-dimensional Bjorken momentum fraction [72].

In chapter 2 we studied the definition of the quark TMD obtained from the fac-
torization theorem. In terms of operators, the quark and gluon component of a TMD
can be written as

ar _;
@j(x,0) = [ 57 g, (An -+ b) WA, b)g; 0), (3.1)
1 dA —ixp*')\

where i,j and y, v are Dirac and Lorentz indices, respectively. In addition, n is the
lightlike vector and we use the standard notation for the light-cone coordinates.
Also, g = gy — n*i¥ — " n"). The operator W is

W(Ab) =W, (An+b) Y |X)(X|W,T(0), (3.3)
X

with Wilson lines defined in eq. (2.9) taken in the appropriate representation of
gauge group. The staple contour of the gauge link (see fig. 3.1) results in the rapidity
divergences, the unique feature of TMD operators. The superscript T in Wilson lines
indicates that they are incorporated by an additional transverse link at light-cone
infinity, which ensures the gauge invariance of the operator. However, transverse
links do not give additional contributions in non-singular gauges.

The hadron matrix elements of the TMD operators in egs. (3.8, 3.9) with open
vector and spinor indices are to be decomposed over all possible Lorentz variants,
which define all the possible TMDPDFs. In the literature this decomposition is com-
monly made in momentum space, e.g. see [8, 73] (for quark operators) and [74, 75]
(for gluon operators). As in TMD factorization theorems parton distributions are
naturally defined in impact parameter space, it is convenient to do the decomposi-
tion in this space. The correspondence between decomposition in momentum and
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FIGURE 3.1: Staple contour for the gauge link W of the TMD operator.

impact parameter spaces can be found in e.g.[76, 77]. To study the distributions
considered in this thesis we need only a part of the complete decomposition,

1 _ _
Pyenij(x,b) = (h|®ij(x, b) 1) = 3 (fl’hj +81L5L(757" )i (3.4)
. ) v buby\ SY
+ (Srydyso )il + (i50H) (gsz + Z;) %hﬁ + ),
®!,(x,b) = (h[|®"(x,b)|h) (3.5)

1 v . v 1 g}“/ b}lbl/
= E(_g’; ff—iel'Spgy, +2h ¢ <2T+ 02 +>

where the vector b” is a 4-dimensional vector of the impact parameter (b* =b~ =0
and —b* = b? > 0), and St are components of the hadron spin vector

+
st =5, <” at — ?fw) 45t (3.6)

and e’;f/ = e = naﬁﬁe"‘ﬁw. On the rh.s. of egs. (3.4, 3.5) we omit arguments
of TMD distributions (x, b), unless they are necessary. Note that in eq. (3.4) we use
the normalization for the distribution hlLT different from the traditional one [73]. The
traditional definition can be recovered substituting hi — hizb*M?, with M being
the mass of hadron. The dots include non-studied TMDs and the TMD distributions
that match the twist-3 and higher parton distribution functions.

Depending on the relation between hadron and quark (gluon) polarization, the
different TMD distributions which appear in the decomposition are named as: un-

polarized quark (gluon) distribution, f/ ©), helicity quark (gluon) distribution, gﬂg ),

transversity quark distribution, h, pretzelosity quark distribution, /37 and linearly

polarized gluon distribution, hng . To clarify the meaning of the different TMD dis-
tributions in terms of quark/gluon and hadron polarization, we can organize the
TMD distributions in table 3.1.

The unpolarized TMD distribution is the most studied case and it has been treated
using different regularization schemes at the next-to-leading order (NLO) [9-11, 13,
78-80], the next-to-next-to-leading order (NNLO) [18, 51, 81, 82] and recently at next-
to-next-to-next-to-leading order (N°*LO) [? ]. For polarized distributions there were
calculations performed only for helicity, transversity and linearly polarized gluon
distributions at NLO [77, 83]. However, these works miss a systematic discussion
on the relevant renormalization schemes, which are fundamental to establish their
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U L T
9.8 L
U 1 hl
4.8 A
L N 81 hlLL
A8 A8 14 1,14
T | A7 it h,hr

TABLE 3.1: Overview of leading-twist unpolarized (U), longitudi-

nally polarized (L) or transversely polarized (T) quark/gluon (row)

TMDs for unpolarized, longitudinally polarized and transversely po-

larized hadrons (column). The distributions marked in bold also also

appear in its collinear version, the ones marked in red are T-odd and
not studied in this thesis.

calculation and to provide a path to higher order analysis. In this thesis NNLO re-
sults for some polarized TMD distributions are presented and discussed [84-86]. The
importance of using highest available perturbative inputs for TMD distributions is
important for the successful description of the experimental data, and significantly
increases the predictive power of the framework [16, 66]. In this way, we reduce
the theoretical error of the proper TMD distributions, allowing a better description
of the interesting non-perturbative physics. Also as a consequence of performing
high order perturbative calculation, the evolution of TMD distributions has been
calculated at two and three loops [52, 62, 63]. This fact make possible to obtain phe-
nomenological predictions up to N3LL [17, 87].

For convenience we introduce the universal notation

Tr(I'd
o)) = Tr(l®) : ), ol = ", (3.7)

Thus, we can write the spin (in)dependent quark and gluon TMD distribution

definition in a process-independent way,

r 1 rdA
Qe b) =3 [ 57

(P, S|T{q(An+b)W, (An +b)} T T{W,"(0)q(0)}|P,S),

g A (3.8)

1 [dA
(x,b) = xpﬁ Ee

(P, S|T{F.y(An + b)W, (An +b) } TH T{W, " (0)F4,(0)}|P, S),

ol

ol e (39)

where I represents the different Dirac or Lorentz variants for each polarization. We
will investigate the Dirac or Lorentz variants allowed in order to have well defined
spin dependent with cancellation of rapidity divergences in section 3.3.

3.2 Renormalization of TMD operator

The TMD operator defined in egs. (3.8, 3.9) are affected by ultraviolet (UV) and ra-
pidity divergences. In these sense, the TMD distributions obtained from the hadronic
matrix elements of these operators are the unsubstracted TMD distributions. Both
these divergences are renormalized by appropriate renormalization constants [15].
Consequently, the renormalized, and hence physical, TMD distributions depends on
two scales. Traditionally, UV renormalization scale is denoted by y and the rapidity
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renormalization scale is denoted by . The renormalized TMDPDF has the form
Q"N x, b; 1, 0) = Z(, Cle)R(b, u, Cle, (S)qDHHSUb' (x,ble, ), (3.10)

where we explicitly show the dependence on regularization parameters. In partic-
ular, € is the parameter of dimensional regularization (d = 4 — 2¢) and regularizes
UV divergences, which are renormalized by the factor Z. The J is the parameter
of J-regularization [18, 52], and R is the rapidity renormalization factor. The singu-
larities in € and ¢ cancels in the product of eq. (3.10). The renormalization factors
are independent of the Lorentz structure but they change according the parton color
representation. The renormalization factors Z and R are intertwined and it is impor-
tant to specify in which order the divergences are subtracted. Here we work in the
scheme where renormalization of rapidity divergences is made prior to the renor-
malization of UV divergences. The final result for ®™" is of course independent of
the subtraction order.

The renormalization factors are scheme dependent. For the UV renormalization
we use the MS-scheme. To specify the renormalization scheme for rapidity diver-
gences we recall that within the TMD factorization theorem the rapidity divergences
are compensated by the soft factor [10, 11, 15]. As before, the soft factor is defined as
a product of soft Wilson lines

5(b) =~ (o) [s747] (b) [$5*sT] (©)10). @.11)
c

In perturbation theory, the soft function is calculated up to two-loop accuracy in J-
regularization scheme in [52]. An example of the Feynman diagrams that should be
evaluated to obtain the first non-trivial result (NLO) for the soft function are given
in fig. 3.2. The factors R introduced in eq. (3.10) also renormalize the soft factor, such
that the whole factorization expression is finite, see the proof and detailed derivation
in [15]. It can be shown that within a properly defined scheme the renormalized soft
factor is trivial, i.e.

R(b, 1, g€, 617)S(ble, 6,867 )R(b,u,le,67) =1, (3.12)

where 6* regularize rapidity divergences in the corresponding direction. In this
scheme the rapidity renormalization factor has an exceptionally simple form [12, 15,
52]

" 5t 5t
Ribp2le,dt) =57 (ble 3o VB o V). 613)

Such a scheme is very natural since it does not leave any remnant of soft factor
in the factorization theorem, and therefore, coincides with other popular schemes
of rapidity renormalization, e.g. with the one suggested in [10]. Although here we
adopt the J-regularization notation, these expressions could be translated to other
regularization schemes, e.g. the translation dictionary of §-regularization to the reg-
ularization by tilted Wilson lines is given in [88].
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FIGURE 3.2: Feynman diagrams contributing to the TMD soft func-
tion at NLO in QCD.

3.3 Small-b OPE. Leading dynamical twist TMDs

Regardless of the non-perturbative nature of the TMD distributions, the large-qr
(or small-b) matching of TMD distributions on the corresponding integrated func-
tions can be evaluated. Such consideration is practically very important because the
resulting matching coefficients serve as an initial input to a model or a phenomeno-
logical ansatz for TMD distributions.

The small-b operator product expansion (OPE) is the relation between TMD op-
erators and lightcone operators. Its leading order can be written as

®ij(x,b) = (3.14)
[ (quq(b))?jb ® (Pab} (x) + [ (qug(b));ﬁ ® 4>a,g] (x) + ...,
Dy (x,b) = (3.15)

b
[ (Coea®) i @ 9u8] (5) + [ (Cos (00)35 @ g (1) + -
where symbol @ denotes the Mellin convolution in the variable x, i.e.

Ldz x

Fo@ = Tf@s(3)- (3.16)
The functions C(b) are dimensionless, i.e. they depend on b only logarithmically.
The dots represent the power suppressed contributions, which presently have been
studied only for the unpolarized case (see discussion in [65]). At this order of OPE,
the functions ¢(x) are the formal limit of the TMD operators ®(x,0). The hadronic

matrix elements of ¢ are the PDFs
Poenij(x) = (hlij(x)[h) (8.17)
1
= S (a7 +&1Lg(®)SLr57)y
+(5Tyi75<7+”)ijh1) +0 (ﬁ) ,
Ppen(x) = (h|¢" (x)|n) (3.18)
1

v o M
= 3 (—8gF frg(x) —iel'SrgiLe) + O <p+) ,
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where M is the mass of hadron. Both sides of egs. (3.14, 3.15) should be supple-
mented by the ultraviolet renormalization constants.

The matching coefficients defined above should be free of rapidity divergences
when the TMD distribution is renormalized. But the cancellation of rapidity diver-
gences for the spin-dependent distributions is a non-trivial statement. Let us con-
sider the small-b OPE for a generic TMD quark operator. At one loop we find

¢$:W%M+%qwn—@[ (3.19)

—(yTo T 1—~—+ab —ﬁ_babﬁ Fo T ab
(Y™ y THITy v )" +x T (Y vl Y1)

. + . + ab
+ (1 i ~ - In <5>> <'y+’y_1" +Ty 9t + iey” b + iel by )

pt 2B 2B
: . . b
L ST ieytpr  ieThyt\” )
> (7 yI-Tr v +—05 B }®¢ab+0(as),

where the divergent part at x — 1 should be understood as (..) +-distributed. Along
this thesis, all the divergent contributions at x — 1 should be understood as (..)+
regularized. In eq. (3.19), we omit the gluon operator contribution for simplicity.
The complex term in the last line of eq. (3.19) is the artifact of /-regularization. The
logarithm of § represents the rapidity divergence which is to be eliminated by the
factor R defined in eq. (3.13) which at this perturbative order reads

R =1+ 2a,CrBT(—¢)
x (L\/Z+21n <p‘5+> — p(—e) —7,;) +O(a). (3.20)
The rapidity divergence cancels in the product R® if and only if
Y T=Ty"=0, (3.21)
yielding
(]

ROy =Ty + a;CrBT(—€) (3.22)

<[(~a+ o5 2O~ (e ) ) T

ap
_ bebP
+x <g§ ~ 2B 6) (7"%%3%)“@ ® ay + O(a3) .

The cancellation of rapidity divergences is the fundamental pre-requisite to obtain
the matching coefficients of the renormalized operator ® and ¢.
The conditions analogue to eq. (3.21) for the gluon operator are

[T =T"F =TI =T =0. (3.23)

They follow from OPE for a generic gluon TMD operator ®*" similar to eq. (3.19),
which we do not present here, since it is rather lengthy and not instructive. The
conditions in egs. (3.21, 3.23) are satisfied only for the following Dirac and Lorentz
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structures
T91 = {,),+,,),+,Y5, 0—+l/1}’ I8 = {g?/, e’;"v; b‘ubv/bz}, (324)

which exactly correspond to the Lorentz structures for the so called “leading dy-
namical twist” TMD distributions. In this way, the relations egs. (3.21, 3.23) pro-
vide a definition of the leading dynamical twist for TMD operators that can be used
with no reference to a particular cross-section. On the other hand, our work shows
that TMD operators of non-leading dynamical twist have rapidity singularities that
are not canceled by the soft factor in eq. (3.11). While we have no knowledge of
a calculation of the correction to the leading order of TMD factorization, our find-
ing demonstrates that it has a different structure of rapidity divergences (which can
spoil the factorization). The relation in eq. (3.21) will be used in chapter 4 to fix the
definition of 5 in the dimensional regularization.

In order to calculate the matching coefficients, we consider the quark and gluon
matrix elements with the momentum of parton set to p# = p*i*. This choice of kine-
matic is allowed for consideration of twist-2 contribution only (which is the case of
this thesis). Then, the calculations are greatly simplified. In particular, the pertur-
bative corrections to the parton matrix element of ¢’s are zero, due to the absence
of a scale in the dimensional regularization. Therefore, such matrix elements are
equal to their renormalization constant, i.e., they have not finite e-terms. In prac-
tice, it implies that the matching coefficient is the e-finite part of the parton matrix
element of the renormalized TMD operator (3.10). The evaluation of OPE for a gen-
eral Lorentz structure (as in eq. (3.22)) is not very representative because one needs
only the components associated with the TMDPDFs. Therefore, we project out the
required components and present the expressions for each particular distribution.
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Chapter 4

Matching of polarized transverse
momentum distributions

This chapter is devoted to the study of the perturbative information which can be
derived from the TMDPDFs. By means of the small-b limit of the TMDPDEF we can
isolate the perturbative information inside the matching coefficients, target of our
calculations for the different polarizations of TMDs we consider. In order to find the
expression for the matching coefficients, we evaluate the matrix elements with free
quark or gluon states. The spinor and Lorentz indices of the in/out-going quarks
and gluons can be contracted with the different Lorentz variants allowed for the
leading dynamical twist quark or gluon TMDs considered. Schematically, we deal
with the equation

Qrp(x,b) = Y Croy ®@¢pep(x), (4.1)
=44,

where ¢;. ¢ (x) represents the different polarized PDFs evaluated on free-quark
states. This equation can be solved recursively starting from the first non-zero con-
tribution. We obtain expressions for the matching coefficients up to second order in
perturbation theory (NNLO). Then, the leading order expression is

[0] (0:0,0) — [0]
Crep = Cropr () = OppPpipn (42)
Using it as a starting expression for iteration we obtain
1
Cily = @/l u(xb) =g/l (), (4.3)
2 2 1 1 2
Cily = fLpeb) =L @6l () — 9 (44)

The evaluation of TMD is made using the §-regularization, which is described in
details in chapter 2. Evaluating Feynman diagrams in fig. 4.1 we keep the momen-
tum of quark collinear, p* = p*7*. This choice of kinematics significantly simplifies
the calculation. In particular, it implies that b? is the only (Lorentz invariant) scale
that is present in the diagrams. Since the scaleless loop-integrals are zero in the di-
mensional regularization, many diagrams vanish. For example, this is the case of all
pure virtual correction diagrams. Thus, the outcome of each diagram up to NNLO
has a generic form

+

dig. = 2 [nxe+ (%) pwea+ (5) Awe @9
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FIGURE 4.1: Feynman diagrams contributing to the TMDPDF at NLO

in QCD. The external lines represent the final states. The dashed lines

represent the quark or gluon Wilson lines. The star in a diagram in-
dicates that its complex conjugate should be added.

+In <f;> fa(x,€) +1n? <f;> f5(x,e)].

where the functions f; are regulated in the limit x — 1 with (..)-distributions and
at NLO only functions fi, f3, f4 are present. The second and the third terms here
represent the IR divergence. Therefore, the functions f, and f3; exactly cancel in the
sum of all the diagrams (and this fact can be also traced in the sum of sub-classes of
diagrams). The last two terms represent the rapidity diverging pieces and thus the
functions f; and f5 are canceled by the rapidity renormalization factor. Altogether
these cancellations serve as a good intermediate check of the computation.
Summing together the diagrams we obtain the un-subtracted expression for TMD-

PDF on free-quark or gluon states. Let us denote it as

unsub. __ . [0Junsub. [1]unsub. [2]unsub.
®f:f/ —q)f<_f/ 5ff/+a5q)fef’ (Sff/+a§®f<—f’ +O(ﬂg), (46)

and it is UV and rapidity divergent. Starting from eq. (3.10) the renormalization
procedure reads (for quarks)

Oy = e @7)
quD[O]un/sub,
R 72” + (Zl,” - ZE]) @l (4.8)
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qu)[l]unsub. Sm@[O]unsub. 35[1]5[1}q)[0]unsub.

2] . [2Jlunsub. f<f . ff ff
Crep = Ppey 2 >t 5
Smcp[o]unsub.
1 (1] (1]unsub. fef
(2 -2) (q)fef' 2
2 2 1] (1 1] (1 OJunsub.
+ (2P -2 - 27 + 22 ) o, 49)

where superscript in square brackets indicates the perturbative order of a quantity.
In this expression we have Z = Z, 1Zq with Z, the quark-field renormalization con-
stant, and Z, the quark TMD renormalization constant. Note that for gluons we
have the same expressions for the renormalized TMD but Z = Z; 1Zg with Z3 the
gluon-field renormalization constant, and Z; the gluon TMD renormalization con-
stant The expression for them can be found e.g. in [18]. The soft function up to
NNLO in é-regularization can be found in the appendix A.

On the other hand, all loop-integrals contributing to collinear PDFs are zero.
Thus the only non-zero part of ¢(x) is the renormalization constant. That is, the
needed expression for PDF evaluated on quarks or gluons is a pure singularity,
which can be found using renormalization group equations. It reads

Offr
e = Pl gl =Rl (4.10)

2 1 1 1 Bo 1 1 P2
W) = 55 (2 Pl @ P+ ZP}ifj (%) = 5o PFL i (x),

where P" are perturbative coefficients of DGLAP kernel at a’-order for each polar-
ization, and Bo = %C A— %N r is the QCD B-function.

With this information we can calculate the matching coefficients for different po-
larizations using the different Lorentz variants related to each case. Depending on
the distributions studied we achieve different levels of precision in each calculation.

4.1 Helicity TMD distribution

We begin studying the distribution of longitudinally polarized quarks or gluons in-
side a longitudinally polarized hadron, the helicity distribution. In this case the
Lorentz structures for quark and gluon operators are

I=9"°, TH =i (4.11)

The corresponding “orthogonal” projectors are

_ - ’ e
=N 5 T =iNanE, (4.12)

where the factor N, depends on the definition of ° matrix in dimensional regu-
larization. The definition of the 7° in dimensional regularization is a crucial point to
make a systematic calculation of the perturbative part of this distribution at differ-
ent orders in perturbation theory. Historically the most popular schemes (for QCD
calculations) are 't Hooft-Veltman-Breitenlohner-Maison (HVBM) [89, 90], and Larin
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scheme [91, 92]. In both schemes the combination " +° can be presented as

7' = et Py, (413)
where e#"*f is the antisymmetric Levi-Civita tensor. The difference between schemes
is hidden in the definition of Levi-Civita tensor. In HVBM the €""*# is defined only
for 4-dimensional set of indices. Le. e"* = 1 if {uvaB} is even permutation of
{0,1,2,3}, " P = —1 if the permutation is odd, and e = ( for any another case.

Due to the fact that in dimensional regularization the integration over loop mo-
menta are done in d # 4 but the 75 matrix is four dimensional we should split the
quantities which enter into the calculation in a 4-dimensional part and in a (d — 4)-
dimensional part. For example, the metric tensor in d-dimensions is written as,

g =g"+g", (4.14)

where 3" is the part of the tensor with y,v = 0,1,2,3 and ¢"" is the part with
u,v = 4,..,d—4. Consequently, for a general d-dimensional vector p¥, we have
the notation §*'p, = p* and ¢"'p, = p" for physical and unphysical components,

respectively. Note that 9™ = 9~ = 0, i.e. the unphyisical components are transverse.
Thus, one can see that the relation of the Dirac matrices " with 7° are
{(#,7°y=0,  [¥,7°] =0, (4.15)

so, the well known 4-dimensional relation {*,7°} = 0 is replaced by its analogous
expression in d dimensions

{2", 7} = 24" (4.16)

Also we conserve that 7y = 1. The relation in eq. (4.16) allows to make the calcu-
lation os the diagrams in an analogous way to a case without y® matrices. The only
difference is an extra(d — 4)-dimensional piece that can be calculated using deriva-
tives with respect to the impact parameter of the 1-loop integrals presented in the
appendix B. To see another way to apply the HVBM scheme to calculation in dimen-
sional regularization see [88].

In Larin scheme the e-tensor is non-zero for all set of d-dimensional indices, so
we do not need to split our quantities in 4 and (d — 4)-dimensional ones. The value
of individual components are undefined, however, the product of two e-tensors is
defined as,

v B gpavaaBy _gﬂlyzgvlvzgﬂé1a2gﬁ1ﬁz + gml/zgvluzgmazgﬁlﬁz -, (4.17)

where the dots mean all 4! permutations of indices with alternating signs.

The drawback of both schemes is the violation of Adler-Bardeen theorem for
the non-renormalization of the axial anomaly. This must be fixed by an extra finite
renormalization constant Z;q, derived from an external condition. A detailed discus-
sion about this point can be found in [91, 93, 94]. The NNLO calculation of polarized
deep-inelastic-scattering and Drell-Yan process in refs.[93, 94] made in (HVBM) have
shown that the finite renormalization is required only for the the quark-to-quark part
(both singlet and non-singlet cases). The same finite renormalization constant can be
used for Larin scheme up to e-singular terms at NNLO [69]. However, it seems that
for higher order terms (in € or in the coupling constant) the constant should be mod-
ified [69].
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Needless to say, that Larin scheme is far more convenient then HVBM, because
it does not violate Lorentz invariance. However, the Larin scheme, as it is originally
formulated and used in modern applications [69], is inapplicable for TMD calcula-
tions. The point is that it does violate the definition of the leading dynamical twist
eq. (3.21). Indeed, in the Larin scheme we have

i
YT =7 (V") Larin = 376 P1 17078 #0, (4.18)

because there is a contribution when all indices {vap} are transverse. Note, that
in HVBM scheme there is not such problem, since in the 4-dimensional etV one

of the indices is necessarily "—". To ensure the existence of eq. (3.21) we perform a
small modification of Larin scheme, and call it Larin* scheme. We define
ze+ ap ietP
(VY Dtarint = —5 =7 178 = S g (4.19)

The er-tensor is d-dimensional, and for calculations it should be supplemented by
the relation

0%1131 wfs guqoczgﬁ]ﬁz gﬂqﬁzgﬁlaz (4.20)
In the case the e-tensor is 4-dimensional, the definition eq. (4.19) coincides with
HVBM. The normalization factors presented in the eq. (4.12) are

-/V‘sch.

1 HVBM,
{ (1—e 4.21)

“1(1-2¢)7! Larin™.

Due to the fact that the helicity distribution is present in all the quark and gluon
channels at leading twist and to the extra complications that the treatment of >
matrix in dimensional regularization introduces in the calculation it is done only up
to NLO.

The expression of the matching of quark and gluon helicity distribution onto
integrated functions are

81L(x/b) = [Aquq(b)@)glL](x) Acqeg (b) ®ggL (x) )
gl (v, b) = [ACq4(b) @ gu)(x) + [Acgﬁg(b)@@gu](xHO(b ), (422)

where AC are the helicity matching coefficient we calculate. We can write their ex-
pressions up to NLO as

2
—x

AC,cq = 06(%) + asCF{ZBel“(—e) [ -

+ %(1 4 €)Hsen. + (%) (LJZ_I/’(_e) _7E”} ’

e-finite

ACng = HSCF{ZBGT(—G) [x - Jz,Hsch.} } ’

e-finite

ACgHi = HSCF{ZB€F<—€> |:1 + XHsch.] } ’

e-finite
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1

2
ACqi g = 8(%) + a5Ca {ZBer(—e)x [1

—X

—2 (4.23)

— 2% 4 2x ¥ Mg, + 0(%) (L ve—(—e) - ’yE> } } ,
e-finite
where the subscript "e-finite" implies the removal of e-singular terms. The terms di-

vergent in the limit x — 1 should be understood as (..)-distributed, see eq. (2.47).
The coefficient H, accumulates the difference between HVBM and Larin™ schemes,

1+2e HVBM,
Hsch, = 1 J_r E Larin® (4.24)

One can see that the expressions within HVBM and Larin™ schemes coincide up to
e-suppressed parts at this perturbative accuracy.

In the regime of large-q7, the TMD factorization reproduces the collinear factor-
ization. Therefore, it is natural to normalize the helicity TMDPDF such that at large-
gt it reproduces the cross-section for polarized Drell-Yan, which in turn is normal-
ized onto cross-section of unpolarized Drell-Yan process [94]. The TMD equivalent
of this statement is the requirement of equality between helicity and unpolarized
matching coefficients

|23(6) © ACy4(b) ] (%) = Cpeglx,b). (4.25)

The constant qu is universal, in the sense that it is independent on the rapidity
regularization scheme. We find the following finite renormalization constant for the
TMD matching

Zgy = 0(%) +2a,CeBT (=€) (1 —€ = (14 €)Hen ) %, (4.26)

Note, that HVBM version of qu coincides with the NLO part of the one presented
in [94] up to logarithmic terms (which are dependent on the kinematics of process) .

Concluding the section we present the expressions for the helicity TMD distribu-
tion in the regime of small-b where the matching coefficients are taken in the limit
€ —0,

ACyeq = Cpeq = 8(%) + a.Cr( — 2L Apy + 2
+6(2) (~L+2Ld; - 32) ) + O(a),
ACqeg = asTr (—2LyApgg + 4%) + O(a?),
ACqe g = asCr (—2LyApgg — 4%) + O(a),
+6(2) (~L2+2Ld; - 32) ) + O(a), (4.27)

with 1; = Inu?/{. The functions Ap are the combination of helicity evolution kernel
(which can be found e.g. in [69]) and the TMD anomalous dimension. They are

2
Apgq(x) = T~ 1—x,
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Apge(x) =2x =1, Apgs(x) =2 —x,

2

The coefficients ACy;; and ACy ¢ have been evaluated in [83]. Our expressions
agree with ones presented in [83] apart of {» term in AC,. ;. This disagreement is
the result of different renormalization schemes. We use the conventional MS scheme
with €7 factor, while MS-scheme of [83] is defined with I'"!(1 + €) factor. The
coefficients ACg¢; and ACg, ¢ have been evaluated in [77] and we agree with them.
To see an older calculation in which helicity TMDs are used see e.g. [95].

4.2 Transversely polarized distribution

In this section, we consider the transversely polarized TMD distribution and we
focus on the leading twist distributions in which it can be decomposed. These distri-
butions are the so called transversity and pretzelosity (also called quadrupole) TMD
distributions. Our aim is the evaluation of their twist-2 matching up to two loop
order, in order to do a calculation of a polarized TMD distribution at the same level
of the unpolarized TMD distribution. Both these distributions have been recently
subject of experimental, phenomenological and theoretical investigations. The SIDIS
data relevant for this extractions come mainly from HERMES [96] and COMPASS [97,
98]. Recently also RHIC has provided data in this direction [99] and it is expected
that transversity will be one of the central measurements in future EIC and LHC-
Spin. The transverse momentum dependent transversity has been extracted using
SIDIS data by Anselmino et al. in [100-102] with Gaussian models without taking
into account the TMD evolution. In refs. [103, 104] the lowest order evolution has
been considered. An issue of these extractions is the size of the theoretical error.
The reduction of it essentially requires the inclusion of the higher order perturba-
tive information. Let us also mention here the attempts to extract the transversity
distribution making use of lattice input [105]. Also, the integral of the transversity
distribution over the light-cone momentum is related to the tensor charge of the nu-
cleon. This quantity is relevant because it can be computed by lattice QCD, offering
a chance to test lattice results and it is an useful quantity to search for physics be-
yond the Standard Model [106]. The transversity TMDEFF is also an interesting and
practically important object (see [107] for a recent review) and we show a calculation
of it twist-2 matching up to NNLO. For what concerns pretzelosity, we mention here
the recent analysis made in [108, 109]. According to this analysis, the pretzelosity
distribution is very small and practically consistent with a null value.

The transversely polarized TMD distribution is parameterized in terms of four
TMDPDFs, which were originally introduced in momentum space [7, 73]. For our
purposes we need the equivalent parametrization in the position space. It reads

O 6l (x,b) = S%hi(x,b) — IAD*Mti; (x, b) (4.29)

q<h
M2b2 [ g prpr
; <82T+bz Stz (x,b),

+ieq!'byMhi (x,b) +

where st is the transverse part of the hadron spin, A is helicity, M is the mass of
hadron and b?> = —b? > 0. The detailed relation between momentum and posi-
tion space definitions can be found in [76, 110]. The function h, is known as TMD
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transversity distribution, and the function hi, is known as the pretzelosity distribu-
tion. Note that the general Lorentz structure for a transversely polarized operator
is usually addressed as ic™*° = €%'c"’. However, at leading twist the transver-
sity and pretzelosity distributions have no mixture with gluon distributions and the
common practice is to eliminate the 7> or er from the definition of these operators.
Thus, the Lorentz structure for these two distributions is simply expressed using

“*. On the contrary, in a longitudinally polarized operator there is mixture with
gluons at leading twist and the ° cannot be dropped nor in definition nor in com-
putations (see [84] for a discussion of the different schemes for 7° used in a NLO
calculation of the helicity distribution).

The small-b operator product expansion (OPE) allows the systematic expansion
of the TMD operator in powers of b. The operators that are associated to the powers
of b are then classified by twists. The evaluation of the matrix element of the small-b
OPE results into an expression of the form

iot a5 & -t
o7, " (x,b) = ; (CF a(®) @B () (4.30)
w-3
+b Z[ e (®) OB ()

where h are collinear distributions, C are coefficient functions and ® is the inte-
gral convolution in the momentum fractions. The terms in eq. (4.30) incorporate all
tensor structures of the TMD distribution parametrization in eq. (4.29). Extracting
particular tensors, one can find the matching of individual TMDPDFs onto collinear
functions. In particular, the tensor structure of h; and hi; appears in the twist-2
term, while the tensor structure for ij; and hi- can be produced only at the twist-3
[110]. In this thesis we only concentrate in twist-2 distribution so we only study the
tirst line on eq. (4.30).

The OPE in transversely polarized case has an exceptionally simple structure,
since there are no gluon operators. The only PDF that contribute to the matching
of these twist-2 distributions is the collinear transversity PDF. Its expression reads
[111]

a dA o ix A Tl A a+,.5
Stin(x) = o [ 2o AP, SIT{q(An) [An, 0] io" "0 g(0)}[P,S).  431)
The PDF k4 (x) can also be interpreted as the probability distribution to find a trans-
versely polarized quark in a hadron.

The coefficient functions of the OPE are dimensionless and the dependence on b

enters only via logarithms, or via dimensionless tensors. Generally, the twist-2 coef-

ticient functions can have structures ~ gu}ﬁ and ~ b*bP /b2. Ttis natural to decompose
it as

.B o ‘B
o a g b*b
Caf e (3b) = 8770C, p(x, L) + (2(1 L SR ) 5 Chep(x, L),  (432)

where 6C,. and 6+C, ¢ are the twist-2 matching coefficients for transversity and
pretzelosity TMD distributions respectively. Note that the normalizations are take
in d = 4 — 2e dimensions. In this way, the pieces of this decomposition do not mix.
In particular, the tensor in the second term of eq. (4.32) has zero trace (ind = 4 — 2¢
dimensions). Comparing the parametrization in eq. (4.32) with the parametrization



4.2. Transversely polarized distribution 61

for TMD distributions we find that the matching for individual TMDPDFs are

14 X
W(x,b) = /xyy Y. 6Cye s (y,LM> 1l (y) + O(b?), (4.33)
f=aq
By = 2 [ s L) K O(b? 434
lT(x') = szz/x yfz_ g« f gf It 1(]/)+ (b%), (4.34)
=49

where we explicitly express the Mellin convolution integral. In these formulas we
also suppress the scale dependence of functions because it is common to all the TMD
distributions independently on their polarization. The sum over flavors runs only
over non-singlet combinations, since there are no gluon operator with transverse
polarized configuration that could mix with the quarks.

The coefficient functions §C and 61 C can be evaluated perturbatively. At tree
order, ~ a2, the coefficient function in eq. (4.32) is proportional to g?ﬂ , and thus only
5C isnon-zero. The terms proportional to ~ b*bP /b? are generated by loop-diagrams
and appear already at one-loop level [84].

421 Transversity TMDPDF

The evaluation of the transversity matching coefficient is very similar to the evalua-
tion of the unpolarized matching coefficient made in [18]. The main technical details
to perform this calculation (an also the unpolarized one) up to NNLO are expained
in the appendix B. The main difference, which only simplifies the evaluation, is the
absence of the mixing with the gluon operator.

The LO contribution expression for transversity TMDPDF is

I p(x) = 6(1 = x)dspr. (4.35)
Substituting it in eq. (4.1), we find the LO matching coefficient

0CHL = 6CK0 (x) = dspd(1—x). (4.36)

The NLO expression for matching coefficient reads

1 4xL _
6CLL L (x,b) = Crogp (—1 — +5(%) (—Li—i—ZLylg—gz)). (4.37)

This result agrees' with the ones obtained in refs. [83, 84, 88]. It is easy to see that log-
arithmic part of eq. (4.37) satisfies renormalization group equations eqs. (2.62, 2.63).
The finite part is

SCED (x) = —Criadspd(%). (4.38)
Note, that in order to evaluate NNLO matching coefficient one needs the terms sup-
pressed by ¢, since they interfere with the singularities of the PDF, and produce a
non-zero finite and 1/€ contribution to eq. (4.4). The complete expression at all or-
ders of € can be found in [84].

Now we focus on the expression for 6C!“/. Firstly we present the only non-trivial
part that is the finite part 6C(2%9). At NNLO we have the mixing with anti-quark

]

IThe calculation made in [83] is made in a non-standard MS-scheme. And for this reason, the
coefficient presented in [83] is different from eq. (4.37) by (26(%) term.
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operator, therefore, the matching is split into two channels

5CPOD(x) = bpCESY (x) + 6,70 %) (), (4.39)

where

5CP0(x) = c%{ap(x) [4L13(x) — 20Lis(x) — 4In%Li(%) + 12InxLiy(x)  (4.40)
+2In2% Inx + 2In% In2x + gln2x + 8lnx + 2053} —2Int + 4:2}

+CpCA{5p(x) [8Li3(x) — 4Li3(%) + 4In% Lip (%) — 4lnx Lip(x)

In’x 11, 76 404 14
In’x 10 56 2%
+CPNf{5p(x) [T gy 27} - ?}
5 1214
+6(x) [C%% +CrCa <5C4 - *53 - Cz )
14 164
+CrNy (9C3 302~ > ],
(2:00) _ 2 CrCa B : T\ o X
o (x) = <CF . ) {ap( x) [8L13 (1 - x) 8Lis (1 - x> (4.41)

+4Li3(x?) — 4InxLip (x?) + 4ln’xIn(1 4 x) — 4InxIn(1 + x)
2
—§1n3x — 4@4 + 232}.

Here,

Sp(x) = , (4.42)

is the regular part of LO DGLAP kernel.

It is intriguing to observe that the parts of egs. (4.40, 4.41) enclosed by the square
brackets literally coincide with corresponding parts for the unpolarized matching
coefficient, see [18] egs. (7.3, 7.8). In other words, the matching coefficient for both
unpolarized and transversity distributions has the form

C00(x) = P (x)Fi(x) + Fa(x) + 8(2) s, (4.43)

where P!(x) is the corresponding LO DGLAP kernel, for the corresponding PDF.
Then we observe that the function F; (x) and the constant F; are the same for unpo-
larized and transversity kernels (for both flavor channels). Such behavior is expected
since the contributions proportional to 1/(1 — x), as well as §(%) contributions, that
primary form the LO DGLAP kernel, come from the diagrams where the quarks
interact with the Wilson lines. Such diagrams are insensitive to the polarization
structure of the operator. The rest of diagrams are not singular in the limit x — 1,
and thus form a regular contribution. For more detailed discussion on the internal
structure of transversity kernel see [71].
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For completeness, we present here the non-zero logarithmic terms of the match-
ing coefficients. These terms can be calculated from the renormalization group equa-
tions and serve as a strong check of our calculation. So,

5CZ) (x) = —6CPY (x) = 46CiPA0) (x) = 2C28(x), (4.44)
. 2 4
5CS70) (x) = 2C26p(x) + Cr (—9CA + 9Nf> 5(%), (4.45)
231) /N A2 11 2 _
0CG7y ' (x) = 4Cgop(x) + Cr gcA — ng o(%), (4.46)

5C$2£40)(x) = 4C%5p(x)(2In% — Inx) + Crdp(x) (éNf - 131CA> (4.47)

67 10
+6(%) [ —7C30y + CrCa (—9 + 2@) + 6CFNf},

. 134 20
5CPV(x) = 4(x) [ —2C3{, + CrCa (9 - 4g2> - chNf}, (4.48)

SCE(x) = C}[20p(x) (3 +4nT)nx + {o) — 4] (4.49)

CrCy [25p(x) <—21nx (131 + 1nx> - 19% + 4@) + 2x]

8 2 4
+CpNj 0p(x) 5 (5 + 3Inx) + Cro() [ ~SCala+ ggsz},
@11, o112 404
sCPV(x) = Cro(%) [ — o +Ca (5 — 4G } (4.50)

6CP0(x) = 4 <c1% - CPCA) {6p(—)[4Lin(~x) +4inxin(1 +7) (451)

—In%x + 2@] + x}

4.2.2 Transversity TMDFF

In the case of the transversity TMDFF the calculation of the matching coefficients can
be done with the available tools developed for the calculation of the TMDPDE. This
is because despite the different origin and interpretation of these distributions, their
perturbative treatment is analogous. Thus, in this section we discuss the fundamen-
tal definitions to translate the theory developed for PDFs to FFs and we present the
results up to the same order of unpolarized TMDFF calculated in [18].
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The unsubtracted transversity TMDEFFs are defined with the following hadronic
matrix elements,

lio*+ %) 1 dA —iptasz

A b) =
v @) =N L o

x (0|T [Wnﬂqu (nA + b)|P, S; X)ic" 7 (P, S; X|T [qi WnTL (0)[0),

where z represents the momentum fraction of the final state parton fragmenting into
a hadron. The hadronic matrix element can be parameterized in a similar way that
in eq. (4.29)

A5 (k) = S§H(z,b) — iAb"MHY; (2, b) (4.52)

2p2 [ oM g

+iey!' by MH; (z,b) + Mzb (ng + b;f) StuHit(z,b),
where again St is the transverse part of the hadron spin, A is helicity, M is the mass of
hadron and b? = —b? > 0. We recall that the parametrization presented here is valid
for produced hadrons with spin-1/2. For the scalar or pseudo-scalar hadrons, the
functions, Hy, Hﬁ and HfT are absent. The transversity TMDEFF, or Collins function,
is represented by the function H;. The matching onto the fragmentation function is
done as

L d z
HI(z,b) = /Zﬁj/kfz_(scﬁf (y,Ly> H. (y) + O(b?). (4.53)
=449

The factor z2~2¢€ is added to meet the common normalization of collinear FF function,
that is defined as

1-2¢
z dlefipﬂ\/z

o
H
St (%) 4N, &/ 2n

(4.54)
(0| T [Wqu]a (nA)|P, S; X)ic™ +5(P, $; X|T [qi Wﬂa (0)]0),

where the ° can be dropped as in the TMDPDF case. The evolution kernels for the
collinear FFs are known at two loops [70, 71].

The main difference in evaluation of TMDEFFs in comparison to TMDPDFs is the
origin of parton momentum in diagrams, which is incoming in the PDF case, and
outgoing in the FF case. Therefore, the expressions for TMDFFs could be obtained
by the application of the crossing symmetry x — z~! at the diagram level. This,
however, should be done with caution since there is a brunch cut for x > 1, which
should be transformed into a branch cut for z > 1. Additionally, one should take
into account the z¢ factors that are present in definitions of FFs, and that mix in
the e-expansions with various contributions. For the detailed discussion on relation
between PDFs and FFs see [112] and references within. To avoid these complications,
we re-evaluate the PDF master integrals with x — z~! and reassemble the final
result. The LO matching of transversity TMDFF is elementary

0CY, = d5pi(2). (4.55)

Therefore, the renormalization properties of the FF case are similar to the case of
PDFs and the matching procedure follows the same pattern as in the unpolarized
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case [18]. For this reason we skip the details of evaluation and present the final
result.

For the presentation of the NLO and NNLO coefficient functions we introduce
again logarithmic decomposition (see eq. (2.64))

LE 1L aC ) (2). (4.56)

I M+
I [\1:

Cpoplalul) = Lo

The terms accompanied by logarithms, i.e. with k +1 > 0 can be restored with
renormalization group equation. The NLO matching coefficient is given by
1 -
26C;](x,b) = Cedgpr (26p(2) (2Inz — L,) +6(%) (~L3 +2L,d; — 02 ) . (457)

At NNLO we have the same mixing with anti-quark operator. The matching is
split into two channels

2;0,0 2:0,0 2:0,0
0CPN(2) = 050 (2) + 6,0C ) (2), (4.58)

where,
260 (z) = 3 {5;9(2) [40Li3(z) — 4Li3(2) 4 4InzLis(2) — 16InzLiz(z)
—L;—Oln‘o’z +18In%zInz — 2In*zlnz + glnzz

—8(1+{2)Inz — 40@3] +42(1 +1Inz) 4+ 2z(Inz — lnz)}

(4.59)

+CrCy {(5]9(2) |:4L13( ) + 12L13( ) 4InzLi, (Z) — 8InzLi, (Z) + 3In’z

11 70 404
—4Inzln%z — 3 —In’z — 1205Inz 4 glnz + 203 — 27]
+13£Z —2zInz —2(1 — 2z)lnz}
In“z 10 56 2 (5, o
+CFNf{5P<Z) [3 - 31 Z+ 27} 32} + 5(2){§4CF

1214 67 164 5 14
+CpCy [81 - *Cz + 6504 — Cs} + CFNf[ TR §€2 + 9C3] },
2oC0(z) = (Cr-S2) {510( )[8L13 (1) —8Lis (1%)  (4.60)

—4Li; (z%) + 16InzLi5 (z) — 4lnzLiy (22) — 4InzIn*(1 + z)

—12In%zIn(1 + z) + 6In°z + 4@} + 22}.

The singularity at z — 1 is understood as a (..) -distribution (see eq. (2.47)). Sim-
ilarly to the PDF case, the expressions enclosed by square brackets in egs. (4.59, 4.60)
literally coincide with the ones of the unpolarized fragmenting function case, (see
eqgs. (7.11,7.17) in [18]). In other words, it can be written in the form of eq. (4.43),
and the functions F; (z) and F; coincide for polarized and unpolarized cases.
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For completeness, we present here the non-zero logarithmic terms of the match-
ing coefficients as in the TMDPDF case,

226CH) (2) = —26CPHY (2) = 4226 (z) = 2C26(2), (4.61)
. 2 4
226C\70 (2) = 2C26p(2) + Cr <—9CA + 9Nf> 5(2), (4.62)
. 11 2
226C\ 7 (2) = —4C25p(z) + Cr (3CA - 3Nf> 5(2), (4.63)
26C\7(z) = —8C35p(z)(Inz — Inz) + Crép(z) @Nf - 131CA) (4.64)
67 10
'+5(Z)[__7C%C2+‘CFCAA<_‘€)'%2§2> +*@;CFA&},
A 134
226C)(z) = 8CEop(z)Inz + 6(%) [ —2C20> 4+ CrCh <g - 4@) (4.65)
20
—g Ny,
260 (z) = 2 [4(5p(x) (—3(1 +4Inz)Inz + 8In’z + gz) - 2.7:} (4.66)

+CrCa [25p(x) <2321nz — 2ln%z — % + 4@) + 22}

8 22 4
—|-C1:Nf (Sp(z)§(5 - 31112) + CF5(Z) [ - gcAgz + ggsz} ’

2;1,1 _ 112 404
267 (z) = Cré(2) [ ~ % +Ca <27 - 14§3> } (4.67)
26V (z) = 4 <c§ - CPCA) {5p(—z) [4Li2(—z) (4.68)

—Inz(Inz — 4In(1+z)) + 2g2] + z}.

4.3 Pretzelosity TMDPDF

The calculation for the matching of the pretzelosity TMDPDF over the transversity
integrated PDF is in principle similar to the one of the transversity TMDPDEF. In this
case one has a different projector, see eq. (4.32),

bHpY N g

il (4.69)




4.3. Pretzelosity TMDPDF 67

to be compared to g}’ used in the transversity calculation. Moreover the relation

bHb" sr -
U+ T v __
o ( 2 +2(1—e)>0 0 (4.70)

allows a simplification of many diagrams. In particular, the diagrams with a non-
interacting quark line are exactly zero, according to the expression (4.70). This fea-
ture reduces the number of diagrams that we have to calculate for the pretzelosity
TMD distribution. The pretzelosity projector is built as a sum of two terms. The first
oneis g and it is the same as in the transversity calculation. As the topology of the
diagrams is the same in both cases the integrals that appear in the calculation of the
diagrams are also the same. The second term of the projector is b*b" / b? and this im-
plies new types of master integrals, that has scalar products (b - g)? in the numerator
(here, g" is a loop-momentum). The explicit expressions for these integrals can be
found in the appendix B. Such structures appear due to the convolution of a generic
diagram with open indices with the projector (4.69).

The small-b expression for the matching of the pretzelosity distribution is written
in a form equivalent to the transversity case,

h%T,fef’(x/ b) = Zr:q,q,q’ [5J_Cf<—r(b) ® 5fr<—f’i| (X) + O(bz) (4.71)

Note, that the collinear function in eq. (4.71) is the transversity PDFE. As in the transver-
sity case, at NLO we have only the quark-to-quark channel, and at NNLO we have
quark-to-quark and quark-to-antiquark channels.

Due to eq. (4.70), the un-subtracted pretzelosity distribution is zero at LO, i.e.
o1+®(x) = 0. Consequently, the LO matching coefficient is also zero, i.e.

stcll () =o. (4.72)

This fact induces a simplification in the renormalization of the pretzelosity TMDPDF
at NLO, demanding the absence of any divergences at this order. Moreover, due
to the absence of the tree order collinear counterpart for the matching procedure
the pretzelosity is suppressed by a;. As a result, the expression for the matching
coefficient is given solely by the one-loop TMD matrix element

st (x,0) = 6- @l (x,b) = —4CrBT ()2, (4.73)

We see that the obtained matching coefficient is e-suppressed, so, in the limit € — 0
it is zero, i.e. (5LC£1]H](x, b) = 0. According to eq. (4.73), the perturbative part of the
pretzelosity distribution is suppressed numerically. This result coincides with the es-
timation made in [8]. This observation is indeed supported by the measurements of
sin(3¢y, — ¢ps)-asymmetries by HERMES and COMPASS, see e.g.[108] and references
within. We also mention that it is not possible to obtain the small-b matching at the
helicity distribution. The helicity distribution as a part of pretzelosity distribution is
suggested by various model calculations (see [113] and references within).

The nullity of the LO pretzelosity distribution and the e-suppressed behavior of
the NLO contribution yields in a simple expression for the renormalized pretzelosity
TMDPDF at NNLO

1
shlstol!

12 2 fef 1 1 1
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(1]

In this expression it is important to keep all e-terms of 5-® o p» Since they are mul-

tiplied by factors with leading 1/e?-behavior (the TMD renormalization factor, and
soft factor). Thus, these terms produce 1/¢ singularities, despite the suppressed
behavior of 5L<I>/[}L 2 Naturally, these terms cancel the corresponding ultraviolet
singularities of the un-subtracted TMD matrix element. We have also checked the
exact cancellation of infrared divergences, and rapidity divergences. It is interesting
to trace the distribution of the contributions between diagrams with different color
factor. There are four types of contribution

2] Ca CrCq

Mcpfef, = CIZ_«AF + Cr <CF — 2) Arpa +

Ap+ CFNfAN. (4.75)

The contribution Ay is e-suppressed in a similar manner as the one-loop expression.
The contribution Ar is canceled by the renormalization factor entirely up terms sup-
pressed in €. Thus, the only non-zero contribution to the TMD matrix element comes
from Ars and A4, which we find to be equal up to higher powers of €. So, conclud-
ing we have found

5[1]5¢¢[1] )
ar = —— L (Z0 -2 sl o), (4.76)
Apa = Aa+0(e),  Ay=O0(e). (4.77)

Therefore, the contribution proportional to C4 disappears from the final expression,
despite only these diagram are non-trivial. The resulting TMD matrix element in the
pretzelosity channel is proportional to CZ only, and it reads

My, = —4CE (% (3 +4In%) + 4xInx) + O(e), (4.78)
s =0. (4.79)

Expanding eq. (4.71) up to order a? we obtain the following expressions for
matching coefficient

64 CliLy(x,b) = hif ., (x,b) = ' ClL, ) @ofily | (v) @80)
5-C 1 (x,b) = 0. (4.81)

The convolution term that appears in eq. (4.80) is different from zero because the
NLO matching coefficient is e-suppressed but the NLO transversity integrated PDF
is e-divergent. So, the result for the convolution term is finite,

[(chgqu(m ®0 f,,[Lq} (x) = —4C? (% (3 + 4In¥) + 4xInx),, (4.82)

which is the same that we get in eq. (4.78). Using eq. (4.80) we obtain a null value
for the NNLO pretzelosity to transversity matching coefficient. So,

(SJ'C[Z]

(b)) =0+ 0(e), (4.83)

where f = ¢, 7.
We stress once more that the cancellation that leads to the zero result has a non-
trivial structure. Because the topologies of diagrams that contribute to convolution
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term in eq. (4.80) and to the TMD matrix element eq. (4.78) are completely differ-
ent. In the first case, these are ladder diagrams, while in the second case we have
diagrams with tree-gluon vertex and non-planar diagrams. All this indicates the
presence of a not yet understood concept behind these cancellations, and it suggests
that such cancellations take a place at higher orders as well. Therefore we conjecture
that

61Cyes(x,b) =0, (4.84)

at all orders of perturbation theory. Recently, this conjecture has been confirmed
in [114], where the first non-zero matching of the pretzelosity distribution has been
found at twist-3.

4.4 Linearly polarized gluon TMDPDF

The definition of the linearly polarized gluon TMDPDF (IpTMDPDF) comes from
the definition of the global gluon TMDPDF distribution and its decomposition over
independent Lorentz structures. This decomposition contains 8 components [74, 77].
If we constraint ourselves to the case of a unpolarized hadron only two of these
structures survive,

n v v
quih(-’@ b) = _2(§+€)f1,g<—h(xl b) + h‘ll,g%h(xl b) (% + %) ’ (4-85)

where f is the unpolarized gluon TMDPDF and ki is known as linearly polarized
gluon TMDPDFE. Its name results from the fact that this distribution study the dis-
tribution of linearly polarized gluons inside an unpolarized hadron. Both f; and
hi- contribute to the gluon-induced TMD processes on equal foot. Although these
functions share some common properties, they are completely independent non-
perturbative functions that are to be extracted from the experiment. Both these func-
tions have a lot of interest because they participate of processes of the standing of
Higgs boson production by gluon-gluon fusion. The study of the JpTMDPDF at the
same level of accuracy of the unpolarized TMDPDF is important in order to study its
effect in the transverse momentum spectrum of the Higgs boson. A detailed study
of this process is discussed in the chapter 5 of this thesis.

The usage of a d-dimensional definition for the decomposition in eq. (4.85) is
important for the following two-loop calculation because the e-dependent parts in-
fluence the result. The definition in eq. (4.85) is the standard one [81, 84] written such
that the unpolarized part coincides with the standard definition of the unpolarized
TMDPDE, see e.g. [10, 18, 81],

fl,geh (x/ b) = _g;;"vq)geh,‘uv(xr b)/ (486)

whereas the linearly-polarized tensor is orthogonal to it. In turn the [pTMDPDF is
given by

1 brbY
hf:geh(x, b) = ﬁ <g§lf/ +2(1 —€)b2> q)geh"m/(x, b). (4.87)

Sometimes, one would like to use TMD distributions defined in the momentum
space. The relation between coordinate and momentum representation is the usual
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one [74, 77] (here in d = 4 dimensions),

b
<Dg<—h,;w(xrk) = /(27_[>23(bk)q)g<—h,;w(xrb) (4-88)

P‘

g kHkY
flgeh(x k)+h1g<—h(x/k)< ZT T2 >,

where
© |b|d|b
frsenCek) = [P ) frgoaom), 459)
© |b|d|b
genok) = [ OO o k) () (490)

As with the other distributions studied, a small-b expansion can be performed in
order to obtain perturbative calculable matching coefficients. In the present case, it
results into the following expressions

frgen(x,b;u,g) = Z/ Coe (v, b0, G ) frfen <y ﬂ> +O0(b%) (491)

d
hf:geh(x/ b;u,¢) ;/X ;5lcg<—f(yr b;u, g;‘ﬁ)fl,ﬂ—h <;/ﬁ> + O(bz),
(4.92)

where the sum runs over the active parton flavors (quarks and gluon), and fi(x, u)
is unpolarized collinear distributions defined as usual

d + - ~ +

frgenbor) = [ e M pIT(g (An) Wa(Am)} L TR )q(0)}1P), (493)
1

frgen(x, p) = prs (4.94)

< | O ¢4 M PIT By (Am) W (Am)} T {W(0)F1(0) } )

The scales y and ¢ in eqgs. (4.91, 4.92) are the scales of TMD evolution discussed in
the chapter 2. The scale ji is the scale of OPE, that is not related to the TMD evolution
scales and whose dependence cancels in the convolution of coefficient function and
collinear distribution.

The tree-order of matching coefficients, C and SIC, are to be calculated in QCD
perturbation theory.

Cgef<x/b}ﬂlg}ﬁ> = §gf5(1_x)+o(as)/ (4.95)
§'Cqu (X, b; 1,5 1) = Ofas), (4.96)

Nowadays, the coefficients Cs.;(x,b) are known at a2-order (NNLO) [18, 51, 81,
82], whereas coefficients 5LCf<_h(x,b) are known at as-order (NLO). Note that in
literature related to TMD calculations, e.g. in refs. [77, 84], the orders of 6'C fen are
traditionally counted alike the unpolarized case. So, the linear a,-terms are denoted
as NLO. Here we use the same convention. In this thesis we present expression for
5LCng up to NNLO.

The higher order coefficient function for OPE at twist-2 level can be deduced
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from the calculation of matrix elements with free parton states with subsequent
matching of the result on the desired OPE structures eq. (4.92). Therefore, the task
is naturally split into two steps: the evaluation of parton-matrix element and the
matching as explained at the beginning of this chapter. The evaluation of parton
matrix elements of the TMD operators at two-loop level is the most complicated
part of this calculation because it has some extra difficulties than in the analogous
calculation for the unpolarized case. In the case of [pTMDPDF the main complica-
tion comes from the rich vector structure, which is reduced to scalar products by
projection factor in eq. (4.87), and the use of unpolarized parton states with mo-
mentum p# = pT7F. In this aspect the current computation is similar to evaluation
of the pretzelosity distribution [85] albeit with significantly larger number of loop-
integrals. The reduction of integrals to master integrals and some details of their
evaluation is presented in the appendix B.
The NLO expression of the matching coefficients read

X

stell o (x,b) = (4CAB€F(—6);e>€_ﬁmte, (4.97)
X

stell (x,b) = (4CFB€F(—6);€>€_ﬁnite, (4.98)

We write the full e-dependent NLO expressions here because they are needed in
the calculation of the NNLO matching coefficients. Using the same notation intro-
duced in eq. (2.64), the finite parts of these results are

orCiy) (x) = —4CaZ, (4.99)
srefE)(x) = —ach, (4.100)

The results in egs. (4.99, 4.100) agree with [77, 84, 115].
The NNLO calculation has a more involved expression but we can write it in
terms of its finite and logarithmic parts in a simple form as

1
S (b G = ( 2L§,+Lylg> 1l (x) + 1,61C 2 (x) (4.101)

1+ 00 5y,

g—f

The finite part result for the two available channels is,

124 (148 4.102)

S0 (x) = ci[—mg (Lia(x) — Inx) + —~Inx 9+2052>

EE R

—8ln’x — 1%;2 - gx(llx - 14)}

_3 —
+CgN -41n2x—2(i + C4N é 17E+1—3x—x2+6lnx,
f X f'9 X

S (x) = Cp(Ce—Ca) [85 (In% + In%) — 20Inx + 4In’x + 892} (4.103)

x
1 5 Inx

x (1 .
+CPCA [16; (18 + Zgz - 7 — LIZ(X)>
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+41L (4 +5x — xlnx)} + CpNy - 19—67[2 + 3Inx].
These results have been recently obtained in ref. [116] with an independent calcu-
lation using the exponential regulator of ref. [50] to regularize rapidity divergences.
We find full agreement with the final results presented.
Due to fact that the logarithmic terms can be calculated solving the renormaliza-
tion group egs. (2.55, 2.56) they can be written in terms of the NLO finite part and
anomalous dimensions as

s (x) = 05[Cg1£fo< x), 100
S =m0 - e e pfL )
'=g.q.q

where l"g = 4C4 is LO cusp anomalous dimension, By = 11/3C4 —2/3N¢ is LO
1]

B—function, and we have used that 7}/’ = —28. The explicit expressions for these
coefficients are given here for completeness,

x
seP V() = —scilg, (4.105)
eV = 16 T et T Ta o+ 2D e} @109
X x |6 4
+16CrT;N lf(2—1—(2—Jc)x)+lnx —|—EC T,N, -
FLriNf 3x 3 Alr fx/
(2,1,1) - x
6'Cey (x) = —8CpCA§, (4.107)
; X (43 1+x
(SLCézﬁEr/O)(x) = —4CrCy [x (3 +x> nx} (4.108)
+4C? { (x + 4lnx) + 21nx} + 33 CFTer

In the expressions above we have set ji = p, which is a poor choice. In particular,
due to this choice one obtains the double-logarithms in the coefficient function and,
as the result, a badly convergent perturbative series. A much better behaved coef-
ficient function can be achieved by distinguishing the scales of evolution and OPE.
For example, this is realized by applying the (-prescription, which consists in the
selection of TMD evolution scales along the null-evolution line in the plane (y, ()
(for further information see chapter 2). This line is parameterized as { = {,(b), and
it is defined by the boundary condition that it passes through the saddle point of the
evolution potential [16]. The expression for the coefficient function can be obtained
by the substitution (here for gluon distributions)

Ly 2B

in {-prescription: l; = 5 F + O(as). (4.109)

The higher order terms and the derivation of this expression can be found in ref. [16,
66]. The coefficient function in {-prescription satisfies DGLAP equation, and thus
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the remaining scale is the OPE scale ji. In other words, we have

8'Cye p(x,b; 1, 3pu(b), i) = 6'Cqif(x,b; ), (4.110)

where the logarithmic part has simple form
- 1,00
o1C (x, i) = (ﬁoélc;ﬂx) @111)

1,0,0 1 2,0,0
- f,_% q[(slcé“f/) ® Phl_/] (x)> Ly + 61200 (x).

The finite part 5LC§’_O}O) (x) remains unaffected. Note that, generally the {-prescription
also modifies the finite part of NNLO expression, as it is happens e.g. for the unpo-
larized TMDPDFEF. The use of the expression of matching coefficients with the elec-
tions of scales provided by -prescription is important in order to do phenomeno-
logical predictions because the software artemide [117] needs as an input the coef-
ficient functions in this scheme.
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Chapter 5

Higgs transverse momentum
spectrum

Gluon-gluon fusion is the leading channel for Higgs boson production in hadron-
hadron collisions [118-120]. The transverse momentum dependent (TMD) factoriza-
tion of Higgs production has been demonstrated to follow the same pattern as the
Drell-Yan/vector boson case studied in chapter 2 in different frameworks [10, 11, 13,
15, 121] and in this sense it has been reviewed in [77]. Within the TMD factoriza-
tion theorem, which describes the Higgs production at small transverse momentum,
there are two dominant terms in the factorized cross-section. Those terms corre-
spond to the fusion of unpolarized and the linearly polarized gluons [115, 122, 123].
Schematically, it reads

9N

7[10' = 4d2b —i(bqr) b b hi b ]’ZL b
ddeqT _O-gg%H/ (27-[)2 (fl,g(xA/ )fl,g(xB/ )+ 1,g(xA/ ) ][g(xB/ ))I
(5.1)

where 0,4, is the factorized gluon-gluon-Higgs cross-section, x4 p are the collinear
fractions of gluon momenta, f; is the unpolarized gluon traverse momentum de-
pendent parton distribution function (TMDPDF) and hll/g is the linearly polarized
gluon TMDPDF (IpTMDPDF) that was proposed as an independent distribution
long ago by Mulders and Rodrigues [74] and whose matching is presented in chap-
ter 4. Eq. (5.1) allows to understand the importance of having information of the
IpTMDPDF at same order of the unpolarized TMDPF to study of the Higgs trans-
verse momentum spectrum. In this chapter we study the impact of considering the
IpTMDPDF at different orders of accuracies in the calculation of the Higgs produc-
tion cross section.

The modern state-of-the-art of perturbative calculations is the next-to-next-to-
leading order as we have studied in chapter 4. However, phenomenological appli-
cations for the NNLO Higgs transverse momentum spectrum only use the matching
coefficients for the linearly polarized gluons up to NLO. The counting in many phe-
nomenological applications is different from the one required by TMD factorization.
In fact, using standard resummation, see e.g. [37, 115, 124-127], the small-b expan-
sion is incorporated into the factorization formula, ignoring the non-perturbative
TMD effects and one worries only about the perturbative expansion of the cross
section. The TMD factorization includes the resummation for large enough g1, how-
ever one has different requirements in the realization of the perturbative series. So,
while in the usual resummation the whole bracketed factor in eq. (5.1) should be
given at a certain perturbative order, in TMD factorization each distribution should
be matched independently to its collinear counterpart at the same given order. Both
approaches are consistent with computing the small-b expansion at the same order.
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The case of linearly polarized gluon contribution to eq. (5.1) is special because the
tree-level matching accidentally vanishes.

In this chapter we use the calculation of hfg at two loops presented in chapter 4
and we estimate the impact of this correction on the Higgs transverse momentum
spectrum.

The result presented in this chapter is relevant for many cases beyond Higgs bo-
son production. In particular, there are processes that are also sensitive to JpTMD-
PDF and that are addressed in the literature [128-132]. Among these it is worth a
special mentioning the case of heavy-quark production [133-139], which is relevant
at LHC, future Electron-Ion Collider (EIC) or the LHeC.

In TMD factorization each TMD distribution (f1,; and hfg in this case) is an in-
dependent fundamental non-perturbative function. In order to sensibly construct a
TMD for any practical purpose it is fundamental to include the asymptotical small-
b limit, where each TMD distribution match to collinear parton distributions and
the matching coefficient calculated up to NNLO in chapter 4. In practice, for the
description of the TMD distributions one typically uses a phenomenological ansatz
that matches the OPE results at small-b to a non-perturbative input at large-b. It can
be written in the form

Td x
higeh(x/b) = 2/ ;5LCg<—f(yrb)fl,f<—h (y) hf'NP(x/bz), (5.2)
f X

and a similar expression can be used for f(x,b) with a different finp(x,b?) and
the corresponding matching coefficient. In eq. (5.2) we omit scale variables, and the
function hiyp is an arbitrary function with the only constraint

lim hiyp(x,b%) ~ 1+ O(b?), (5.3)
b2—0

which is necessary to be consistent with the small-b limit of the TMD. A similar
ansatz has been used also for the quark TMD, and the respective non-perturbative
correction has been called

ME 4+ Aox + Azxx
fnp(x,b) =exp | — ! 2 32 b? (5.4)
V14 AzxMb
where the values of the parameters A;, i = 1,...,5 used are the same obtained in

the study of the extraction of the unpolarized TMDPDF form experimental data in
refs. [17, 140]. In order to have some phenomenological result here we also choose
fnp = fine = hlLNP. We will comment about the consistency of this choice later in
this chapter, making a comparison of our result with the one obtained with Pythia.

5.1 Contribution of JpTMDPDF to Higgs production

The I[pTMDPDF and the unpolarized gluon TMDPDF use to be present at the same
time in many processes. A particularly important place to study the effect of IpT-
MDPDF is Higgs production in hadron-hadron collision. The dominating channel
for Higgs production is gluon-gluon fusion via the top-quark loop [118], which can
be written via an effective interaction term in the Lagrangian [141]

B (WCHE) pa gy 63

L ggH = 30 wv
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where H is the Higgs field, F,, is the gluon field strength tensor, and v is the Higgs
vacuum expectation value. The effective coupling constant at NNLO is derived in
[142, 143]. Using the effective vertex in eq. (5.5) one can derive the TMD factorization
theorem for Higgs production following the same steps as in the Drell-Yan case (see
chapter 2 of this thesis). The resulting expression is

do 200(n)

Gditgr = o CHUGL =) ICrl—my, ) (5.6)
d’b i(bqr) phv (x1,b; )qDP‘V (x2,b; )
Ee g<_h1 X1,0, ;’l/ gl g%hz X2,0, ,u/ €2 ’

where y is the Higgs boson rapidity and x1, = /(m% + g%)/se*V. The function
Cp is the gluon scalar form-factor (the NNLO expression can be found in [61]). The
coefficient function |C H|2 in Drell-Yan like cross section is evaluated at a space like
momentum(—q?). Thus, some contributions of order 772 which could be large, es-
pecially in the case of Higgs boson production (see refs. [144, 145]) appear. These
corrections can be resummed by the technique introduced in [145], so,

ICu(=¢*)* = U|Cu(q®) % (5.7)
where U is the so called “7>-resummation” exponent. At LO it reads [145]
u . r() 2 _
=exp | — [2aarctana —In(1+4%)] ), a = mas. (5.8)
24,5

The TMD distributions ®#" are defined in eq. (3.9). The scale y is of the order of
the hard scale, my; in this case, and {1{> = m‘}{.
With the decomposition in eq. (4.85) the product of TMD distributions turns into

"

v 1
e (11, D)L, (x2,b) = E(fl,gehl(xlzb)fl,geh2<x2;b)

+h1L,geh1 <X1, b)hl%gehz (x2/ b)) (59)

Therefore, for a consistent phenomenological application of this formula one should
consider f; and hi at the same perturbative order. The perturbative inputs up to
NNLO are reported in tab. 5.1.

Function | H | C. ¢, 0 LCgH £ || Teusp D YE || & running \ PDF evolution
2 s 2 NLO provided by
NLO |/ & s % | resummed | % NNPDF3.1 [146]
2 .
’ 2 3 o 3 NNLO provided by
NNLO -} &; %s % | resummed | ** NNPDF3.1 [146]

TABLE 5.1: Summary of perturbative orders used for each part of the
cross section. The symbol H stands for the first line of eq. (5.6).

It is interesting to mention that if the Higgs boson were a pseudo-scalar particle,
then the main change in the structure of cross-section in eq. (5.6) would be a sign of
hihi term in eq. (5.9). In this case, the expressions for perturbative corrections in C;
and Cpy are also changed although their LO remains the same [123].



78 Chapter 5. Higgs transverse momentum spectrum

In order to study the numerical impact of the NLO and NNLO matching for IpT-
MDPDF together with the cross-section in eq. (5.6) a new module has been added to
artemide [117]. The non-perturbative parts of gluon TMD distributions and gluon
rapidity anomalous dimension are unknown, and nowadays the data are not suffi-
cient to fix it. In order to provide some value for a cross section we use the inputs
in egs. (5.2-5.3) with fxp = finp = hlLNP, where fyp is the non-perturbative func-
tion for quarks extracted from a fit of Drell-Yan and Z-boson production data using
artemide 2.01, see eq. (5.4). The perturbative calculable parts of the evolution
kernel differ in quark and gluon case (at the order that we work) by the Casimir
scaling factor C4/Cr. Here we have assumed the same scaling for the un-calculable
non-perturbative pieces of the evolution kernel. The error band of our prediction
come from scale variations of a factor of 2, consistently with the {-prescription [16].

In order to check the validity of the model assumptions we have compared the
cross section in eq. (5.6), integrated in rapidity, with PYTHIA [147, 148]. The agree-
ment of our prediction at NNLO and PYTHIA is shown in fig. 5.1 and it is extremely
good in the range of gt where the TMD factorization theorem is expected to hold. In
that figure we have also included the error provided by PYTHIA, although it is not
clearly visible and we have not used any normalization factor.

arTeMiDe vs Pythia: pp — H + X

e 0 O
T | | | | ‘artemicke V2.017
S _
2 ]
@
g ° ]
) C\‘@E' -------- arTeMiDe S, |
T\ F Pythia I
0HH\HH\HH\HH\HH\HH\HH
1. 3. 5. 7. 9. 11. 13. 15.
qr(GeV)

FIGURE 5.1: The cross section in eq. (5.6) integrated over all rapid-

ity range with artemide2.01 at NNLO and PYTHIA. The errors of

PYTHIA are included, although not clearly visible. The shaded area
shows the variation band in ji, see eq. (4.110).

In fig. 5.2 we have plotted the IpTMDPDF, eq. (5.2-5.3), as a function of b at
x = 0.01 at NLO and at NNLO. The NNLO includes the perturbative correction to
the first non-trivial order (which is NLO). This correction appears to be large, almost
a factor 2. The bands show the sensitivity of the distribution to the change of the
OPE scale ji — cafi with cs € (0.5,2), see eq. (4.110). The relative size of the band
decreases between NLO and NNLO. Altogether, this figure points to the fact that the
IpTMDPDF effects could have been underestimated up to now.

The experimental data on the Higgs differential cross section are still affected by
big errors. For a demonstration we have considered the cross section in eq. (5.6)
measured at CMS collaboration, where the rapidity is integrated in the interval in-
dicated by that experiment [149]. Because the experimental cross section just uses
the data from one particular decay of the Higgs boson we have normalized our cross
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IpPTMDPDF (h7")
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FIGURE 5.2: The IpTMDPDF, eq. (5.2-5.3), as a function of b at x =
0.01. The shaded area shows the variation band in fi, see eq. (4.110).
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FIGURE 5.3: Comparison of Higgs-production cross-section with
variation band to the measurement presented in [149] by CMS col-
laboration.

section with the experimental one integrating in the interval of transverse momenta
shown in fig. 5.3. From this figure it is clear that currently the data are not sensitive
to the TMD structures.

In the Higgs production cross-section the [pTMDPDF mainly affects the low-qr
region, as it is demonstrated in fig. 5.4. Practically, the JpPTMDPDF can be distin-
guished from the unpolarized TMDPDF at qr < 5-8GeV, where it modifies the val-
ues of cross-section by about 5%. Such value of variation band is typical for NNLO
approximation, see e.g. [127]. In fig. 5.4 (right) we compare the NNLO cross sections
the size of the variation band, which is the maximum deviation value obtained from
the variation of all three scales (in {-prescription) by factors ¢; € (0.5,2) [16]. The
variation band is of the order of few percents and the main contribution to it is the y-
band (the scale between hard part and the TMD-evolution factor). Nowadays, these
factors can be pushed to N°LO reducing the variation band further, if necessary.
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FIGURE 5.4: Cross section for Higgs production including linearly
polarized gluon effects at different orders. (left)The variation of cross-
section integrated over all rapidities at different perturbative orders
for IpTMDPDE. The black (blue) lines correspond the case of positive
(negative) contribution for hf-hf—-term in eq. (5.9). (right) The scale-
variation band for the cross section at NNLO. The parity even (odd)
Higgs case is represented with a green (orange) band. In both figures
the center of mass energy is set as in [149] and rapidity is integrated
over its complete range.

5.2 Positivity relations
Finally, we comment on the positivity relation formulated in ref. [74]:

|fi(x,q7)| = hi (x,q7)| > 0.

This relation is a consequence of positive definiteness of the gluon-polarization ma-
trix in a free theory, and certainty holds at LO. However, it does not need to be
accomplished at higher order in perturbation theory. The positivity bound is for-
mulated in momentum space, whereas all perturbative calculation are performed in
coordinate space. This causes an additional problem since the Hankel transform of
a positive function is not necessary a positive function.

(5.10)

Ratio IpTMDPDF vs uTMDPDF Ratio IpTMDPDF vs uTMDPDF
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FIGURE 5.5: (left) Ratio of linearly polarized and unpolarized gTMD

to check eq. (5.10) as a function of g7 at fixed x = 0.01. (right) Ratio

of linearly polarized and unpolarized gTMD to check eq. (5.10) as a
function of g7 at fixed g7 = 1 GeV.

Within our model we have checked that it is easy to get a violation of this bound,
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for any fixed value of x and g7. Typically, the violation happens in the vicinity of
sign change point of f; (note, that our realization of f; is positive-definite in b-space).
Outside of this point the inequality in eq. (5.10) is respected. The situation is exem-
plified in fig. 5.5, where we plot the ratio of |f1|/|h; | at different values of gr with
fixed x (left) and viceversa (right).

We also note that the positions of zeros in TMDPDFs strongly depends on the
non-perturbative input. In particular, selecting some appropriate model one can,
possibly, remove the zero from unpolarized TMDPDE, or fix positions of zeros equal
in both gluon TMDPDFs. In other words eq. (5.10) can be used as a serious constraint
on non-perturbative part of the TMD distributions. However, we do not see enough
justification for such an approach at the moment.

We have also observed that the ratio |1 |/|f1| tends to saturate at smaller val-
ues of x as it is suggested for instance by [150]. Then for extreme small values of
x ~ 107* it is violated again. However, such values can be outside the applicabil-
ity region of our calculation since the perturbative expressions for f [18] and h{
eqs. (4.103, 4.104) have contributions ~ a”*!In" (x)/x that should be resummed for
a proper comparison.
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Chapter 6

TMD factorization theorems for
processes with jets

The part I of this thesis was focused on the improving of perturbative information
of the TMD distributions that enter in the factorization theorems defined for pro-
cesses where the transverse momentum of partons in the proton is probed. Since
a transverse momentum measurement can also be thought of as the measurement
of an angle, it is natural that TMD factorization theorems generically involve two
TMD distributions. Traditionally, the relative transverse momentum of two hadrons
in ete”, the transverse momentum of a hadron semi-inclusive deep-inelastic scat-
tering (SIDIS), ep — ehX, and the transverse momentum of a v*/Z boson in pp
collisions have been considered.

In general the extraction of non-perturbative effects in such processes with final-
state hadrons is harder, due to the fact that the behavior of the nonperturbative parts
of hadronic TMD fragmentation functions is less studied than its analogues for initial
states. Thus, in this section we propose to replace individual final-state hadrons by
jets in eTe™ or SIDIS measurements [151]. The geometry of these events is sketched
in fig. 6.1. Jets are collimated sprays of hadrons, that appear in high-energy collisions
because of the collinear singularity of quantum chromodynamics (QCD). In practice
they are identified by clustering particles according to a specified algorithm. The ad-
vantage of this new approach is that the TMD jet functions that should be defined are
perturbatively calculable, thus removing an important source of uncertainty. Specif-
ically, the intrinsically nonperturbative distribution of the momentum fraction of
individual hadrons is removed by using jets. This improvement allows one to re-
duce the theoretical uncertainties in phenomenological predictions. Due to this fact,
the channel to investigate the non-perturbative effects of the TMD distributions and
then to improve the knowledge about structure of hadrons is simplified.

On the theoretical side, we should demonstrate that similar factorization theo-
rems holding in the hadronic cases hold when they are substituted by jets. One of
the key ingredients to probe these factorization theorems is the axis selection in the
calculation of the TMD jet functions. We discuss two different axis selections and
clustering algorithms commonly used: standard jet axis (SJA) and Winner-Take-All
(WTA) recombination scheme [152]. They works as follows: as long as at least one
pair of particles exists whose angular distance is smaller than R, the two particles
with the smallest distance are selected and merged. The rule to merge two particles
of four-momenta py, p2 into a new “particle” with momentum Pa2) reads

SJA:Eqy = Ei1+Ey pay=p1+p2, (6.1)

. _ _ P1 _ P2 _
WTA :Eqp) = Ei+E, puz=Eq [\p1|9<E1 Ex) + ]pz\G(Ez El)},
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FIGURE 6.1: Geometry of the event for eTe™ — dijet (left) and SIDIS
(right). The horizontal direction represents the beam axis. For dijets
the relevant quantities g and 6 are the transverse momentum decorre-
lation and angular decorrelation of the system, defined with respect
to the relative orientation of the two jets. We consider almost back-
to-back jets, < 1, and study different hierarchies between ¢ and the
jet radius R. In SIDIS q represents the transverse mometum of the jet,
and the corresponding angle is measured with respect to the beam
axis. We work in the Breit frame, where the jet recoils almost in the
direction of the incoming proton, 6 < 1.

i.e. with the SJA the two four-momenta are added, while with the WTA the new pair
is massless by definition, and its direction coincides with the one of the most ener-
getic particle. The algorithm stops when the angular separation between each pair
of remaining particles exceeds R. Once the algorithm stops, the resulting particles
are defined to be the final jets. We will discuss how they affect to the factorization.

In the context of SIDIS experiments, replacing the nonperturbative TMD frag-
mentation functions with calculable jet functions would allow one to increase the
sensitivity to initial-state nonperturbative physics. It could be interesting to see
whether this can be investigated with existing HERA data, and exciting to explore at
the electron-ion collider (EIC), which will enable the extraction of PDFs with un-
matched precision, with SIDIS experiments playing an important role [153]. Of
course, for small transverse momenta, the jet functions themselves will also receive
nonperturbative corrections. However, this can be addressed by exploiting the uni-
versality of the nonperturbative structure of the TMD jet function, with ete™ —
dijet providing a useful testing ground. In principle, data from e™e~ collisions could
be used to fit a model for nonperturbative corrections to the jet function to be later
applied to SIDIS.

A number of other jet observables that account for transverse momentum de-
pendence have recently been considered. The main focus has been on the trans-
verse momentum of hadrons fragmenting in jets, in both inclusive [154] and semi-
inclusive [155, 156] processes. In the same context, we will do a similar study to this
one in chapter 7 using soft drop jet grooming to reduce sensitivity to soft radiation
within the jet in the same line of refs. [157-159] . These studies consider the trans-
verse momentum with respect to the standard jet axis (S5JA); instead, as an alternative
way to reduce sensitivity to soft radiation, refs. [160, 161] performed a similar anal-
ysis for the transverse momentum with respect to the Winner-Take-All (WTA) axis.
The transverse momentum of the jet itself was also recently considered in photon +
jet production [162] and lepton-jet correlation in deep-inelastic scattering [163].
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6.1 Regimes of application. The TMD jet function and choice
of axis

To probe factorization theorems we focus on ee™ annihilation process because the
application of the framework is simpler. However, from this discussion the probe of
factorization for a SIDIS process is straightforward and we only give some kinemat-
ical information.

In the case of e"e~ — dijet, the main physical quantity we consider is the trans-
verse momentum decorrelation. It is defined as

gy =E1 4 P2 (ete” — dijet) 6.2)
21 22
where p; are the jet transverse momenta measured with respect to a common direc-
tion and z; = 2E;/+/s are their energy fractions, /s is the center-of-mass energy of
the collision. Since factorization requires a small transverse momentum decorrela-
tion, we will always assume

S
ar = 971 < \2[ (6.3)

A related quantity is the angular decorrelation, shown in the left panel of fig. 6.1,

ZI]T qu
f = arctan (—) N —=, (6.4)
NG \V/s

where the final expression exploits eq. (6.3). This makes it explicit that we consider
configurations where jets are almost back to back. Another interesting small-angle
configuration occurs for two jets moving in almost the same direction, which we do
not study in this thesis. The angular decorrelation is similar to the azimuthal decor-
relation in hadronic collisions, calculated at next-to-leading logarithmic accuracy in
refs. [164-167].

In principle, the definitions in eqs. (6.2, 6.4) depend on the choice of axis with
respect to which the jet transverse momenta are measured. However, differences
induced by this choice are suppressed by powers of g7/s. Of course, the defini-
tion is sensitive to the details of the jet algorithm. We use the so called kr-type
algorithms [168] that introduce an specific definition of the distance between two
particles i and j,

2
di — . 2p 2p ARij 6.5
ij =M Pri Prj) Rz’ (6.5)

and a distance between each particle and the beam,
2p

In each case, p = 1,0, —1 correspond to the kt, Cambridge/Aachen, and anti-kt
algorithm, respectively. R is the jet radius understood as an angular distance and

AR;; = \/(Aﬂij)z + (Agij)?, (6.7)

where Ay;; and A¢;; the rapidity and azimuthal differences between both particles
i and j. The algorithm identifies the smallest distance between d;; and d;. If it is
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the beam distance, d;p, the particle is defined as a jet and removed from the list of
particles. If the smallest distance is d;; the two particles are merged into a single
one. The procedure is repeated until no particles are left in the event. Our default
throughout this chapter will be the WTA axis with anti-k7 [169], but we will also
consider the SJA and other clustering algorithms of the k7 family.

In SIDIS, shown in the right panel of fig. 6.1, we choose to work in the Breit frame
and define the transverse momentum as

P
a1 =" + 45, (SIDIS) (6.8)

where P71y is the transverse momentum of the jet with respect to the beam axis, gy,
is the transverse momentum of the initial-state quark in the proton, and z = 2E;/Q
is the jet energy normalized to (minus) the virtuality of the photon Q?. In analogy
with eq. (6.4) we define a corresponding angle 6 and require

Zq T Zq T
0 = arctan (—) ~ —— 1. (6.9)
Q Q
We use the same symbols g1 and 6 for analog quantities in different processes since
they play the same role in factorization formulae, and their meaning should be clear
from the context.
The other relevant quantity that enters in the factorization of the cross section is

R =2tan g . (6.10)

For small values, R is just the jet radius parameter R, but in general the parameter R
allows us to capture some power corrections. In the following we will use R when
considering transverse momenta, while we use R when considering angles. In this
section we discuss the factorization formulas for all possible hierarchies between 6
and R.

Our factorization analysis is carried out using Soft-Collinear Effective Theory
(SCET) (see chapter 1), in which the jets are described by collinear modes and the ra-
diation outside the jets is described by a soft mode. In the framework of this effective
field theory we begin introducing the jet function, which is the main new ingredient
of our analysis, providing its definition and briefly discussing its renormalization.

The jet function, that enters the factorization theorem for  ~ R, is written in
b-space as the following collinear matrix element

]q<Z,b,ER) = 2ZZ\]C (6.11)
<Tr [ (0] [8(2E /2~ 7)™ P xu(0)] X g X) g X 4 (0) [0).
X

Here, z is the light-cone momentum fraction of the jet with respect to the initiating
quark, E is the energy of the initiating quark, and P is the momentum operator. The
trace in eq. (6.11) is over Dirac indices, and x,(y) = W, (y)Z,(y), where &, is the
collinear quark field in the light-like direction n* and W, is a collinear Wilson line
as the defined in eq. (2.9), ensuring collinear gauge invariance. The subscript alg
serves as a reminder that the jet function depends on the jet axis selection discussed
in eq. (6.1).
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Mode |R<f<1 6~R<1 B<R(WTA) 8<R<1(3JA) 08<R~1(JA)
hard 1,1,1) 1,1,1) 1,1,1) aA,1,1) a,1,1)
n-coll. | (1,6%,0)  (1,629) (1,62,6)

fi-coll. | (62,1,0)  (6%1,0) (62,1,9)

n-coll, (1,R%,R) (1,R%,R)

fi-coll, | (R?1,R) (R?,1,R)

n-csoft 6/R(1,R? R)

fi-csoft 0/R(R?1,R)

soft (6,6,0) (6,0,0) (6,0,0) (6,6,0) (6,6,0)

TABLE 6.1: The parametric scaling of the momenta (p—, p*, p) corre-

sponding to the modes in SCET, for the various hierarchies between 6

and R. For 8 < R the modes differ between the Winner-Take-All and
standard jet axis.

Gluon-initiated jets do not enter for eTe™ and SIDIS, but we give the correspond-
ing definition for completeness,

zE
X <0| [5(2E/Z —n- P)eib.P BnJ_y (O)} |]alg,RX> <]alg,RX| BnJ_y (O) |O> ’
where

1 .
Biiy = = Mg LugWiE: W (6.13)

is the collinear gluon field, with Fy P the collinear field strength tensor. In this section
we will perform the calculation in both momentum and impact parameter spaces.
To go from one to another simply involves replacing

2
L / (gﬂlgz el (P=ar) = 52 (g — P). (6.14)
in egs. (6.11, 6.12).

The above definitions are for the bare jet functions, as indicated by the absence of
renormalization scales. A perturbative calculation shows that both ultraviolet (UV)
and rapidity divergences affect these distributions, so that one should consider the
renormalized quantities

Jo(2.b,ER, 1,0) = Zy(5, 1) Ry(Z, )] (2,5, ER) (6.15)

and similarly for J,. Here Z; is the UV renormalization factor, R, is the rapidity
renormalization factor, and rapidity divergences are removed first, as in the hadronic
TMD case. A key observation is that these renormalization factors are the same as in
the case of TMDs, as we discuss in section 6.2.2.

611 R~0K1

We turn to the factorization analysis, starting with dijet production in e*e ™~ scattering
at a center-of-mass energy /s, where 0 ~ 2q7/+/s ~ R < 1. This is the simplest
case since there are only two scales, /s and gr. The cross section differential in the
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momentum decorrelation g and the jet energy fractions z; = 2E);/ /s factorizes as

ATpte 5 17x

ete™
dzdz g, 06 ¢ (8) Here- (s, 1) (6.16)

b . - .
x/(zn)Qe qu]q(Zlfb,%’R,y,g) ]q(zz,b,%R,y,g)

[1 +(’)(qT)}

The hard function H,+,- encodes the hard scattering process, in which a quark-anti-
quark pair is produced. It contains virtual corrections, but no real radiation because
that would resultin g7 ~ /s. For convenience we have extracted the tree-level cross
section 0§ ¢, which contains a sum over quark flavors. The jet functions describe the
fraction z; of energy of the initial (anti)-quark that goes into the jet, as well as their

transverse momentum through the impact parameter b (its Fourier conjugate). They

depend on the jet algorithm, as indicated by the argument %’R, but this does not
affect their anomalous dimension, as required by RG consistency. Soft radiation does
not resolve the jet because its typical angle is order 1, whereas R < 1. Consequently,
we do not have to consider clustering soft radiation in the jet algorithm, and we can
simply include its effect as an overall recoil of the system, as indicated in eq. (6.16).
The soft function has been absorbed into the jet functions in the above expression, as
we will discuss in sec. 6.2.2. There we will also show that the RG evolution between
the hard scale yuy ~ /s and jet scale yj; ~ qr in eq. (6.16) resums invariant mass
logarithms of g /pt; ~ /s/qr, and similarly that { is related to the resummation of
invariant rapidity logarithms of v/s/qr [16, 66], see also refs. [9, 10, 14, 36, 49].

The corresponding factorization theorem for the cross section of semi-inclusive
deep-inelastic scattering is given by

ATep—se
W Z‘T(IJDEI,S x,Q%) Hpis(Q% ) (6.17)
b, R
X/(27‘[)26 quq(x,b,y,g)]El(z,b,QT,y,g)
2
peot)

which is differential in the photon virtuality Q?, Bjorken x, the energy fraction z of
the jet generated by the splitting of the quark, and the jet transverse momentum gr.
We work in the Breit frame, where z = 2E;/Q, and apply an ete™ jetalgorithm. The
modification to the factorization theorem compared to eq. (6.16) is fairly modest: the
hard function is replaced by the one for SIDIS, one of the jet functions is replaced by a
TMD PDEF, and the sum over quark flavors must be explicitly included because both
(T(')DIS and F; depend on it (J; does not, as long as we can treat quarks as massless).
The hard function is slightly different,

77T

Heto- (Q lu) ‘CV(Q2, V)|2 =14 2a,Cr <_1?22 - 31Q2 8+ 6> + O(ﬂg) ’

7.[2
Hous(Q2 1) = |Cy (— Q% )2 = 14 2.C; (—léz 3l —8+ 6) +0(@),
(6.18)
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(6.19)

where Cy is the Wilson coefficient for the hard matching, 1 = In( yz / Qz) and a; =
¢%/(47)2. The NNLO and NNNLO expression can be found in ref. [61], taking into
account that H,+,-(Q? u) is the same as for the Drell-Yan process. The two loop
expressions are provided in egs. (A.6, A.7) of the appendix A.

612 R<KOK1

We now consider the case where we have an additional hierarchy due to the small
size of the jet radius, R < 6 < 1. This regime will be of limited phenomenological
interest to us but we discuss it because it allows us to make contact between our
framework and TMD measurements with final state hadrons, corresponding to the
R — 0limit. The modes are again listed in table 6.1, and involve additional collinear
modes whose scaling is set by R.

The factorization in this case is an extension of eqs. (6.16, 6.17). The jet function
contains two scales v/sR < g7, which can be separated through a further collinear
factorization,

1d/
b ER WD = L[ 5 [EPCE b un )T (5 ERE)  (620)
]
x [1+O(bFE*R?)] .

Only collinear radiation at angular scales 6, encoded in C;_,; (matching coefficient
for unpolarized hadronic TMDEFF) can affect gr. However, subsequent splittings
down to angles of order R will change the parton j with momentum fraction z’ into
a jet with momentum fraction z. This is described by the semi-inclusive jet function
Jj, which has been calculated to O(as) in refs. [170, 171] (our notation matches that
of ref. [170]). Explicitly, the one-loop result of the semi-inclusive quark jet function
given by [170] is

I3z, 22ER, i) = 2Cr [5(1 —2)(§ = 2 + Lr) + (Lr — 2In2) (pye(2) + pgq(2))
—2pgq(2)In(1 —2) —2(1+2%)L1(1 —z) — 1] : (6.21)

The distinction between WTA vs. standard jet axis is irrelevant, since 6 > R. The
additional RG evolution between yj ~ qr and u s ~ ER sums single logarithms of
ui/pg ~qr/(ER) ~ 6/R.

The (z')? in front of C;_.j was chosen to ensure that these matching coefficients
coincide with those for TMD fragmentation, given to O(a?2) in refs. [18, 51]. It is
not surprising that same matching coefficients enter here, since for R — 0 the semi-
inclusive jet function becomes the fragmentation function (summed over hadron
species) [172]. Thus in this limit we reproduce the known results for TMD fragmen-
tation to hadrons.

6.1.3 0 < R for the Winner-Take-All axis

We now consider 6 < R for the Winner-Take-All axis. For R ~ 1, the modes in
table 6.1 are expected and factorization takes on a rather simple form. Even if soft
radiation sees the jet boundary, it does not affect the position of the jet axis, due to the
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WTA recombination scheme. Specifically, the merging prescription in eq. (6.1) im-
plies that soft radiation never affects the direction of the jet (it always “loses” against
collinear radiation), while its contribution to the jet energy is power suppressed. The
only effect of soft radiation, either inside or outside the jet, is thus therefore a total
recoil of the two collinear sectors, which is therefore described by the standard TMD
soft function. In particular, the observable is insensitive to the distinction between
soft radiation inside and outside the jet. Since § < R, the collinear modes do not
resolve the jet boundary, so z = 1 and the E'R dependence drops out,

b ER D) =8(1-2) SV b O)[1+0(d )| 622)

For completeness we also provide a definition of /qWTA,

MTADB) = T 1(0] (7 € Pxa(0)) Sk [Fwna) wna £ (0)[0)], - (623)

and a similar formula can be written for the gluon case.

For § < R < 1, one would expect the same modes as are listed for the standard
jet axis in table 6.1. In this case the soft function does not resolve the jet boundary,
because R < 1, but collinear-soft modes with scaling

(p=,p", pr) ~0/R(1,R%,R), 6/R(R%1,R), (6.24)

resolve the jet boundary and contribute to gr. However, by the same reasoning
as before, their only effect is a total recoil on the system, independent of whether
emissions are inside or outside the jet. Consequently, these additional modes do
not need to be considered, since they will simply be removed by the zero-bin sub-
traction [173], due to their overlap with the soft mode. This leads to the interesting
conclusion that, for the WTA axis, the cross section for 6 < R is independent of R.

6.1.4 0 < R for the standard jet axis

For completeness we also discuss 8 < R for the standard jet axis. We do not present
any numerical results for this case, and therefore limit our discussion to the dijet
momentum decorrelation in eTe~ collisions. First we consider the case 8 < R ~ 1,
for which the modes are given in table 6.1. Energetic emissions outside the jet are
not allowed because these would lead to 6§ ~ R. Because the standard jet axis is
along the total momentum of the jet, momentum conservation implies that gt is
simply determined by the transverse momentum of soft radiation outside the jets.
In particular, the angle of energetic emissions inside the jet is unrestricted. Since
R ~ 1, these emissions are hard, explaining the absence of a collinear mode. Each
of these hard emissions induces a soft Wilson line, implying the presence of non-
global logarithms (NGLs) [174] of v/sR /qr. The corresponding cross section can be
described using the framework of refs. [175, 176] (see also refs. [177, 178])

daesll?*anx - q7
T = 3 Tl V5 R) @ Sullnd g R [1+0()] 629

We have eliminated the measurement of the momentum fractions of the jets, since
z; = 1in this limit. H,, denotes the hard function with m real emissions inside the
jets, along the light-like directions n;. The soft function S, describes the transverse
momentum gt of soft radiation outside the jets, produced by the Wilson lines along
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the directions n;. The color indices describing the representation of the hard emis-
sions/Wilson lines connects the hard and soft function, and Tr. denotes the trace
over these color indices. Finally, ® denotes integrals over the light-like directions 7;.

Moving on to # < R < 1, we have collinear modes whose angular size is set by
R, and additional collinear-soft modes with scaling

(p~,p*,p) ~0/R(1,R*R), 6/R(R*1,R), (6.26)

which are fixed by the requirement that they resolve the jet boundary and contribute
to gr. Because R < 1, no hard real emissions are allowed, and the soft function
does not resolve the jet. However, each collinear emission produces a collinear-soft
Wilson line, in direct analogy to the soft Wilson lines generated by hard emissions
for R ~ 1. Using again the framework of refs. [175, 176], the corresponding cross
section is given by

a0 ) P
Zzziqux — o' () Heo (sm) [ ap e TS®) (627)

0 2
x { Tre[ T ({1}, L R) @ Uy ({1}, b, R)]

x{1+(9(§2)].

The hard and soft function are the same as for § ~ R. The jet function 7, describes
m collinear emissions inside a jet along light-like directions 7;, and the collinear-soft
function U,, describes the resulting g7 from collinear-soft emissions of these Wilson
lines.

To summarize: when using the WTA axis, the same factorization formulae valid
for hadrons hold for jets, independently of the hierarchy between the angle 6 and the
jet radius parameter R. Because the factorization theorem ensures that hadroniza-
tion effects in the jets are universal, they can be estimated in ete~ and then used
in the analysis of SIDIS experiments. We anticipate that the main nonperturbative
effects come from the evolution factor. These effects are universal (i.e. the same in
ete™, SIDIS, and Drell-Yan experiments and independent of the polarization of the
hadrons) and their estimation is one of the major goals of TMD analyses. In this
context we note the vital role played by the {-prescription [16], which ensures that
the nonperturbative contribution to the evolution factor (that is responsible for the
resummation) is uncorrelated with other nonperturbative effects.

Another observation has lead us to focus on the large radius regime of the jets. In
fact, at one-loop order we notice that our jet function is well described by its large-
R limit. In this limit the jet functions simplify considerably, and are determined
by renormalization group evolution (RGE) up to a constant. We exploit this fact to
numerically extract the two-loop, large-radius jet function from Event2 and push
the accuracy of the calculation to N3LL in this case. Surprisingly, the validity of
this regime extends down to fairly small values of the jet radius, allowing us to
get precise results across the whole range in transverse momentum. This brings the
perturbative precision of TMDs with jets on par with TMDs with final-state hadrons.
We will discuss further about numerical results in the section 6.4.
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& ® ® o ® ® ®

FIGURE 6.2: Cut diagrams that contribute to the one-loop quark jet
function in SCET. Here ® represents the collinear (anti-)quark field x,
(Xn), which contains a collinear Wilson line that can emit gluons. A
sum over cuts is understood, where cuts through loops describe real
emissions, while only cutting the quark line corresponds to virtual
corrections. The latter vanish for our choice of regulators.

6.2 Quark jet function at one loop

In this section we present a detailed calculation of the one-loop quark jet function
that enters the factorization formula in egs. (6.16, 6.17). We use dimensional regular-
ization with d = 4 — 2¢ to handle UV divergences, and the modified é-regulator for
the rapidity divergences [51, 179]. We present a detailed calculation in momentum
space in section 6.2.1.1 and in impact-parameter space in section 6.2.1.2, that pro-
vides a cross check of our results. The advantage of performing the calculation in
momentum space is that this is the space in which the jet algorithm is defined. On the
other hand, the renormalization and resummation are simpler in impact-parameter
space.

6.2.1 Unsubstracted jet function

The one-loop diagrams that contribute to the quark function are given in fig. 6.2.
This leads to the following expression for the bare jet function up to one loop,

2,7E\ €
al, n e
1z ER) = Lally'(za ER) TR ) yfed (aday

cases
o dyt d% [ 2E—k~ kt
X/o 2n£+/ [ e t0-9(-7) +hc]
1
X(27T)5+ (kz) (27.[)(5+ [(ﬁ - k)Z] G)Case (qT chase)

><5( E’g‘se) +O(a?). (6.28)

Here E is the energy of the quark field initiating the jet, and its small light-cone com-
ponent ¢ (and thus virtuality) is integrated over. The phase space of the outgoing
gluon, with momentum k¥, and quark, with momentum ¢# — k¥ is integrated over,
subject to the g and z measurement. The 6 (k?) = 6(k?)0(ko) and 6 [(k — £)?] de-
note the corresponding on-shell conditions. The coupling has been replaced by the
renormalized one in the MS scheme.

There are three different cases we need to consider:

(a) both partons are inside the jet,
(b) the gluon is outside the jet,
(c) the quark is outside the jet.

These cases are identified by @case, and the transverse momentum g7, and jet en-
ergy Ejcase depend on the case and jet algorithm, and are given in table 6.2 in terms
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case algorithm Ocase Ejcase qucase
(a) both in SIA 0(x(1—x)ER —kr) E kg
WTA e A
max?(x,1— x)
k2
(b) gluon out | SJA/WTA | 6(kr — x(1 — x)ER) Ex x—g
2
(c) quark out | SJA/WTA | 6(kr —x(1 —x)ER) | E(1 —x) i fo)z

TABLE 6.2: The Ocase that encodes the various regions of phase space,

and the corresponding jet energy Ejc,se and transverse momentum

TP oase- At this order the only difference between jet algorithms is the
recombination scheme, i.e. standard jet axis vs. Winner-Take-All.

of the energy fraction of the quark

-
x=1- 5E (6.29)
and of the jet size R, defined in eq. (6.10).

At one loop, there are only two partons, so every distance measure gives the
same clustering condition (as we will see in section 6.3, this is no longer true at
two loops). There are differences between the standard and WTA recombination
scheme that directly follow from the different rules in eq. (6.1). This distinction is
only relevant when both partons are inside the jet, in which case the standard jet
axis is along their total momentum while the WTA axis is along the most energetic
one.

Switching from k™ to the quark energy fraction x, using the on-shell conditions,
and exploiting azimuthal symmetry, we rewrite the one-loop term of eq. (6.28) as

alg [1] B ACE (p2e7e)" dkT 2 2
] (Z, q, ER) = / / c Case q —q case)
g C§s 7 T(1—e) ke !
Ejcase [ (1+x%)(1—x)
><5<Z - )[(1_x)2+(55)2 1-x)e|.  (6:30)

Here we replaced the §~ regulator by its dimensionless counterpart

oF = ﬁ (6.31)
2E '

After similar manipulations, the corresponding one-loop gluon jet function is

alg [1 e,YE dk
]g gl ](Z/ q, ER) = 7t F 1= € / / k1+§€ case qz - Q%case)
E]case 1 X
ne 2x(1—x)
-5 (632

From this expression one can obtain the one-loop result for the gluon jet function
presented in ref. [151], following step by step the calculation of the quark function
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detailed below.

6.2.1.1 Resultin momentum space

In order to perform the calculation in transverse momentum space we directly solve
the two integrals in eq. (6.30), inserting the measurements for the various cases in
table 6.2. We start with the case of both partons inside the jet.

In the case of the standard jet axis, the dependence on the transverse momentum
is trivial and the calculation reduces to the one performed in ref. [170] for the semi-
inclusive quark jet function. After integration over the transverse momentum,

san . 2Cr TN - )
T~ = 7T(pRJ€H1_d5O z) 0(q7) (6.33)

1 1 x2
—2€(1 _ ,\1-2¢ —
></0 dxx™*¢(1 —x) {(1—x)2 e}.

Here we set the rapidity regulator J; to zero because the endpoint x = 1 is al-
ready regulated by dimensional regularization. The remaining integral over the en-
ergy fraction is a combination of Euler Beta functions, whose expansion up to O(e?)
yields

sial] _ 2CF s ysazy | L1 3y 1, 3 13 37
]q(a) = o(1 2)5(QT)[€2+€<LR+2>+2LR+2LR+2 e , (6.34)
where
12
Lp = ln(E2R2> . (6.35)

For the WTA axis, the transverse momentum dependence becomes nontrivial.
The condition max(x, 1 — x) reduces to x > 3 if we symmetrize the integrand,

wrapl] _ 2Cp  eF u’€ B /1 e B B
]q(a) T o I(1-e) (q%)1+€ 6(1-2) 1 dx x 9((1 x)ER QT)
2 1—x
J— - 2 . )
X[< 3+x €>+ (1_x)2+((5E)2} (6.36)

Performing the remaining integral requires to treat the integrand as a two-dimensional
distribution. We should expand

u% 1—2z
212¢ (1 _2)2 ¢ (65
qr E

= 8 {5 -2)[ - 51z + F (mdz - 318) - 14]

>29(z—1+g7Tz) (6.37)

FLrLo(1—2) —2L1(1 — z)} + Lo(qr, 1) [ — 5(1—2)Indg + Lo(1— z)]
—L§" (g1, ER(1 —2)) Lo(1 —z),

where the last term involves a genuine two-dimensional distribution. This identity
was obtained by switching to cumulative distributions in both variables, then ex-
panding in 6, and finally expanding in €. At this point, some notation used in this
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part of the thesis, and closer to the used in jet community should be clarified. We
define plus distributions in a compact form as

In"x
Ly(x) = [ " L, (6.38)
which satisfy
1
/ dx Ln(x) = 0. (6.39)
0

Plus distributions in terms of the transverse momentum gr are needed in momen-
tum space calculation and can be derived from eq. (6.38),

1 . /497
Ly(q1,90) = = Ln( =5 ) (6.40)
15 <Q3)
such that
p¥ p7/45
A dg7 f(47) Ln(q1,90) = /O dx f(q5x) L (x) . (6.41)

The related “cut” distribution that appear in eq. (6.37) is defined as

L (g1, 90) = La(q1,90)0(90 — q7) - (6.42)

Thus, solving the integral in eq. (6.36) we have
B = 2502 {o) [& + 2 (La+ §) + 4R + dLe+ - 22 3
5o ) + (22 3) 250 F)

+9(% - qT> % [35% n 21n( - g;z)] } (6.43)

Finally we consider the cases where only one particle is inside the jet, that are
independent of the jet algorithm. We use x — 1 — x to combine the case where the
gluon is outside the jet with the case where the quark is outside. Both the integrals
over transverse momentum and energy fraction are fixed by the é functions enforc-
ing the measurement, resulting in

i _ 20 e g 4T
hovo = 5 @yt —0- 1+ £g) (6.44)
a2 2(1-2z) 2
x[( 3+Z €>+(1_Z)2+(‘5E)2]Z .

Expanding the result in € and 6, we obtain

] I NN T D A N P
L+ = {5(qT)5(1 2)| €2+€<21n5E L) ZLRJFH}

+( —3+ % +2L0(1 - z)) [co(qT,y) — L5 (qr, ER(1—2))

+Lré(%)| —2Indg Lo(gr, 1)é(1 - 2)
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—26(q%) [( —3+ %)m(l —2)+2£:(1 —z)} } (6.45)

We now combine the expressions in eqs. (6.34, 6.43) with eq. (6.45), to obtain the bare
quark jet function at one loop

sl — 2?{5(1 —2)|8(3) (BInd; + & + 3Lx) — 2Ino; Lo(gr, 1) + AT(q3)]
+(Pgg(2) + pgq(2)) [5(Q‘%)LR + Lo(gr, 1) — L5 (91, ER(1 - z))}
—2[(—3+§)1n(1 —2)+2£41(1 —z)}a(q%)}. (6.46)
The dependence on the algorithm occurs via the functions Ag’ds, that explicitly read

13 272
i ) (6.47)

MM =) (5 - 5

R RN IR

2 3 2 |ER ER
+ (21n2 - %) Lo (qT, ?) — Lot (qT, ?) . (6.48)

The expression for the WTA axis is more involved because it introduces the threshold
z > 1. We notice that

EZRZ
AVTA () = ATA () [1 +0( 7 )] . (6.49)
This implies that the dependence on the jet algorithm vanishes in the regime R <
6, as predicted from the factorization formula in eq. (6.20) (the semi-inclusive jet
function J that enters there is independent of the jet axis).

6.2.1.2 Result in impact-parameter space

The calculation of the quark jet function at one loop can also directly be performed
in impact-parameter space. This calculation provides a check of the results in the
previous section. We perform the same two integrals of eq. (6.30) with the cases
shown in the table 6.2 as in the momentum-space calculation, but first carry out the
Fourier transform of the jet function

];lg[ll(zl b, ER) _ /dq oib-a ];lg[ll (Z, q, ER)- (6.50)

The case with both partons inside the jet is the only one that depends on the choice
of axis. The result for SJA has a trivial dependence on the transverse momentum
and can be written as

oAl

1 1 3y 1., 3 13 372
q(a) —ZCF(S(l—Z) |:€2+ (LR"‘*) +§LR+§LR+?_7 . (651)

€ 2 4

Note that for this calculation the IR divergences are regulated by € and we can safely
neglect the 6, regulator.
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The WTA axis choice introduces a non trivial dependence on the transverse mo-
mentum of the jet function. Symmetrizing the integral over x, as in eq. (6.36), we
rewrite the jet function as

2,YEN € 1 1 2 1 1 — x)2
WTA[] ue B / +x* +(1-x)°
Jota) = 87‘(CF( i ) 5(1—2) 1/de[ — e(l—x)+ — ex}
d*2kr 1 ib-k/x

Integration over the transverse momentum allows us to rewrite eq. (6.52) as

WIAQ] (u2e7e)” 2 ! 2 —2¢
Jata) = 2CFm5(l —2)(ER) *T(—e¢) 1/dex (1 —x)2
X [11t9;2 —e(l—x)+ 1+(1x—x)2 —ex]
—2Cré(1 —z)B? /1 dx[(1 +x3)(1—x) + M(l - x)z}
F ER 1/2 X
><2F3(1,1;2,2,2; —B2(1- x)2) +O(e). (6.53)

The jet function depends on the transverse position in terms of the dimensionless
combination

R = %bTER. (6.54)

The remaining step is the integration over x. The integral in the first term (first
two lines) is straightforward to perform analytically. On the other hand, the second
integral has a part for which we were unable to obtain a closed analytical expression.
The result of this second integral is given by the function G(Bgr), whose explicit
expression is

BZ
G(Ber) = _11-2p2 2F3(1,1;2,2,2, —=ER ) —2B2:,F5(1,1;2,2,2; —B%z) In2
8ER 4 ER

3
+ <47TB%RHS(BER) + EnHé(BER) — 8BER> J1(BEr)
3
+ (—4nB%RHf (Ber) + 8B — 57THY (Bex) + 11) Jo(Ber) + S (6.55)

where H; are the Struve functions of order n. S is a remainder that we did not
manage to simplify further,

I'(1+n) 1
= 2B R Z F3 25 1) B%R)” [HM —nszhb (1,1,1 —2n;2,2; 2)] (6.56)

with H,, the n-th harmonic number.
Thus we have
WIA[l] _ N 3y (1, 3 18 37
T =2Cro(1 z)[€2+€<LR+2)+2L R 5LR+ 5 1 + G(BeRr) | -
(6.57)
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Note that the only difference between the SJA and WTA results is G. When Bgg < 1
the function G is zero, as required by the axis independence in this limit.

Next we consider the case when only one parton is inside the jet. By using x —
1 — x, we can combine case (b) and (c). As we now have an explicit dependence on
the momentum fraction of the jet, the rapidity regulator 6, needs to be kept. We
find,

e = ZCF{ (Pgq(2) + Peq(2)) {LR — L, —2In(1 —z) (6.58)

+B2R(1 - 2P (1,1,2,2,2 — B (1 - 2)° }

+5(1—2) Elnég +2L,Indg | +5(1 - 2) [; +§ + E - 2%}
—5(1—2)[%+%<LR+%> +%L +§LR+123—32H}.

The terms with a divergent behavior in the limit z — 1 should be understood as
regulated under the +-prescription. For clarity we have split the (1 — z) contribu-
tion into three pieces: the first term will be eliminated after the renormalization of
rapidity divergences, and the third term is exactly cancelled by the corresponding
part of the case with both particles inside the jet, removing IR divergences presented
here as double poles in €.

The final result for the quark jet function for both choices of axis is obtained
summing eq. (6.51) (SJA) or (6.57) (WTA) with (6.58),

];xis n ZCF{ (Pgq(2) + pgq(2)) [LR — L, —2In(1—z) (6.59)
+BEr(1—2)%2F5(1,1;2,2,2;— BRp(1 - z)z)]

2 3.3 .
+6(1—2) (ZIndg +2L,Indg ) +0(1—2) (SLe + o + A7 (Bex) ) }

where

~ 13 272
AJ"(Ber) > 3

BB = 2 - 2T 4 G(Be). (660)
We have checked that these expressions agree with those obtained in section 6.2.1.1,
which is partially numerical for the WTA axis. For the numerical implementation,
we use the above expressions when a closed analytic expression is available, while
we find it more convenient to estimate the sum S, defined in eq. (6.56), by numeri-
cally Fourier transforming its momentum-space counterpart.

6.2.2 Renormalization and resummation

6.2.2.1 Renormalized jet function

The jet function in eq. (6.11) has the same renormalization as in the case of TMDs
as it was pointed out in eq. (6.15). As in all the cases where factorization with jets
holds the soft function is the same that the one of the hadronic TMD case. Thus, the
rapidity renormalization factor is the same that the one used in eq. (3.13). As the
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operators in the jet function are the same that for hadronic TMDs, the UV renormal-
ization constants are the same as well.

Then, we can easily compute the renormalized NLO quark jet functions from the
unsubstracted expressions obtained in the section 6.2.1. The final expression for the
renormalized jet function in transverse momentum space is given by

axi 3
Lgﬂ, S(Z, q,ER, 1) = ZCF{cS(l —2z) {ELRé(q%) —1z Lo(qr, 1) (6.61)

—L1(qr, 1) + dZXis(flzT)] + (qu(z) + qu(z)>
[LdlaR) + Lolar, )~ £5%(ar ER( ~ )]

—2[( —3+ %)ln(l —z)+2L,(1 —Z)}é(qzr)}f

where the axis-dependent functions are simply related to eqgs. (6.47, 6.48) by d;’ds =
A;Xis — 71%2 and the 712 /12 difference comes from the soft function at NLO,

g =) (¥ %), (6.62)

) = o 3) o) [ - )
+(2m2 - g) 5™ (qr, ?) - £ (qr, ?) . (6.63)

In impact-parameter space the renormalized jet function reads

axis 3 1 jaxi
(2,0, ER, 1, 0) = 2CF{(5(1 —z) [iLR = 5L+ Lulg + d7 (Ber)

+(pu() + peo(2)) [Le— Ly —2In(1—z2)  (664)

+BEr(1—2)%2F5 (1,1;2,2,2; —Big(1 — 2)?) } }

where the axis-dependent functions are again related to eq. (6.60) by ng = Ag’ds —
2

s
127
ga _ 138 3m
q 2 4 7
13 372
™ = S+ G(Ber). (6.65)

From eq. (6.61) one can take the limits R — 0 and R — oo, to approach the fac-
torization regimes described respectively in section 6.1.2 and in sections 6.1.3, 6.1.4.
In the small-R limit the two axes give the same result, and we explicitly checked that
the jet function factorizes further as in eq. (6.20). The large-R limit is particularly
interesting for the WTA axis, where the jet function simplifies as in eq. (6.22). We
verified that the dependence on the jet radius drops out in this limit, obtaining

7 512 1 3
WAL (b, 4, 7) = 2Ck (5 - 3In2 — EL;% + Lyl + ELV) : (6.66)
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6.2.2.2 Resummation and {-prescription

The renormalization group equations (RGEs) of the TMD jet function are the same
as for the standard hadronic TMD,

d
V@]q(b?ﬂfg) = 'Yq(l/‘ré)]q(b}]/‘zé)
d
dc

where D; and 1, are the rapidity and UV anomalous dimension, respectively. We
only consider the quark jet function, because the gluon does not enter in our phe-
nomenological results. As in the hadronic TMD case we have that the rapidity
anomalous dimension is

C77)a(biu,0) = —Dg(p; 0)J¢(b; 1, T) (6.67)

_dInRq _ 1dInRq (6.68)
17 dInZ lfp. 2dInot sy '
where | f.p. denotes the finite parts.
Since the order of derivatives can be interchanged, one obtains [49, 52],
B (<Dy(12,5)) = Eg (1, ) = —T5™. (6.69)
d]l q 4 dg q\rts q
where FfiuSP is the quark cusp anomalous dimension. Consequently,
’)/q = Ff]usPlé — ’YV,q/ (670)
where
2
I; =In (i,) ) 6.71)

and <y is the finite part of the renormalization of the vector form factor. Both 7y
and D are the same that the used in hadronic TMD analysis and their perturbative
expressions are known up to O(a2) are collected in appendix A.

The high energy scale value for y is always set at the hard scale, i.e. y/s for eTe™
and Q for SIDIS. As for the TMD case, the evolution of the jet function in the plane
(u,¢) is governed by eq. (6.67). A systematic treatment of this case has been provided
in ref. [16] and a revision of the main features of evolution are studied in the chapter
2 of this thesis. In our results we have implemented the optimal solution suggested
in [16]. At this point we are left to choose an initial equipotential line {, (b), which
is known as the -prescription. A special line is provided by the saddle point of the
evolution potential. This line exists for all values of b (at least for bt < 1/Agcp) and
covers all the ranges on y and {, providing the optimal solution

Jo(b; 1,8 (b)) = Jq(b). (6.72)
Explicitly, at two-loop order

12 1 3 [HCA—ZTF
| Hea—2lr

reu(Sm- T Ba) e~ 24 1),

3
L2+ CF< i 1253) (6.73)
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The evolution of the optimal distribution to a generic set of scales (y, () is then
simply given by

Jo;1,0) = Jy(0)UL[; (11,7), (4o, Ty (B))], (6.74)

where (19, (i, (b)) is a point on the special line and U}, is the TMD evolution factor

o G, 20, G i) = exp | [ (rom 05 ~Duum)F )] 679

Choosing the simplest possible line which connects the initial and final point of the
evolution in the improved-v scheme, eq. (6.75) reduces to

~D,(,b)
4 > ' ) (6.76)

UR[b; (1,0), (1,0 (b))] = UR[D; (1,0)] = (W

which is convenient for numerical calculations.

The rapidity anomalous dimension D, has a nonperturbative part, which is in-
dependent of other nonperturbative inputs of the jet distribution and should be es-
timated by itself. The (-prescription (unlike e.g. the b*-prescription) allows this sep-
aration theoretically. The extractions of the nonperturbative part of the evolution
factor from data within this prescription has been carried out in ref. [17, 140, 180]. In
our phenomenological analysis we use the parametrization of [140] for the nonper-
turbative contribution to the rapidity anomalous dimension,

Dy(u, b) = Dy (u, b* (b)) + g(b). (6.77)

Here D is the resummed perturbative part of Dy, and

| p2B2
b*(b) = | LD b) = cobr b*(b), 6.78
( ) b%"'BIZ\IP g( ) Co 0T ( ) ( )

where the constants Bnp and ¢y parametrize the nonperturbative effects. The pertur-
bative expansion of the resummed rapidity anomalous dimension D is

DI (1,b) = g)azwwsﬁ[’“%m (6.79)

where X = Boas(p)In(u?b2e*t /4), By is the leading coefficients of the QCD beta
function and a; = g2/ (47)%. The leading term reads

rll
DY (X) = —-%In(1 - X .
P00 =~ ghin(1 - X), (6.50)
and we have used this expansion up to third order in a5, which incorporates the four-
loop anomalous dimension. The complete expression up this order can be found in
ref. [16, 181]. The unresummed expression for the rapidity anomalous dimension is
reported in the appendix A.
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FIGURE 6.3: The difference between the O(a?) contribution to e*e™

cross section with a cut on the angular decorrelatlon 6 < U, ob-
tained from Event2 and from our factorization theorem. The pan-
els correspond to the (e"e™ version of) anti-kr, Cambridge/Aachen
and kr jet algorithm, and the curves correspond to the different color
structures, see eq. (6.82). The uncertainty bands indicate the statistical
uncertainty. The missing two-loop constant in the quark jet function

is the value of the plateau at small 6.

6.3 Quark jet function for large R at two loops

As we will see in our numerical analysis, the large-R limit captures the dominant
part of the perturbative corrections. This justifies focusing on the quark jet function
in the large-R limit, 7, WTA which is completely determined at two loops by known

anomalous dimensions, except for a constant jm. Explicitly,

2] WTA 1 5 5772
/,} JWIA G 0, 0) = CF{CF [2L;‘; — (3+21)L5, + (21§ +6l; — 5 +6In2 + —)

L2
6

H

5 45 972
+((14 —12In2 — i)lg + 5 — 182 — = + 2443,) ]

3
22 1, 35 = 404

C =3 (=1 =12 — 143 )1
+A[ oLt (3l - 18+3>V+<27 )1

134 272 57 1172 f

— )1+ = —22In2 — —12 R )
+<(9 3 )lo+ 5 — 22— = €3> ]+2{9V

2 4 112 40
+<§—§lg)L 14+(—§lg—10+81n2+— ”

+j2 (6.81)



6.4. Numerical results 105

We extract this constant using the Event 2 generator [182], which we run with ny =
5 and an infrared cutoff p = 107!2, generating about a trillion events. Specifically,
we consider the difference at O(a2) between the the cross section with a cut on the
angular decorrelation 6 < 6" obtained from Event 2 and our factorization theorem,
extracting the overall factor of a2. This is shown in fig. 6.3, where the different panels
correspond to the (ete™ version of) anti-kt [169], Cambridge/Aachen [183, 184] and
kr [185] jet algorithm. The different curves in each panel correspond to the C2, CrCy4
and CrTr color structure, with the bands indicating the statistical uncertainty. From
varying the infrared cutoff we conclude that the cross section obtained from Event 2
can be trusted for log,,0“* > —3, corresponding to the plotted range.

The clear plateau at small values for 6" shows that our factorization theorem
predicts the singular part of the cross section correctly The value of the plateau cor-
responds to the missing two-loop constant 2/ (the overall factor of 1/2 was chosen
to cancel the factor of 2 from the two jet functions in the factorization theorem). The
decomposition of j? in terms of the CZ, CrC4 and CrTr color structures is given by

n
=il il + 2 (6:82)

i.e. the color structures are inside the constants. We extracted the result by fitting the
plateau to a constant, assuming 1y = 5, and the generalization to arbitrary number

of flavors only involves rescaling ][TZF] The best range for this fit is not a priori clear,

since we have no control over the power corrections, corresponding to contributions
to the cross section not included our factorization theorem. These become more
relevant as 6 increases; on the other hand, lowering 6" increases the statistical
uncertainties. We choose to consider the fit range —3 < loglOQCut < logloﬁfﬁgx, where
we vary log, 052 between —2.9 and —2 in steps of 0.02 (this corresponds to the size
of our binning). We perform a different fit in each window, including the uncertainty
from the Event 2 integration. We take the lowest and highest value obtained in this

way as the error, and their average as the central value, leading to

antikr:  jOol =253£06,j0 = —63+02,j5 = ~125+03,
C/A: jE =245406,j0 = —67+02,j7 = -125+02,
ky : B =122+11,j8 = —93+02,7 = -13.0+03. (6.83)

While these constants are remarkably similar for anti-k7 and Cambridge/Aachen,
they differ substantially for kr.

6.4 Numerical results

This section is focused on the obtention of phenomenological predictions for cur-
rent and future experiments. A comparison of this type of predictions with future
data would allow us to extract nonperturbative information about the jet functions
recently defined and due to the universality of these function, information about
nonperturbative effects of hadronic TMDs. The region of interest for TMDs is small
gr, for which the regimes 6 ~ R and 6 < R are most relevant. This leads us to ex-
clusively focus on the WTA axis, which is well behaved in the large-R limit. We start
by considering the transverse momentum decorrelation in eTe™ collisions, obtaining
numerical predictions for the Belle II and LEP experiments. We use e*e™ to test the
perturbative convergence, and explore the dependence on the jet radius R and cut
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FIGURE 6.4: Dependence of the cross section differential in the trans-

verse momentum decorrelation on the jet radius parameter R, for cuts

on jet energy fraction z > 0.25 (left) and z > 0.75 (right). We use the

NLO jet function computed in the regime R ~ 8, and show the large-
R result (red solid) for comparison.

on the jet energy fraction z. This process is a perfect playground for this kind of
studies because only the jet functions are involved. In the case of SIDIS we provide
numerical predictions for HERA and the EIC, and investigate the sensitivity of our
cross section to nonperturbative effects.

In our numerical implementation we build on the arTeMiDe code [16, 66] to ob-
tain resummed predictions for TMD cross sections. The original version of arTeMiDe
[186] provides cross sections for Drell-Yan and SIDIS with fragmentation into hadrons.
However, its modular structure allowed us to extend it to processes involving jets
with a modest amount of modification. Specifically, we have added ete™ — dijet
and jet-SIDIS high-level modules, and a jet TMD low-level module that provides
our perturbative input for the quark jet functions in b-space at the initial scale.

A key point at the time of obtaining reliable phenomenological predictions is the
implementation of the double scale evolution share by TMD jet function/PDF. We
should run the evolution factor in eq. (6.76) from the initial scale

e~ VE
(‘u()’ éo) = ( bT + 2 GeV, €y0> 7 (684:)
where ji is frozen at 2 GeV to avoid the Landau pole and (po, {o) belongs to the
special line, to the hard scale

) (Vss)  eter
(VH:@H)—{(Q, 0?) SIDIS (6.85)

The rapidity resummation is the dominant source of uncertainty. Consistently
we use the nonperturbative parameters extracted in ref. [140] and we will always
use the highest known order in the evolution (NBLL), even though the jet function
for generic R is only calculated at one-loop order. The nonperturbative parameters
of the evolution kernel in egs. (6.77, 6.78) are set to

Byp =25GeV!, co = 0.037. (6.86)
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6.4.1 Momentum decorrelation in e" e~ collisions

In our analysis of the e*e™ cross section, differential in the transverse momentum
decorrelation, we consider two experiments:

e Belle II: \/s = 10.52 GeV, 4 quark flavors.
e LEP: /s =91.1876 GeV, 5 quark flavors.

We account for both the photon and Z-boson contribution, and restrict the plotted
gr range to a region where the power corrections to the factorization theorem can be
neglected. In the Belle analysis we omit b-jets, since we do not include quark mass
effects in our calculation of the jet function. (Experimentally, these are of course
relatively easy to distinguish from light quark jets.)

We start our analysis by studying the dependence on the jet radius parameter
R in fig. 6.4 for LEP. The cross section is shown for various jet radii, ranging from
R = 0.1 to 0.7, using the factorization formulae for § ~ R in section 6.1.1. We
consider two representative cuts on the jet energy fraction: z > 0.25 (left panel) and
z > 0.75 (right panel). For comparison we also show the large-R limit, discussed
in section 6.1.3. We use the one-loop jet function (since we only have the one-loop
result for 6 ~ R), but include the hard function at two-loop order and perform the
resummation at N°LL accuracy.

As expected, as R increases the results approach the R — oo limit. In both cases,
the cross section for R = 0.7 is indistinguishable from the large-R result, and for
z > 0.25 the difference is even minimal for R = 0.5. This means that in the factor-
ization in eq. (6.22) the power corrections O(8/R) ~ O(1/b%E?>R?) have a limited
impact even for 6 < R. This observation will be used in the rest of our analysis, to
justify including the two-loop jet function in the large-R limit, as this will capture
the dominant two-loop contribution. Explicitly, we will combine results according

t

© do N3LL do NLO do NNLO do NLO
— =+ + [ —— — = , (6.87)
dqr dgr 97/ % e \AIT ) 2 0o

where NLO and NNLO indicate the order of the jet function. In each term we use
the NNLO hard function and include the resummation at N°LL accuracy. The above
approximation contains all large logarithms of 6 (or equivalently, g7) at N’LL accu-
racy. It reduces to NNLL accuracy for 6 ~ R < 1, since it misses some O(6/R)
corrections. We have shown that their effect is small, except in the tail region.

Next we study the perturbative convergence of the TMD cross section in fig. 6.5.
We take R = 0.5, z > 0.25 and show results for the cross section for Belle II (left
panel) and LEP (right panel) at NLL, NNLL and N°LL. The ingredients that enter
in the various perturbative orders are summarized in table A.1. The perturbative
uncertainty is estimated by varying the scales y; in egs. (6.84, 6.85) up and down by
a factor 2 around their central value and taking the envelope. The band obtained
by this procedure at NLL is artificially small and not shown. As expected, the N3LL
correction is small compared to the NNLL one, and the uncertainty bands overlap
and are reduced at higher order.

In fig. 6.6 we investigate the dependence of the cross section on the cut on the
jet energy fraction z > zqy for a fixed value of the jet radius, which provides a
complementary picture to fig. 6.4. We show results for Belle II with R = 0.7 (left
panel) and LEP with R = 0.3 (right panel), imposing z > zq,: and varying zq,; = 0.01
to zeut = 0.75. As in fig. 6.4, we use NLO jet functions. For R = 0.7 the dependence
on the cut on z is relatively mild, which reflects the fact that in the large-R limit
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FIGURE 6.5: Perturbative convergence of the cross section differen-
tial in transverse momentum decorrelation, for Belle II (left) and LEP
(right), for jet radius R = 0.5 and jet energy fraction z > 0.25. The
NPLL result is obtained with the prescription in eq. (6.87). The bands
encode the perturbative uncertainty, as described in the text.
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FIGURE 6.6: Dependence of the transverse momentum decorrelation

distribution on the cut on jet energy fraction z, for Belle II with R =

0.7 (left panel) and LEP with R = 0.3 (right panel). The dependence

on this cut is larger for smaller R, as discussed in the text. In both

cases, the results for z > 0.5 (solid red curve) exactly coincide with
the large-R limit, see footnote.

the jet function is proportional to 6(1 — z), and thus independent of this cut. For
R = 0.3 there is a stronger dependence, and at very small (large) values of z the cross
section shows unphysical features. This is not surprising, since the cross section
diverges as zcyt — 0 (every single low-energy particle originates a different jet) and
has large logarithms of 1 — zqyt for zeyt — 1. We found that, regardless of the jet
radius, for zeyt = 0.5 the cross section coincides with the large-R result. This is
due to a one-loop accident. At this perturbative order, the initial quark undergoes
a single splitting, see fig. 6.2. When integrating over 0.5 < z < 1, each phase-
space configuration contributes to the cross section with exactly one jet (either a jet
containing two particles or a jet containing the most energetic particle). Due to the
WTA recombination prescription, the resulting jet axis is the same in either case,
independent of R. Thus it must in particular coincide with the large-R limit.

As a next step, we study how sensitive these cross sections are to Byp and cp
that parametrize the nonperturbative contribution to the rapidity evolution, see egs.
(6.77, 6.78). We considered both the “fixed Byp” and “variable Byp” schemes used
in the fit in ref. [140], and varied the parameters within the statistical errors listed
in their table 4. In practice, we found that the Byp variation is subdominant, so in
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FIGURE 6.7: Estimate of the sensitivity of the TMD to nonpertur-
bative effects in the rapidity resummation at Belle II (left) and LEP
(right). We vary the parameter cy in the range of its statistical uncer-
tainty, testing both the fixed and variable Byp schemes of ref. [140].
Results are obtained with the prescription in eq. (6.87).

fig. 6.7 we simply plot variations of co. As one would expect, the sensitivity to non-
perturbative effects is much larger at Belle, commensurate with its smaller center-
of-mass energy, and increases at low transverse momenta. The conclusions obtained
from the two schemes are compatible with each other. The situation is similar for
LEP, though the relative variation is substantially lower (below 1% for most of the
range in qr).

Finally, we have investigated the impact of the choice of jet algorithm, specif-
ically, the impact of the different two-loop constants in eq. (6.83). We found the
difference with respect to anti-kt to be negligible for Cambridge-Aachen (< 0.1%)
and very small for the kr algorithm (< 1%).

6.4.2 Transverse momentum dependent distributions in SIDIS

In this section we show representative results for TMD measurements with jets in
SIDIS, showing results for

e HERA: /5 = 318 GeV,
e EIC: /5 = 100 GeV.

The EIC is a future facility for the study of TMD distributions, and the above value
for its center-of-mass energy is an assumption. We take 10 < Q < 25 GeV and
study the transverse momentum distribution for g7 < 3 GeV, ensuring that power
corrections of order g3/Q? to the factorization theorem can be neglected. In this
kinematic range we expect quark mass effects to be negligible, so we ignore them.
We work in the Breit frame, impose a cut on the jet energy fraction z > 0.25 and set
the jet radius to R = 0.5. Our e e~ analysis in the left panel of fig. 6.4 shows that in
this case the large-R approximation works extremely well, so we again include the
two-loop, large-R jet function of sec. 6.3, using eq. (6.87).

We use the quark TMD PDFs obtained in ref. [140]. In this fit the matching of the
TMDs onto PDF is incorporated at NNLO, using the NNPDF 3.1 PDFs [146] with
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FIGURE 6.8: TMD cross section for SIDIS with jets at the EIC (left)
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with the prescription in eq. (6.87).
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FIGURE 6.9: Sensitivity of the cross section to nonperturbative effects

at the EIC (left) and HERA (right). This is estimated by varying the

parameter cg, that controls the nonperturbative contribution to the

evolution kernel, within its current statistical uncertainty [140]. Re-
sults are obtained with the prescription in eq. (6.87).

as(Mz) = 0.118. The additional nonperturbative component of the TMD PDFs is
modeled with the ansatz

_ B2
AM(1—x)+ Axx + Azx(1 x)bT> , (6.88)

fnp = exp ( -
\J1+ /\4x/\5b%

where the values for A; were fit in ref. [140].

Our results are shown in fig. 6.8, for which we consider different intervals in the
elasticity y in the range 0.01 < y < 0.95. In each case, we obtained the uncertainty
band by independently varying the scales yr and po up and down by a factor of 2
around their central values, and taking the envelope. We find that roughly half of the
contribution to the cross section comes from low elasticity (y < 0.2). The variation in
shape between the different elasticity intervals is modest; at high elasticity the peak
of the distribution is shifted towards larger transverse momenta.
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We now investigate the sensitivity of our observable to nonperturbative hadronic
physics. A rough impression can be obtained by varying the parameters Byp, co and
A (see egs. (6.77, 6.78, 6.88)) that enter our nonperturbative model. In principle,
these parameters are highly correlated and a full error estimate would require tak-
ing data with a large number of replicas, along the lines of the original analysis in
ref. [140]. In practice, we observe that the nonperturbative uncertainty is dominated
by the variation of the single parameter cp. Therefore, we obtain a realistic estimate
of the size of NP effects by simply varying ¢y within its statistical uncertainty, which
we show in fig. 6.9. The effect of varying ¢ is not large (below 5% at the EIC and 3%
at HERA), but non-negligible, and grows for small 1. This plot suggests that such a
measurement can likely be used to improve our knowledge of the nonperturbative
part of the evolution kernel, parametrized by ¢, which is very relevant because it is
universal. We have explored the dependence on R, zcyt and the range in Q and vy,
finding similar sensitivity to nonperturbative effects.
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Chapter 7

TMD factorization theorems for
processes with groomed jets

In chapter 6 of this thesis we considered the possibility of studying processes with
jets in final states defining a jet-TMD. Thus, we replace a final state hadron with a jet
[151, 160, 187] in SIDIS and e e~ processes. The check of this possibility has revealed
that standard jet definitions are compatible with a factorization theorem only in the
case of small enough radii, which is a not obvious experimental condition in the
planned electron-hadron collider like EIC or LHeC. Instead large jet-radii need a
specific definition of jet, which allows soft radiation to be independent of radius.
It was achieved using the winner-take-all (WTA) axis [152], and the perturbative
calculations were done with a precision similar to the case of fragmenting hadrons.

In this chapter we consider the possibility of groomed jets in SIDIS or eTe™ —
2 jets. Developments in jet substructure have shown that applying a grooming al-
gorithm to a jet, using for example the so called “soft-drop” procedure, robustly re-
moves the contamination from both underlying event and non-global correlations.
Since this process essentially removes wide angle soft radiation, retaining only a
collinear core, it also dramatically reduces hadronization effects (see fig. 7.1), thus
allowing an easier access to the TMD non-perturbative physics which we want to
probe. Groomed jets with an identified light/heavy hadron in the jet were also pro-
posed as probes of TMD evolution and distribution in [157, 158]. The residual non-
perturbative effects contain pieces that depend on the soft-drop grooming procedure
and require careful analysis as was pointed out in [188]. In addition, with the use
of soft-drop we can derive factorization theorems for large jet radius (R ~ 1), which
we consider to be the relevant case for low energy experiments, such as EIC. So, in
the case of groomed jets we do not need an extra discussion for large-radius jets as
with the definition used along chapter 6.

In order to focus on collimated jet configurations, we also impose an upper cutoff
in the groomed jet invariant mass. Note that the small transverse momentum con-
straint does not necessarily ensure collimated configurations since topologies with
two or more widely separated sub-jets are also permitted. This constraint allows
us to derive a factorization theorem involving the same universal soft function that
appears in traditional hadronic TMD, and which is independent of the jet radius for
R ~ 1. This is a key feature for groomed jets and it is necessary for the universality
of TMDs and for this reason, in this chapter, we only consider R ~ 1. The cutoff is
imposed using groomed jet-thrust, e = (m/Q)?, where m is the groomed invariant
mass and Q is the center of mass energy. This allows us to introduce a single cutoff
parameter, eq,, independent of the jet energy or transverse momentum. We shall
see that imposing this constraint still allows us to capture a majority of events and
hence does not significantly impact the cross-section.
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FIGURE 7.1: Hadronization effects in a typical ete~ — 2 jets from
PYTHIA 8 [147, 148]. at center of mass values, LEFT: Q = 100 GeV,
RIGHT: Q = 50 GeV.

As in chapter 6 the measurement that we are considering is a generalization of
the di-hadron momentum de-correlation,

— pThl + pThZ (71)

T
1 21 22

where one or both of the identified hadrons is replaced by a jet, defined through
an infrared-safe jet algorithm. Here pr),, and z; are the transverse momentum and
energy fraction of the hadron i respectively. The factorization theorem is usually
written for this normalized vector sum of the transverse momenta rather than just
the sum of the transverse momenta. It can be verified by momentum conservation
and simple geometry that the quantity pry, /z1 represents the transverse momen-
tum of the radiation recoiling against the hadron with respect to the axis defined by
the hadron itself. This makes it convenient to write a factorization theorem which
matches onto the standard hadron fragmentation function as explained in [157].

We consider three possible scenarios as illustrated in fig. 7.2 and we refer to them
as di-hadron, hadron-jet, and di-jet momentum de-correlation. To simplify the dis-
cussion we focus on the case of di-jets (fig. 7.2c) and we briefly comment how our
results are generalized for the case of hadron-jet de-correlation where the Breit frame
in eq. (6.8) is used.

For the case of groomed jets the observable g7 is defined with the groomed quan-
tities, i.e., pjit is the groomed jet four-momentum and zje; = 2p?et/ Q. The transverse
component prjet is measured with respect to an axis close to the full or groomed jet
axes. The exact choice of the axis only differs by power corrections. For concrete-
ness in the results that follow we make the choice of the axis to lie along one of the
groomed jets.

Since we want to probe the non-perturbative physics, we wish to work in the
small transverse momentum regime (§r < /s where g1 = |q7]).

7.1 Grooming procedure: Soft-drop

The grooming procedure that we use is the soft-drop algorithm. We give here a brief
review of the soft-drop groomer and eventually discuss the various hierarchies, the
relevant modes and the factorization of the cross section in the next sections.
Soft-drop grooming [159] removes contaminating soft radiation from the jet by
constructing an angular ordered tree of the jet, and removing the branches at the
widest angles which fail an energy requirement. The angular ordering of the jet is
constructed through the Cambridge/Aachen (C/A) clustering algorithm [183, 184,
189-191]. As soon as a branch is found that passes the test, it is declared the groomed
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FIGURE 7.2: Three possible transverse momentum de-correlation

measurements in eTe™ annihilation: (a) Identify two hadrons /; and

hy wi’Fh momenta py, , Py, and energy fractions zj, , zy,, ?espectively, (b)

Identify a jet and a hadron with momenta pjet, p; with energy frac-
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jet, and all the constituents of the branch are the groomed constituents. At the end
of the grooming procedure only the narrow energetic core remains from the original
jet. Since at large angles all collinear energetic radiation is to be found at the center of
the jet, no cone is actually imposed to enclose this core. One simply finds the branch
whose daughters are sufficiently energetic. Formally the daughters could have any
opening angle, though their most likely configuration is collinear.

The strict definition of the algorithm is as follows. Given an ungroomed jet
(which itself is identified first using a suitable algorithm such as the anti-kr, [169]),
first we build the clustering history by starting with a list of particles in the jet. At
each stage we merge the two particles within the list that are closest in angle. This
merging is usually taken to be summing the momenta of the particles, though one
could use winner-take-all schemes [152, 192, 193]. This gives a pseudo-particle, and
we remove the two daughters from the current list of particles, replacing them with
the merged pseudo-particle. This is repeated until all particles are merged into a sin-
gle parent. Then we open the tree back up working backwards so that at each stage
of the declustering, we have two branches available, label them i and j. We require:

min{E;, E]'} cut<9ij)ﬁ,

= 7.2

R

where z; is the modified mass drop parameter, § is the parameter which controls
the angularities, 0;; is the angle between i'" and j" particle, R is the jet radius and
E; is the energy of the branch i. If the two branches fail this requirement, the softer
branch is removed from the jet, and we decluster the harder branch, once again
testing eq. (7.2) within the hard branch. The pruning continues until we have a
branch that when declustered passes the condition eq. (7.2). All particles contained
within this branch whose daughters are sufficiently energetic constitute the groomed
jet. Intuitively we have identified the first genuine collinear splitting.
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For a hadron-hadron collision, one uses the transverse momentum (pr) with
respect to the beam for the condition of eq. (7.2),

> Zeut <§) f (7.3)

min{pr;, pr;}
pri + Prj

We formally adopt the power counting z.,t < 1, though typically one chooses
Zeut ~ 0.1. See [194] for a study on the magnitude of the power corrections with
respect to zqut for jet mass distributions. To be specific, in this thesis we consider
only the case f = 0. Note that for B = 0 the energy of the groomed jet constituents
is a collinear unsafe observable [159, 195], however, the additional constraint of the
measured transverse momentum qr provides a physical collinear cutoff in a similar
way a jet shape measurement does.

7.2 Factorization. Hierarchies and modes

In order to compute the transverse momentum de-correlation g7, defined in eq. (7.1),
for two groomed jets in di-jet events in e*e~ annihilation (fig. 7.2 (c)) we are going to
impose a normalized jet mass measurement on both jets through e = (1mjet/Q)?. The
other parameters that enter our cross section are the soft-drop parameters zq,s ~ 0.1,
B = 0. Ultimately we are going to integrate over the jet mass measurement up to an
appropriate (but still small) cut-off value ecyt.

We have a rich spectrum of possible hierarchies of momenta, which are all con-
sistent with maintaining q7/Q, ecut, Zcut <K 1. We have that q7/Q, ecut, Zcut are now
expansion parameters in the effective field theory (EFT), and they should be taken
into account in the factorization of the process. We first list and briefly discuss these
hierarchies and the corresponding factorization theorems within an EFT. The gen-
eral modes that we will consider will fall into three classes. Modes that explicitly
pass soft drop (usually the highly energetic collinear modes), modes that explicitly
fail soft-drop (the global soft function modes) and finally those which can live on the
border and need to be tested, as to whether they pass or fail. Only the modes that
pass soft-drop will contribute to e, while gt receives contributions from all radiation
that fails soft-drop.

The first regime in which we are interested is Q > Qzcut > g7 2 Qe >
Q.+/ezcut- Here we have low values of gt which are of the order of Q+/e. We identify
the following modes to be relevant to the cross section:

soft: pt ~qr(1,1,1);
collinear: p! ~ Q(A%,1,A.), Ac = Ve, (7.4)

and the factorization of the cross section in this region is schematically

do

m = H;](Q}]/l) X S(QT) & jiL(ElfQ/ Zcuts qT) & ij (32/ Q, Zeuts qT)- (7.5)

Apart from the hard factor H all the other terms in this equation are affected by
rapidity divergences. The global soft function S that appears in the factorization
theorem in eq. (7.5) (and later in the SIDIS case eq. (7.18)) is the universal function
that is also present in the factorization theorem of Drell-Yan, di-hadron production
in electron-positron annihilation, and semi-inclusive DIS with TMDs. The operator



7.2. Factorization. Hierarchies and modes 117

definition of the soft function is given by

S(qr) = Z\}Rtr ([S587)(0)6@ (qr — P 1)[SES4](0)) , (7.6)

where Ng = N, for S,,/;; in the fundamental and N? — 1 for the adjoint representation
of SU(N,). This function has been calculated at NNLO in [52] in b-space and the
main results are presented in the appendix A. This function is responsible for the
TMD evolution which is actually known up to third order [62, 63]. Because of the
universality of this soft function the non-perturbative corrections that it generates in
the TMD-evolution factor are process independent [10, 11, 65].

The soft factor provides finally a rapidity renormalization factor for the jets which
is totally analogous to the TMD case in eq. (3.13). So, in this sense we can re-write
eq. (7.5) as

do i
m = H;](Q}]/l) X »71; (61/ Q, Zeut, 417 Uy CA) & 57]'1‘(@2, Q/Zcut/qT} U, CB) ’
(7.7)
with {4lp = Q%z%, , which recalls clearly the all-order factorization for the di-

hadron fragmentation case using TMD. The hadronization corrections to egs. (7.5-
7.7) are discussed in more detail in section 7.7.

The jet-TMD of eq. (7.7) can be re-factorized depending on the relative magni-
tudes of the effective scales which define it so that one can identify the more com-
plete set of modes

soft: pt ~qr(1,1,1);
collinear: p! ~ Q(A%,1,A.), Ac = Ve;
soft-collinear: pé’c ~ chut()xgc, 1, As¢), Ase = g1/ (Qzcut);
collinear-soft: pks ~ Qzeut(A%, 1, Aes), Aes = Ve/Zeut (7.8)

and we illustrate this in fig. 7.3. We start considering the limit gt 2 Q+v/e > Q\/ezcut,
which corresponds to region Il in fig. 7.3, when the unintegrated and unsubtracted
jet function, .714, in eq. (7.5) can be re-factorized into three terms,

j} (6, Q; Zeuts QT> = SSLC,i(QZcut/ qT) X /de/ Scs,i(e - e// chut)]i(e// Q) (79)

where all the rapidity divergent part and transverse momentum dependence is con-
tained in the calculable S ;Z'z The subtracted and unsubtracted jet-TMD are related
by

\71'l (6, Q/ Zcuts b/ V/ g) = \/ S(b)kTIL (6, Q/ Zcuts b) (710)

where we have expressed all the subtraction in b-space. Throughout this chapter we
will interchange between gr, b spaces for the transverse spectrum and between e, s
spaces for the jet mass. We use the same symbol for any function in either space.
The variable we are working in should be clear from the argument of the function.
A dictionary to translate between spaces is given in the appendix C. For smaller
values of qr: Q > Qzeut 2 Qve > qr ~ Qy/eZaut, the collinear-soft and soft-
collinear merge into the same mode which we still refer to as collinear-soft. The soft
and collinear modes remain unchanged in their scaling compared to region II. The
form of factorization theorem in eq. (7.5) does not change but now the corresponding
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jet TMDs are re-factorized as (see region Il in fig. 7.3),

((3 Q Zecuts qT /de Scsz 3/, chut/QT)]i(e// Q) (7-11)

Several of the parameters in the differential cross-secion in eq. (7.7) are in practice
integrated in experiments, so that it is convenient to explicitly write the cumulant
(or partially integrated) distribution

do Ecut do

derdesar (7.12)

For this cross section we work with the integrated jet function which depends on eqyt
rather than e,

"ecut

t7]'J_ (ecutr Q/ Zecuts ‘IT/ ;’l/ g) = /O dt’ u7]'J_ (el Q/ Zcuts L]T/ ]’l/ g) . (713)

and the factorization theorem for electron-positron annihilation is

do

i d*b
ﬁ(%ut) = sz(Q 1)

4 lb quL (ecut/ Q/ Zcuts bl ,u/ g) k7'L (ecut/ Q/ Zcuts b/ l’l/ g) .

(7.14)
The resummation of logarithms inside the jet-TMD implied by egs. (7.9-7.11) is taken
into account defining the cumulant jet function as

jJ— (ecutr QI Zcu’tl ’ l’l/ \/ jl ecut/ Q Zcuts b) ’ (715)
\71‘l (ecut/ Q, Zeuts ) = Sslc 1(chut/ )u7i(ecut/ Q, Zcuts ‘H), (716)

~.7i(ecut/ Q/ Zeuts ‘M) = / ! de / de Scs 1 e// Q/ Zeuts ,u)]i(e// Q; V) (717)

and we recall that the rapidity divergences are present only in S and S;. ,, canceling
in their product in eq. (7.15). With the exception of the soft-collinear functlon S, all

sc/
other ingredients of the factorization are already known at least up to NLO accuracy.

In section 7.4 we report the defining matrix elements of each function, we summarize
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the NLO results and we perform the NLO calculation of S;-. We have performed
the calculation using analytic # rapidity regulator, so in section 7.4 we present the
NLO result of the soft function with this regulator, despite it is presented in the
appendix A in modified J-regularization scheme. The connection between rapidity
regulator obtained in this calculation and the {-parameter we used in the part I of
this thesis is outlined in the section 7.5.

The factorization for DIS-like processes is analogous, with the difference that
here we demand that the hard scattering of the lepton on the proton produces a
single jet. In the Breit frame we measure the transverse component, gr, of the trans-
ferred momentum, g# = k'* — k# with respect to the single groomed jet. As before,
we impose a jet mass cut-off eqyt and the grooming parameter z.,:. In this frame-
work the initial state proton is moving along the —z direction and the final state jet
is moving in the opposite +z-direction, so that we can assign the directions n and 7
to the beam and jet definition. The contribution to this transverse momentum mea-
surement comes from the initial state radiation which forms part of the TMDPDF
and the radiation that fails soft-drop in the final state jet. We demand that there is a
single energetic jet with Ej ~ Q/2 = /—g?/2 with accompanying soft radiation.

Since we are working with two back-to-back directions, our usual definition of
the soft function holds: in other words the change from future pointing to past point-
ing Wilson lines does not affect its value [10, 11, 13, 15, 196].

Since we still impose the same jet mass measurement on the final state jet, we
have all the modes that we had in the e*e™ case. The main difference is that now the
initial hadronic state is a TMDPDE. The form of the factorized cross section follows
again the hierarchy Q > Qzcut > g1, R ~ 1 and

do ao(x, Q) i
ddeZquT = xs HZ(Q/ ‘ll) X S(qT) ® Bi<—h<x1 Q/ qT) ® u7] (ecut/ Q/Zcut; qT> ’
(7.18)
where x = —¢%/(2P - k), k is the momentum of the incoming electron, and cy(x, Q)

is the Born cross section of this process given in the appendix A. The un-subtracted
TMDPDF is B;, j,. In our rapidity regularization scheme the (subtracted) TMDPDF
is defined as

Fon(x,b;u,0) = 1/S(b)Bin(x,Q,b). (7.19)

At perturbative values of g7, the F;, ; can be matched onto the collinear PDF as is
discussed in the part I of this thesis. The matching coefficients at NNLO are the
unpolarized ones evaluated in [18, 81].

Once the subtracted quantities are included we can write

do UO(X/Q)
APy xs Hy(Q, ) (7.20)
a*b ib-q i
< [ e Fien (6 Qb 1, Ea) T (ecut Q2 i )

Finally we observe that using monte-carlo simulations (particularly PYTHIA 8 [147,
148]) most of the events fall in the kinematic regime

Q> Qzewt > qar ~ QV Ccut - (7.21)

An important consequence of the jet function refactorization in eq. (7.9) is that the
transverse momentum dependent elements decouple from the jet mass elements.
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FIGURE 7.4: LEFT: The normalized cross sections for different values
of the jet mass cutoff parameter ecy¢. We also include the correspond-
ing ratios with respect to the case e.yt = 0.01. RIGHT: The relatively
normalized cross section for fixed e.yt = 0.01 and for different value
of the jet radius R. The corresponding ratios are with respect to R = 1.

This suggests that, as long as we remain within the hierarchy of eq. (7.21), then the
exact mass cutoff on the invariant mass will only influence the overall normaliza-
tion and not the shape of the TMD distribution. We test this observation against
the monte-carlo simulations by comparing the normalized TMD distributions for
various values of e.,;. We show the results in fig. 7.4 (left). The jet algorithm is im-
plemented through FASTJET-3 [168]. In addition we note that as long as we measure
gr < Qzcut and for R ~ 1 the shape and normalization of the cross section is inde-
pendent of the choice of R. We also demonstrate this with the help of simulations.
We simulate events at Q = 50 GeV and we analyze them for different values of
R 2 1. We show the resulting distributions in fig. 7.4 (right). Note that for that plot
we preserve the relative normalizations of the curves.

7.3 Renormalization group evolution

7.3.1 Solution of renormalization group equations

The main quantity involved in the factorization procedure carried out in previous
section is the subtracted jet-TMD for which we have

d
V@JL (6, QI Zeuts b/ ]/l, g) = ’qu: (l’lz g)jL (6, Q/ Zeuts b/ ]’l/ g)/ (722)
CddgjL(E, Q/ Zecuts b/ ]’[/ g) - _Dq(,u/ b)jL (6, Q/ Zeuts b/ ,u/ g)/ (723)

where on the rh.s. we have considered just quark initiated jets and we have Fourier
transformed with respect to g7 the jet functions appearing in eq. (7.7). Of course this
result recalls literally the standard TMD case.

However, because of the refactorization of 7+ (see egs. (7.9-7.11)) this resum-
mation is not complete and large logarithms can still spoil the convergence of the
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perturbative series. Defining s as the variable conjugate to e in Laplace space (see
appendix C) and

G e {Sigb (QZcut/ b)/ Ses (S/ chut)r ](S/ Q) } ; chut/ \/ Ssc QZcut/ ’
(7.24)

we have

d

G =7 (h)G = (rClasht,z +a1C[as]) G, (7.25)
which are formally similar to the TMD case. Note that 1,2 = In ( p?/m%) and the
values of m¢ are reported in table 7.1. The only function in G which has a rapid-
ity evolution equation is S*’ and it scales like J+ in eq. (7.23). The cusp part of

eq. (7.25) is proportional to the standard cusp anomalous dimension

G rg cusp FG = 1+n cusp
ry [as] = cuspr = cusp Z Ly (7.26)
1—‘0 1ﬂO n=0

For the non-cusp part we have also a perturbative expansion

Z altmqC, (7.27)

The anomalous dimensions that enter in the calculations for each case are given in
the appendix A. The evolution in rapidity and factorization scales of all quantities
can be implemented using the the {-prescription whose general framework can be
found in ref. [16] and sketched in chapter 2 of this thesis.

The solution to the RGE in eq. (7.25) is

1o 2 we (p.po)
Glp) = Uelin 10)Gl), - el o) = exp (e g)) (1), 728
with
doc L a(m) du
Lup) =2 I — —A7Cal, 7.29
clup) =2 f / (o) Bl +/0<(Vo) Bl 7 e 7.29)
a(p) duc
, —1¢ 7.30
wolppn) = [ gl (730

Since we are interested only in the NLL and NLL’ result we may keep only the first
two terms in the perturbative expansion of the cusp part (ie., [$, Ty, and I'{"P)
and only the first term form the non-cusp part (’yo ). Performing thlS expansion we
get,

G G cusp
Yo 2Ly rr—1—rlnr I B1\1—r+Inr B1
= 0 1y — 1 In%r|,
KG(,MI ]/10) zﬁolnr (’30)2 [ i (]/l) 1_,81,1sp ,BO 47 + 87'[’80 n-r
(7.31)

G 1
we (1, o) = —FOO Inr + <rc“5p - ﬁl) as(ho) () 1), (7.32)
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Function Fg ')/OG me
H;; —4(G+G) | 4G+ ) Q
Ses —8C; 0 Qvzeut/§
Ji 8C; 47:C;i Q/V5
Bi/n 0 47,Ci + o 0
S 4(C;i+C) 0 Vs
S+ 0 7 n.a

TABLE 7.1: Anomalous dimensions coefficients for up to NLL accu-
racy: 75 = 3/2,7¢ = Bo/(2Ca), and 7§° = 2as(p)Cr/ in(v/ Qzcut)-

where r = a(p)/a(pp) and B, are the coefficients of the QCD B-function,

dug . ad g\ 1+n
Blos) = gy = —ZaSn;) (H) Bu . (7.33)

The expressions for all ingredients necessary to perform the evolution of any func-
tion that appears in the factorization theorems we considered in this paper are given
in tab. 7.1. The two loop non-cusp anomalous dimensions we need to NNLL RGEs
are given by ref. [197]

1. . G 1616 448 2,
ST = 5[34.01CF+(7 5603 —9.31)Ca (27+14.04)nfTR o Bol .

¥ = G [ —17.00CF + ( — 5520 + %7’(2 + 564”3)CA T (23.61 - gnz)nfTR]

1769 22

— 7T — 80@3)CA

W = Cr[(3-4m+a85)Cr+ (T +

VY = G [(20 4+ 48g3) Cr + (60.87 + %nz - 80§3> Cu
+( 2494 gn2> neTe] (7.34)

The resummation of potentially large logarithms inside the jet-TMD is done per-
forming the evolution in Laplace space and then integrating such that we get the
cumulant before we take the inverse transform. In this way we resum logarithms
which are associated to ecy. All this works as follows. Starting from eq. (7.17), then
taking the Laplace and consecutively the inverse transform with respect to e we find

1 [rtico exp(seeut) — 1
jz‘(ecut, Q, Zcut},u) = % [yioo dsp(st)Scsli(s, Q, Zcut}V)]i(S/ Q}]«l) . (7.35)

Then solving the RGE equations for the collinear-soft and jet function as described
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before, and performing the last remaining integral over the Laplace conjugate vari-
able s we get

u7i(ecut/ Q/ZCut;l’l) = exp (Kcs(,u/ ,ucs) +K](V/ ,u]))scs,i(Lcs — awcs/’,ucs)]i(L] — aw,}]/l])

(5t )erﬂcs)( 1 )2“’1(”4‘1) OXP (Ve (Wes (1 pres) + @) (1 1)) 7 5,
Q+v/Zcutleut Qv/ecut I'(1 - wes (,u/ Vcs) - WI(V' ]/l]))

This is our final result for the resummed cumulant jet function. The order of loga-
rithmic accuracy is then determined by the order of which the kernels Kr, wr, and
the fixed order collinear-soft and jet functions are evaluated. At this stage of the cal-
culation the canonical scales, y.s and y;, are not yet fixed. This allows us to choose
the scales such that potentially large logarithms are minimized in momentum space.
From the above is clear that the canonical choice of scales such as the fixed order
logarithms are minimized are,

pes = Qv/ZeutCeut 5 uy = Qv/ecut - (7.37)

In numerical applications one needs to perform variations around these scales in
order to obtain an estimate of the theoretical uncertainty.

7.4 Operator definitions and one-loop results

In this section we give the operator definitions of the factorization elements dis-
cussed in section 7.2 and their NLO expansions. From those we determine the renor-
malization functions, group equations, and corresponding anomalous dimensions.
Many of the results presented here are already known and found in literature.

7.4.1 Jet functions

The quark and gluon jet function definitions, one loop calculation, and the corre-
sponding Laplace transforms can be found in ref. [197]. Here we summarize their
results. The quark jet function is given by,

_ @n)? i —\5(2) ove
i(e.Q) = St (G(06Q-P Y A(PLSe— ), (739

and the gluon

Jg(e,Q) = (Zi)str (BB 05(Q - PO (P~ E)Busy), (739

where N is the number of colors and B! is the gauge invariant gluon building
block of the effective field theory,
1
BZ[J_ = g[wi(pﬁ + gAZ,J_)Wn] . (7.40)
As demonstrated earlier when working with the cumulant distribution (i.e., when
integrating out to ecy) it is useful to work in Laplace space. The renormalized
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groomed jet function up to NLO contributions in Laplace space is given by

aCifa, -y T 2
ZH{L]+%L1 3+cl}+(’)(ucs), (7.41)

]i(S/Q;]’[) =1 +
where for quark initiated jets we have

N2 -1 3 7
C,=Cr= ENC M =50 = 5 (7.42)

and for gluon initiated jets we have

_ Bo 67 10n¢Tr
Cg:CA:NC,,Yg:E’Cg:E_E CA ’

(7.43)

The logarithms, L; that appear in eq. (7.41) and the corresponding one loop anoma-
lous dimensions are

L :1n(”sz) ) = %Q(zL,+7i) +0(2). (7.44)

The anomalous dimension is defined through the RG equation satisfied by renor-
malized jet functions. In Laplace space this is

d ) — (s O ) (s O
m]i(sf Q/ V) =7 <S/ Q,‘u)]l(s, Q,‘H) . (745)

In momentum space the above equation is written as convolution (in the invariant
mass variable e), of the anomalous dimension and the renormalized jet function.
7.4.2 Collinear-soft function

The operator definition of the invariant equation mass measurement collinear soft

function is given by

Ses(e, Qzeut) = Z\}Rtrﬂ" (u;wt) MSPT (wjun) ), (7.46)

where ./\/les D is the invariant measurement function,
MSP =6(e—(1-0Osp) ) . (7.47)

Here we dropped the jet flavor (quark/anti-quark or gluon) for simplicity of nota-
tion and the normalization constant Ny is simply the size of the representation for
SU(N,) of the W; and U,, Wilson lines. For quark jets (fundamental representation)
we have Ng = N, and for gluon jets (adjoint representation) we have Ngx = N? — 1.
At NLO the bare collinear soft function is given by

Scs,bare (e/ chut) = 5(3) (7.48)
sCi 1 1 2
+2 2 = 50(0) + <Lole,8) = La(e,§) + T56(e) } + O(ad)
where
¢ i (7.49)

N Q2Zcut )
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Therefore we have for the renormalized function

. 2
Sile, Qzew) = 8(6) + S L1(e, )+ T} +OWD),  750)
where
Scs,bare (er chut) = Zcs @ Scs (e/ chut> ’ (7.51)
with
Zes(0) = 0(0) + S5 — Lo(e) + 22o(e,0)} + O(a) (7.52)
R i €2 e OV 4 '

In Laplace space for the renormalized collinear-soft function we get,

asC;
Ses(s, Qzeurs ) = 1 — 257; LA +0(a?), (7.53)
which satisfies the following RGE
d
MSCS (s, Qzcuts 1) = Y (5, 1) Ses (S, Qzeuts 1) - (7.54)

The logarithm L.s and the corresponding anomalous dimension are

Les = In(E5) ,7%(s, 1) = —2"‘57%65 +O(d). (7.55)

7.4.3 Soft function

The soft function that appears in the factorization theorems in egs. (7.14, 7.18) is
defined in eq. (7.6) and it has been calculated in several schemes at higher orders in
QCD, as reported in sec. 7.2. Here we report a one loop expression using the analytic
regulator in momentum space,

171

Soun = 02 (q) + 22U L2 [0,12) = 520 ) + £ [ - 2n () | an)

+ato(gh (L) —2L1(g307) - 5 g0} + 0. (756)
Ts ;’l T 12 S

The renormalized soft function, S, is defined through
Share = Z3 (1, v) @ S(1,v), (7.57)
and satisfies the following renormalization group equations
S0 = (08 () S () = ) B S() . (759
dlnpu dlnv

Therefore we find for the one-loop corresponding impact parameter space quantities

S(uv) =1+ W{Mn(f)ln(;) - 21n2(if) - 7;;} +O0@2), (759
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(a) virtual gluon (b) real gluon

FIGURE 7.5: The order O(as) diagrams that contribute to the soft-
collinear function.

Zy(mv) =1+ “(Z)C{: [ln(f) - i} 41 [1 —21n<Z>} } +O(2), (7.60)

2¢e €le

with
s Cz’ S s Ci
Y (p,v) = —4“(;[)ln<;) +0(a?), v (n,v) = 40((?IH(P;E> + O(a?) (7.61)

The rapidity and renormalization scales used to produce our result are fixed us-
ing the {-prescription [16] adapted for this case. Later in section 7.5 we give a de-
scription of how one can use the rapidity regulated objects that have v dependence
to construct the subtracted rapidity divergences free objects but yet keep trace of the
rapidity logs using the ¢ parameter.

7.4.4 Soft-collinear function

The soft-collinear function is defined by the matrix element
1 _
S5£(Qzau) = ~-te(T (UWe ) MEPT (WiLL) ), (7.62)
R

and the groomed jet measurement function, M3P is given in terms of the label mo-
mentum operator, P,

MSP = @sp x 62 (qr — OspP 1) , (7.63)

where Ogsp denotes the soft drop groomer. The collinear-soft modes only contribute
to the invariant mass measurement if they pass soft-drop, which is implemented
by the Osp term. The NLO calculation involves one real and one virtual diagram
shown in fig. 7.5. While the virtual diagram is scaleless. The diagram with a real
gluon needs to be integrated over the phase-space of soft gluon. This then yields
non-vanishing contribution from when the soft gluon fails the grooming,

dik  5(k*) 6@ (qr — k) _
L A2 2 1 B
SieNLo(Qzeut) = 4g°Cifi™ vl / (2m)7-1 kt (k) 0(Qzcut — k) . (7.64)

Performing the integrals we find for the bare quantity

“scl
7T

2 1
i _ 52 _“ 2 .2y _ )
Ssc,bare(QZCUt) 0 (qT) + { ” [EO(QT/F ) 26(5 (qT)} (765)
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1%

)5(2)(qT) — 21r1<QZ

+éln(

o )Lolah i)} +0Ga),

and for the renormalized quantity, SSLC, (Qzcut; 1, v) we have

cut

Sch,bare(QZCUt) = Zslc (.u/ V) ® SSLC(QZCHU' H, V) ’ (766)
and satisfies the following renormalization group equations

d 1 __ ASC 1 d 1 __ ASC 1
mssc(ﬂﬂ/) =Y (]/1,1/) ® Ssc(ﬂlv) s dlny SSC(]/l,V) =7 (VIV)SSC(.”/V) ’ (7'67)

where the Qzq,: dependence is suppressed to improve readability. In MS scheme the
corresponding Fourier transform can be obtained using eq. (C.5)

3L (Qzatv) =1+ “;Ci{ - 21n(QZwt)1n(P;f) } +O?), (7.68)

ZE(mv) =1+ “;Ci{ - ; [ln(i‘f) - 21—6} + iln(Q;/cut> browd), 769

and thus for the one-one-loop anomalous dimensions we get

¥, v) = —2“5(?an(}:) +0(a?) (7.70)
s(n)C
Y, v) = 24 (P;[) Fln<Q;/mt) + O(a?). (7.71)

7.5 The connection between (-parameter and rapidity regu-
lator

In the standard EFT approach one used the rapidity renormalization group (RRG)
equations in order to resum large logarithms at the level of individual rapidity reg-
ulated terms [14, 49]. A more recent approach for performing the resummation of
large logarithms in the TMD evolution, known as {-prescription, was introduced in
ref. [16] and scketched in section 2. Here we rewrite the fixed order results using the
rapidity regulator in the past sections in the form appropriate for implementing the
{-prescription. In the framework of ref. [16] one works with the rapidity divergent
free quantity,

S0 (b, 0) = 1/ S (b; 4, vs) Si(b, Qzeuts 1, Vsc) (7.72)

where we have explicitly show the dependence on the rapidity regulator parameters
Vs and vg.. In the RRG approach this combination does not acquire rapidity evolution
thus here in order to establish the rapidity evolution we fix the rapidity scales at
two different values. Particularly we evaluate the soft-collinear rapidity scale at its
canonical value, vsc = Qzcut, and we allow for the corresponding soft scale to float
through a parameter {: v; = /.Note that this is not a unique choice of scales since
any choice for which vs/vse = v/ /(Qzcut) will give the same result. With this choice
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of scales we have,

S (b, ) =1+ "‘ngci{zln(’f)ln(fz) - 21n2(”:) _ 71122} +O2), (7.73)

and according to the notation of eqgs. (7.22, 7.23) satisfies the following equations

d
K S (i 8) = ST (0, 0)SE b, 0 (7.74)
d
CQSE?b(b; w0 = —DW)SL b, Q) - (7.75)

Its easy to show that the anomalous dimensions 4*/*? and D are related to the
RG and RRG anomalous dimensions of the global soft and soft-collinear function as
follows,

2

sc/su 1 S sc Cu 1 S SC
P, 0) = 57+ = T a]in(B) 4 Jar (] + 4[], (776)

¢ 2
and )
_ cus I’l S
D(p) =T P[as]ln(m) - A7, (7.77)
where
Ay, = — (“Z(;’) >2Ci [(% - 5653>CA + 1;—250} +0(ad). (7.78)

It is easy to confirm by looking the above equations that the anomalous dimensions
y5¢/sub and D satisfy the following differential equations,

d

d
/sub —
dlnglysc " (,’LI, g) - _rcusp ’
Also comparing against the notation of eq. (7.25) we see that the non-cusp part,
AY*¢/s#b  of the anomalous dimension °¢/*#? is a linear combination of the corre-
sponding non-cusp pieces of the global soft and soft-collinear functions. Particu-
larly:

A7 () = (389°las()] + A ¥las(0)]) (7.80)

and this statement is true to all orders in perturbative expansion.

7.6 Numerical results

7.6.1 Numerical results fore e~

In this section, we provide the results of our calculation for e*e™ — 2 jets computed
up to NNLL accuracy. The implementation necessarily needs a choice for the ra-
pidity scales and we have done it using the (-prescription as described in ref. [16]
and adapting the code artemide to the present case. This consisted of perform-
ing the evolution of the transverse momentum dependent components within the
artemide framework, while for all other scales not involved in the rapidity evolu-
tion, i.e., the hard and jet functions we applied the virtuality evolution presented in
section 7.3.1.
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There are some important modifications to the {-prescription framework for our
case which affect the numerics. One of this is that now {4 ~ Q*z%,, compared to
the di-hadron decorrelation case where {4{p ~ Q* This means that the effective
hard scale to which the distributions are sensitive is lower. Because the TMD factor-
ization is valid when gt is much lower than the hard scale of the process, one needs
that the product Qz.. be sufficiently high. In our plots we have considered the case
g1 S Qzcut- Then the evolution of the jet-TMD given in eq. (7.25) is also slightly dif-
ferent from the standard hadron TMD, although the changes are implemented easily
in the artemide code.

7
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FIGURE 7.6: Comparison of the NLL result against the partonic
shower of PYTHIA 8 for R = 1 and eqyt = 0.01 for two different center
of mass energies, LEFT: 50 GeV, RIGHT: 100 GeV.

In fig. 7.6 we compare our analytic result for NLL cross section (normalized)
against PYTHIA simulations for Q = 50 and 100 GeV. For the purposes of com-
parison we turn hadronization off in the simulation and we compare against our
purely perturbative result. The perturbative calculation depends on the parameter
Bnp which in practice implements a cutoff in the inverse Laplace transform such
that the soft scale, that behaves as 1/b, does not hit the Landau pole. As long as
we choose this parameter such that convergence of the integral is reached before the
cutoff, then the perturbative result is not much sensitive to the value of Bxp. Al-
though, as we now discuss, the theoretical uncertainty of the cross section for these
energies at NLL is quite large, we find very good agreement with the simulations
for the canonical choice of scales.

In fig. 7.7 we give the NNLL results including a theoretical uncertainty band.
We compare against the NLL cross section and although the error bands seem to
be larger than what is typically expected we can clearly see that the result conver-
gences and the theory error decreases by approximately factor of two. To estimate
the theoretical uncertainty we first vary all the factorization scales of a factor 2 (0.5)
around their canonical value, then we separately take the envelope of the variations
involved in rapidity evolution, y, isc, and of the ones involved only in the virtu-
ality evolution of the jet function, s, ptj. The final error bands we show are the
quadrature of the two contributions. The reason for this prescription is that rapidity
and virtuality evolutions are in principle uncorrelated. The uncertainty is somewhat
larger than what one might expect for a NNLL calculation, and is practically dom-
inated by the variations in the jet function. This is attributed to the small values
of the collinear-soft scale, jics ~ Q+/€cutZcut, Which approaches the non-perturbative
regime even for values of Q ~ mz. One might attempt to reduce the uncertainty by
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FIGURE 7.7: Transverse momentum de-correlation for e e~ — dijets
with center of mass energy at the Z mass.

increasing either eqyt Or zcut, but caution is needed not to invalidate the correspond-
ing hierarchy. We will see later that when only the mass of one jet is measured (e.g.,
in DIS or hadron-jet decorrelation) then the error band decreases significantly.

7.6.2 Numerical results for DIS

In this section we use the factorization theorem in eq. (7.18) to obtain numerical
results for the TMD spectrum of groomed jets in DIS process. Our analysis is done
for two center-of-mass energies, EIC: /s = 100 GeV and HERA: 318 GeV. For both
energies we integrate over y = Q?/(xs) and Q = \/—4? in the regions 0.01 < y <
0.95 and 40 < Q < 50 GeV. For the TMDPDFs we use the fits obtained from Drell-
Yan data [140] with the use of {-prescription. In fig. 7.8 we show our results for
NLL and NNLL accuracies for the two center of mass choices, including theoretical
uncertainties. We estimate the theoretical scale variations as described in sec. 7.6.1.
The groomed jet parameters that we choose are the same as in the di-lepton case: f =
0, zcut = 0.2, and eyt = 0.01. As before we find good convergence between the NLL
and NNLL result. The absolute value of theoretical scale variation is improvable
with higher logarithmic accuracy (NNLL-prime or perhaps N°LL), which needs the
explicit calculation of several jet hadronic matrix elements at two loops.
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FIGURE 7.8: The NLL and NNLL TMD spectra for groomed jets in

DIS for EIC (left: /100 GeV) and HERA (right: /s = 318 GeV)

kinematics. The cross section are integrated in y = Q?/(xs) and
Q = /—4? (see details in the main text).
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FIGURE 7.9: The NNLL cross-section including modeling of the ini-
tial hadronic state effects fitted from Derll-Yan processes using two
different scenes: fixed and variable Byp.

We further investigate the size of the uncertainty due to the hadronic initial state
and the non-perturbative effects induced by TMD evolution. We do that by varying
the model parameters as constrained by the phenomenological analysis in ref. [140]
for our NNLL result. We consider both variable and fixed Byp = 2.5 GeV~! (for
details on the difference of the two schemes see [140]). We find that the effects (for
our kinematics) are particularly small, of the order of ~ 5%, which is much smaller
than the theoretical uncertainties. This suggests that we need a better control over
the theoretical uncertainties in order to further constrain TMD distributions from
groomed jets in DIS. As mentioned earlier the uncertainty can be mitigated with
higher logarithmic accuracy or by choosing larger values of eqy, still compatible
with factorization. This, will require to treat the region III shown in fig. 7.3. For
this reason it is interesting to investigate the range of values of eqy for which the
energetic wide angle radiation is avoided.

7.7 Hadronization effects

One of the goals of this thesis is to study the non-perturbative effects associated with
TMD distributions, in this case the TMDPDE. Usually in any experiment, there are
multiple sources of non-perturbative corrections associated with both the initial and
final states. To have access to a specific source of corrections, its therefore necessary
to separate out the pieces of interest from the uninteresting ones, which in this case
constitute the final state hadronization corrections. To access the TMD then, we must
already have a good extraction of the rest of the non-perturbative effects. This is the
reason why we consider distinct experiments in this chapter. The idea, as we shall
demonstrate, is that the final state hadronization corrections are exactly the same in
the two experiments. The eTe™ — 2 jets case can be used to extract out all the final
state hadronization corrections, which can then be used for DIS.

For the ete™ observable, the factorization takes the form in eq. (7.7). Then, we
can study the non-perturbative corrections for each collinear object 7+, which by
symmetry, are the same for the two objects. If we now look at the factorization
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for DIS, eq. (7.20), the key point to note is that jjl(ecut, Q, zcut, b; 1, {p) is the same

object that appears in the the case of e*e™, while F;, j is just the TMDPDF. Thus it
now becomes possible to exclusively access the complete TMDPDFE. We now wish
to systematically list the sources of the non-perturbative corrections associated with
each factorized function that appear in our cross section.

In order to use jets it is important to consider all the non-perturbative effects for
the case of our observables and in particular the ones coming from the implementa-
tion of (groomed) jets. In fig. 7.1 we have shown that such corrections are expected
to be particularly small and we provide here a discussion about their origin from a
theory perspective. We have two measurements on the jet: the jet mass, which is
ultimately integrated over some interval and acts as a normalization, and the trans-
verse momentum (p | ) of the radiation that is groomed away. Since we are interested
in the shape of the g7 spectrum, we will only consider the non-perturbative effects
in cross sections sensitive to it. We are working in the region II of EFT and we are
going to discuss how non-perturbative effect arise when we increase the value of
gr (that is, we discuss here the non-perturbative corrections in the small-b limit,
where b = |b|). Our factorization theorem has four functions in the IR, the collinear,
the global soft, the collinear-soft, the soft-collinear functions, see egs. (7.9-7.10), and
all of them can potentially contribute to non-perturbative power corrections. Even
though the collinear and collinear-soft functions do not contribute to g1 perturba-
tively, they can still give a non-perturbative power correction to the gt spectrum.
There are also power corrections of similar magnitude in this region due to the fac-
torization of the sc function from the cs, but they are perturbative in nature and can
be handled by making a smooth transition to region III.

There are two types of non-perturbative corrections that we will consider here.
We call shift non-perturbative effects the ones which are not altered by the pass and
fail procedure of the grooming conditions. An example is the global soft function
that is independent of the grooming procedure and it is common to other TMD anal-
ysis. We refer to this kind of correction as shift non-perturbative effects since, as we
will see later, in the simplest case it generates a shift in the TMD spectrum. The
second correction instead is related to the grooming procedure with c¢s and sc soft
functions and the jet shape function. In this case non-perturbative effects are driven
by the so called “non-perturbative particles” and it is obviously only possible when
perturbative modes are on the boundary of passing and failing soft-drop. We refer
to these contributions as boundary non-perturbative effects.

7.7.1 Shift non-perturbative correction

For the case of shift correction, we assume that the soft-drop condition remains unal-
tered by any non-perturbative emissions. Now consider the contribution to the shift
correction by each function in turn.

The non-perturbative part of the global soft function defined in eq. (7.6) has been
studied in the literature in several frameworks [65, 198-202]. Up to O(b*) terms it
can be written as

(0|T[SxS5 ()] T[SaS}(0)]]0) = 5(b) + b? C*)(b)(0]O7[0) , (7.81)

where O' is the complete set of local operators that have the same quantum numbers
as the soft function. Summation over i is implied. Here S is the perturbative calcu-
lable part of the soft function and it contains rapidity and UV divergences as well as
the rest of other terms in the equation. We can pull this out as a common factor to
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write
(OIT[S:SE(B)ITISiSEO)I0) = S(b) (14 () 0[0]0)) . (782

To maintain the UV scale invariance of the cross section, we need that the second
term in the brackets be independent of UV divergences. However additional ra-
pidity divergences may be present in the non-perturbative matrix element on the
rh.s. that cancel with the corresponding rapidity divergence arising in the non-
perturbative power corrections to the collinear or soft-collinear functions. This is
related to the origin of the non-perturbative correction to the rapidity anomalous
dimension and it is usually included also in TMD analysis.

We can perform a similar analysis for the soft-collinear (sc) function. When an
sc (perturbative) mode passes soft-drop, then it does not contribute to gr since it
becomes part of the groomed jet. But since it has a large + component, it drives
the groomed jet mass outside the region of measurement and hence such events are
dropped. Therefore, we only need to consider the case when the sc mode fails soft
drop. In this case the non-perturbative emission contributes to the g7 measurement
if it lies outside the groomed jet. Given the angular scaling of this mode, which is
much larger than the collinear-soft (cs) and collinear modes that form the groomed
jet, the phase space region available is effectively unconstrained (this is also the rea-
son why we ignore any phase space constraints on the soft non-perturbative emis-
sions). Hence the correction in this case will also be a simple shift type and is imple-
mented in the same manner as in the case of the global soft function. As before, we
can pull out a common perturbative factor (that includes the perturbative soft drop
condition), and write

Sse(BsZeu) hace. = S5c(6, Qzcur) (14 1°C*) (b, ) (0/0'[0) ). (7.83)

Notice that now all the z.,+ dependence of the power correction is included in the
perturbative calculable coefficient Cs0) (b, zcut ), which multiplies the same non-perturbative
power correction present also in the global soft function case. The calculation of
C6), C69 is doable perturbatively, although this consideration goes beyond the
present work.

We can then combine all shift corrections that have an unconstrained phase space
for non-perturbative emissions together so that in b space we have a multiplicative
correction to the perturbative cross section of the form

SSSJE|hadr. = (1 + bz(Qs + Qsc))SSSJE|pert. ’ (7.84)

where () is the same as the TMD case and () is a single parameter to be fitted
from ee” experiments. It is clear that, in the event of non-trivial C {(s), (se)} ), sc can
have a mild (logarithmic) dependence on g7 so that this model will work well over
a limited range of qgr which may be sufficient for most cases.

We now consider the shift corrections coming from the collinear-soft and the
collinear functions. Since these modes determine the region of the groomed jet, we
can consider two possible scenarios which give a non-trivial power correction.

1. Collinear-soft (cs) particles pass soft-drop:
If the cs particles pass the soft-drop then any non-perturbative emission scal-
ing as the cs mode can contribute to g7 when it lies outside the groomed jet.
In this case, we need to calculate the catchment area of the groomed jet that
is determined by the angular distance of the cs subject that passed soft-drop.
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As was pointed out in [188], it is possible at NLL, using a coherent branching
formalism, to factorize a purely non-perturbative function from all the calcu-
lable perturbative effects (including grooming). A detailed analysis of these
corrections will be presented in a future work.

collinear

olhnear
Phasespace for
P emissions collinear-NP emissions

FIGURE 7.10: (a) When the collinear-soft (cs) function passes soft

drop, the non-perturbative (NP) emissions, with the angular scaling

of the ¢s mode , with a virtuality Agcp must fall in the phase space

shown by the blue shaded area in order to contribute to 7. (b) When

the cs function fails soft drop, the NP emission with the angular scal-

ing of the collinear modes must not be clustered with the collinear
sub-jet in order to contribute to g7.

2. Collinear-soft particles fail soft-drop:

In this case collinear modes are the only ones that pass soft-drop, so that any
non-perturbative mode scaling as cs has an unconstrained phase space, by the
same logic as for the soft and the sc functions, so that we get a simple shift
correction of the same form as the soft, sc and TMD collinear functions.! There
is another possible interesting correction that will come from the collinear NP
emission that lies outside the catchment region that is now determined by the
collinear modes alone.

In this case there are two ways of approaching the problem. In one, we con-
sider separating out the non-perturbative corrections before factorizing the cs
and collinear modes. The other way is to realize that in the case where cs
fails soft-drop, the entire groomed jet mass measurement comes from the jet
function alone and using this condition we can define a catchment area for
the collinear non-perturbative emissions without explicitly accessing any infor-
mation from the cs function, so that the factorization between the collinear and
cs modes is maintained. In this case, we can do a diagrammatic analysis, sim-
ilar to [188], for the collinear function, to check if it is possible to factorize the
non-perturbative effects from the perturbative. We leave this work for the fu-
ture.

ITechnically in this case the perturbative value of p | . would give a larger correction. However,
this correction can eventually be handled by transitioning to a new EFT in which the sc and cs func-
tions merge together. For now we will ignore them and only keep track of the other non-perturbative
corrections.
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7.7.2 Boundary corrections

We now consider boundary corrections that leave the g7 measurement function un-
changed but only require an expansion of the soft-drop condition in 4~ /Q. The func-
tions that do not explicitly have a soft-drop condition can then be ignored, which
leaves us with only the sc and cs functions. We can follow the same line of reasoning
as in [188].

2py/ 2py/p0

A A

\:>/ > 2pac/p0

collinear-+-cs

Phasespace for gain
of sc-NP emissions

FIGURE 7.11: (a) The case where the sc subjet loses an NP emission
(b) The case when the sc subjet gains an NP emission

1. sc emissions
In this case we demand that either an addition or removal of the non-perturbative
emission cause the soft-collinear function to fail soft-drop. Otherwise it will
drive up the jet mass outside the measured range. If we consider a non-
perturbative emission g* along with a perturbative momentum p#, then we
can expand out the soft-drop condition in the non-perturbative momentum.
We can write the complete measurement function as

+
@p:tq =0 (rJEIq - Zcu’c) 62(}71_50 - pJ_ + qT) ’ (785)

where p is the momentum of the perturbative sc sub-jet while g* is the momen-
tum of the non-perturbative emission. The =+ signs indicate whether the per-
turbative cs subject gains or loses a non-perturbative momentum after hadroniza-
tion. In the case where the sc sub-jet gains a non-perturbative emission, the
measurement expanded to leading order looks like

O~ @ P (p e —pL) + ‘;]@M(eq, 0,, Ap)5", [52(,&“ - pL)} , (7.86)

with

_olF _s5(P
e/ =0 (E] — zcut) , §'=0 <E] — zcut> . (7.87)
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In this case, the non-perturbative emission g/ gets clustered with the sc subject.
Note that we have expanded g; from the p;, measurement since we are work-
ing at leading order. The phase-space constraint, ®><, gives the condition that
ensures g gets clustered with the sc part.

The second case is when g/ is emitted off p* but it is not clustered with the
sc jet. The short distance condition now acts on p — g, which can then be ex-
panded out to give

@ 1~ 0 P(pi—pi)— %@bf-(eq,ep, 89)3L [ (prsc—p1)|, (7.89)

@P< is the phase space region for q so that it falls outside the sc subjet. We can
see that the leading power correction scales as g~ / Ej, which, given the angular
scaling of the sc mode, scales as grzc,:/Q. Given a typical value of z.,; ~ 0.1,
this factor is then comparable to the g%/ Q? correction that we get from the shift
terms.

2. Soft -Collinear function
We expect that since perturbatively this function does not contribute to g7, the
boundary correction should have no effect on the gr measurement.

We now have listed out all the possible NP corrections to the transverse momen-
tum measurement.
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Chapter 8

Conclusions

“We are all apprentices in a craft where no one ever becomes a master.”

Ernest Hemingway

In this thesis we investigated how the extraction of transverse momentum distri-
butions from experiments can be improved and how these methods can be applied
to future experiments as the Electron-Ion Collider (EIC).

Part I of this thesis was devoted to study transverse momentum distributions
(TMDs) with different polarizations and their matching over their corresponding in-
tegrated PDFs in perturbation theory. These TMDs are crucial objects to study pro-
cesses with polarized hadrons that will be relevant in future experiments as EIC [203]
or LHCSpin [204]. Increasing the perturbative order of the matching coefficients of
the polarized TMD distributions at least up to the same order that their unpolarized
counterparts is important in order to decrease the theoretical errors and improve
the extraction of nonperturbative information from the experiments. A fundamental
tool to understand theoretically cross sections with hadronic components are the fac-
torization theorems derived using the tools provided by Soft-Collinear Effective The-
ory (SCET) discussed in chapter 1 that allow to obtain a proper definition of the TMD
distributions as we summarized in chapter 2.

Chapter 3 completed the definition of the TMD given in chapter 2 introducing the
dependence on the polarization. Also, the renormalization of the TMD operator was
discussed in details, reinforcing the idea that it is independent on the polarization
of the operator. A complete discussion on the matching of TMD distributions to the
twist-2 integrated distributions in the regime of small-b (or equivalently, large-g7)
was provided. To perform the matching we have evaluated the operator product
expansion (OPE) of a generic TMD operator near the light-cone.

The evaluation of OPE for a generic TMD operator revealed the condition which
should be satisfied in order match the rapidity divergences of a TMD operator and
the leading order TMD soft factor. The conditions presented in eqs. (3.21, 3.23)
restrict the Dirac and Lorentz structure of the TMD operators. The TMD distribu-
tions whose operators meet these conditions, are known as TMD distributions of
leading dynamical twist (twist-2). In this way, we demonstrated that the next-to-
leading-dynamical-twist contributions to the TMD factorization theorem (i.e., the
power suppressed contributions to the TMD cross-section) with different Dirac or
Lorentz structures necessarily have a different structure of rapidity divergences.
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In chapter 4 the matching coefficients of the twist-2 parton distributions were
evaluated and they constitute the first original results of this thesis. The TMD dis-
tributions that have non-zero matching are helicity (g11, g3;), transvesity (h;), pret-

zelosity (hliT) and linearly polarized gluon (hlL £} distributions (we do not take the
unpolarized TMD distribution into consideration because it has been considered in
many articles. The evaluation was performed using the same regularization as the
one used here can be found in [18]). Most part of the coefficient functions at NLO
were evaluated separately for quarks and gluons by different groups [77, 83]. We
agreed with their evaluations (taking into account that in ref. [83], a different renor-
malization scheme was used). In addition, we provided new results for transversely
polarized distributions and linearly polarized gluons up to NNLO.

First of all, the matching of the helicity distribution up to NLO was discussed.
We provided a discussion on the schemes of 5 and er-definition in dimensional
regularization, which had been neglected by previous authors and it is important
in order to perform a systematic study of helicity distribution. We have shown that
the definition of 75 suggested by the popular Larin scheme [91] was not compati-
ble with the condition of the leading dynamical twist, and thus, it is inapplicable
in TMD calculations. We suggested an updated version of Larin scheme (Larin™
scheme eq. (4.19)), which supports the condition and has simpler properties than the
traditional one. Our calculation has been performed in Larin™ and HVBM [89, 90]
schemes. At NLO the difference between schemes arised only in the e-suppressed
terms. We discussed about the normalization of the distributions and derive the fi-
nite renormalization constant (4.26) for TMD helicity distributions in both schemes.
The evaluation of the matching has been performed at finite €. The e-suppressed
terms, although do not contribute directly to NLO, contribute to higher perturbative
orders (see e.g. discussion in [18]).

We studied the twist-2 matching of transversity and pretzelosity (or quadrupole)
TMD distributions. We derived the matching coefficients for these distributions at
next-to-next-to-leading order (NNLO) in the strong coupling. We checked that the
renormalization of rapidity divergences worked exactly in the same way as for un-
polarized distributions, as it was predicted by the transverse momentum dependent
factorization theorem. The present calculation had a structure similar to the one of
the NNLO matching of unpolarized TMDs made in [18].

In the case of transversity, we considered both the TMDPDF and the TMDFF
cases. We found several analogies and identities between the matching coefficients
of transversity and unpolarized distributions, that can serve as a cross-check of both
results. The matching coefficients for transversity (see eqs. (4.39, 4.40, 4.41) and
eqs. (4.58, 4.59, 4.60)) can be readily used in phenomenological applications. A re-
cent review of the phenomenology of transversity in fragmentation can be found in
[107]. Our result is the first calculation of the NNLO matching for transversely polar-
ized TMD operator. To our knowledge the NLO matching coefficient for transversity
TMDFEFF (eq. 4.57)) is also given in this thesis for the first time. We stress that this is
also the first NNLO evaluation of the matching for a polarized TMD distribution.
Therefore, given the result of this work, the transversity TMD distribution is known
to the same perturbative order as unpolarized distributions. This fact is important
to establish phenomenologically the universality of TMD evolution.

The pretzelosity distribution has e-suppressed matching coefficients up to NNLO.
This offers a natural explanation of the smallness of this distribution in phenomeno-
logical analyses [108]. We have found that the expected two-loop matching coef-
ficient is actually zero, despite the fact that the matrix element over free quark for
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pretzelosity distribution is non-zero. This is an unexpected result, since the analo-
gous quadrapole distribution in the gluon sector (namely linearly polarized TMD
gluon distribution) has a non-zero matching already at one-loop level. We have also
checked that the LO of the large-Ny expansion (given by diagrams with an arbitrary
number of fermion bubble insertions, for details see [66]) also vanishes. Although
these facts do not demonstrate completely that the twist-2 part of pretzelosity is zero
at all orders in perturbation theory, certainly they are an evidence for this statement.
We conjecture that the pretzelosity distribution does not match the twist-2 distribu-
tion. Recently, this conjecture has been proved in ref. [114] and its non-zero matching
at twist-3 has been demonstrated. We performed the calculation of pretzelosity only
for the case of TMDPDF, but, we expect the same result for the TMDFE.

We closed this chapter showing the NNLO matching of the linearly polarized
gluon transverse momentum dependent parton distribution function (lpTMDPDE)
over the unpolarized PDFE. Thanks to this calculation, [pTMDPDF can be considered
at the same level of theoretical accuracy as the unpolarized gluon TMDPDF [18,
81]. This distribution typically accompanies unpolarized gluon TMDPDF within a
TMD factorized cross-section and an interesting example is the factorization formula
for the Higgs-production cross-section, where these distributions enter in a plain
sum. For this reason, both distributions should be considered at the same order
of perturbative accuracy. In chapter 5 we apply the perturbative result obtained
to study the influence of the IpTMDPDF over the Higgs production cross section.
The module for the numerical evaluation of [pTMDPDF is added to the artemide
package that can be downloaded from [117].

The impact of NNLO correction for [pTMDPDF is very significant and practically
doubles the value of the function for moderate b. This fact should not be considered
very surprising given that LO term (aJ-term) for [pTMDPDF vanishes. The relevance
of this effect in the Higgs cross section has been discussed in sec. 5.1 and it is sum-
marized in figs. 5.2-5.4. Unfortunately, at the moment we have not a reliable model
for the non-perturbative part of the gluon TMD distribution, and in this chapter, we
have adapted values for distributions extracted in refs. [66, 140]. A more detailed
study on the non-perturbative part of the gluon TMDPDF is certainly warranted in
the future (for work done in this sense see [205]).

In several papers, it has been suggested that unpolarized and linearly polarized
gluon TMDPDFs can be measured in association with heavy-quark production [133-
139]. We leave an analysis of these processes for future work because at the moment
we miss a full factorization theorem for these cases. Nevertheless, the consistency
of data with the factorization hypothesis can always be checked with the result pro-
vided in this work.

Part II of this thesis studied different methods to extract information about trans-
verse momentum distributions. Instead of increasing the perturbative accuracy of
the matching coefficients for TMD distributions in this part we studied new ways to
access the hadronic information through processes involving jets. A clear advantage
is that the jet momentum can be calculated in perturbation theory to a large extent,
while the fragmentation of hadrons is an intrinsically nonperturbative process.

In chapter 6 we provide an initial formulation of this idea, using a modern def-
inition of jets. There we observed, for the first time, that the cross section for dijet
production in e*e™ collisions and SIDIS with a jet in the final state can have the same
factorization as for hadronic TMD measurements, simply replacing a TMD fragmen-
tation function by our TMD jet function. This factorization depends on the jet radius
R and recombination scheme, holding only for all values of R if the Winner-Take-
All axis is used. In particular, in the regime of small g7, which is interesting for
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extracting the intrinsic transverse momentum of partons in the proton, the cross
section for the standard jet axis does not satisfy the usual TMD factorization. To
explore the ramifications of these ideas, we presented numerical results for Belle I
and LEP (e*e™ collisions), and HERA and the EIC (SIDIS), building on the existing
artemide code. We reported the details of the NLO calculations of the TMD jet
function, and have also numerically evaluated the NNLO contribution in the large-
radius limit with Event2. This was motivated by the observation that the NLO
result is well described using the large-R jet function, for all experimental cases we
consider. Consequently we achieved the same N3LL accuracy as in the correspond-
ing hadronic TMD cases. We verified the perturbative convergence of our numerical
predictions, achieving perturbative uncertainties of order 5% in the peak of the dis-
tribution at N®LL. We also found that our cross sections have similar sensitivity to
nonperturbative effects as the corresponding hadronic case, without the burden of
additional nonperturbative effects from fragmentation. Specifically, we investigated
how the cross section changes when varying the nonperturbative parameters within
the errors provided in [140], concluding that in principle these experiments can pro-
vide important constraints on these parameters. Here we benefit from using the
{-prescription, which ensures that the nonperturbative parts of the evolution ker-
nel and the rest of the TMD are uncorrelated. The nonperturbative effects to the jet
TMD have not been estimated in this chapter. However our factorization theorems
ensure that these effects can be included in the definition of the jet functions and are
therefore universal, i.e., the same in eTe™ collisions and SIDIS. In this respect, the
hadronization of jets can be treated in the same way as the nonperturbative part of a
hadron TMD, and is therefore expected to be subdominant compared to the nonper-
turbative part of the evolution. Consequently, jet measurements may provide one of
the best ways to constrain the nonperturbative part of the evolution kernel.

In chapter 7, we presented the computation of the transverse momentum de-
correlation observable for fat jets groomed using the Soft-Drop algorithm. We con-
sidered two scattering experiments: eTe~ — di-jets and semi-inclusive DIS. In the
former, we measured the transverse momentum imbalance between the two groomed
jets. We imposed a jet mass constraint on our jets in order to ensure collimated jet
configurations. Simulation using PYTHIA showed that grooming greatly reduces
the impact of underlying events as well as final state hadronization. We showed
that the factorization theorem for this observable involves the universal soft func-
tion which also appears in the traditional definition of TMDs. We proposed that this
observable can be used as a probe of the non-perturbative rapidity anomalous di-
mension, which is a universal parameter for TMD distributions. We proved within
our EFT that the cumulant jet mass constraints only add to the overall normaliza-
tion of the perturbative cross section and hence do not impact the shape of the trans-
verse momentum distribution although it does contribute to the uncertainty. We
collected or computed all the ingredients necessary to evaluate the cross section to
NNLL accuracy and a numerical study for the cases of interest. In the implemen-
tation we used the artemide code [66, 117, 140] which contains the most recent
extraction TMDPDF at higher perturbative orders. As part of the numerical anal-
ysis we used the {-prescription [16] which allows a complete disentanglement of
non-perturbative effects of rapidity evolution from the rest. An uncertainty analysis
gave us an error band of approximately + 10 %. The main ingredient of this error
is the perturbative uncertainty which can be systematically improved. As shown
in fig. 7.1 the hadronization corrections at low gr are significantly smaller than the
case of a standard jet axis and it is therefore one of the major advantage of using
grooming. These effects are expected to be the same in eTe~ and SIDIS because of
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the factorization of the cross section. In the case of e*e™ these corrections constitute
all of non-perturbative effects and they are associated with the final state shower.
In order to do a meaningful extraction of non-perturbative parameters in this case,
it is therefore necessary to improve the uncertainty from perturbative physics to be
better than 5%. This can be achieved by moving to a higher order in resummation
accuracy (NSLL).

In the SIDIS case we measured the transverse momentum imbalance between
the groomed jet and the recoiling lepton. Once again we demanded a jet mass mea-
surement in order to ensure sensitivity to collinear physics only. A large part of the
contribution to this comes from the soft and collinear radiation that lies outside the
jet and, for low transverse momentum, probes the complete TMDPDE. The cross
section was again presented to NNLL accuracy and involves much of the same in-
gredients as in the case of e"e~ — dijets. A higher order perturbative calculation is
expected to reduce significantly errors also in this case.

Concerning the hadronization effects we observed that grooming the jet allows
us to have a wide angle jet, which is preferred in low energy experiments, while
still being free from non-global logarithms, which are non-factorizable and they are
usually present in un-groomed jets. Nevertheless it is possible to measure directly
the hadronization effects due to grooming. The idea is to parametrize and extract
all of the non-perturbative effects from e*e~ — dijets and use them in SIDIS since
they contain all the same matrix elements (in addition to the TMDPDF) as explained
in section 7.7. This gives us a robust way to access the TMDPDF while maintaining
control over all other non-perturbative effects.
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Appendix A

Perturbative ingredients

In this appendix we present the perturbative results for quantities needed along this
thesis but which are not calculated for first time in the context of the original work
made in this thesis. These are: anomalous dimensions for the TMD/jet operators,
hard functions of the considered processes to make phenomenological predictions,
soft function and renormalization constants for TMD distributions.

A.1 Anomalous dimensions

We list the anomalous dimensions that enter the double-scale evolution described
in egs. (2.55, 2.56). The phenomenological predictions obtained along this thesis
use N°LL resummation by default, corresponding to the first row in table A.1. An
exception is fig. 6.5, where we compare different orders to test the convergence of
resummed perturbation theory.
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TABLE A.l: Various orders in resummed perturbation theory, and
the fixed-order (F.O.) and resummation ingredients they involve. The
fixed-order ingredients are the perturbative expansion of the hard
function, jet function and the coefficients in the matching of the TMD
PDFs onto collinear PDFs. We also use the PDFs extracted at this or-
der as well, and use the corresponding running of the coupling.
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e The anomalous dimension yy = ;7 ; a7’ for quarks and gluons,

f)/?/(l) - _6CF1

2
Y = C2 (3 +4n° —48g3)+chA< >~

260 4r?
+CFTNf< +”>,

%1 1172 >

3

4 2
RO (—29—6n2— O 1360+ 53+48055)

L C3C, < 1§1 N 4lgn2 4?;?4 B 16388 [ 1637r2 (s 2 4%5)
ete <_1izgg5 B 7126:;2 B &Zg‘* N 70952 Cs 8897'(2 Cs 27%5)
L TN, <5;26 B 5297r2 B 527;4 1024 g3>
recimy (-, T MW
+CFT3NJ% (12336 - 8(2)7;2 - gi@) ,
P = —23—2CA + iTTNf,
B =c3 (—1334 + 119” > +CATN; (512 43 ) + 8CFT,Ny.
0726 (S G o+ - e )
+2C3 T,Ny <3%;5 - % 2+ 18325 * mgg)
+2CACrT, Ny <2434 — %7{2 — % t— 304g3> — 4CFT,Ny
+2CA TN} (—;‘zg + ;}(1) 2 224§3> — SCPTZNJ% (A.4)



A.2. Hard functions and tree-level cross sections 145

e Itis convenient to write the expression for the function D as an expansion:

Di(ubr) = Y ary 1hath, (A.5)

or®, g =,
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The result for d®9) has been recently computed in [63]. The rest of d®) can be
found also in [181].

A.2 Hard functions and tree-level cross sections

The hard function for Drell-Yan production/electron-positron annihilation up to
two-loop accuracy is [61, 206, 207]
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where 1; = In (s/4?) and s stands for the center of mass energy of hadrons (Drell-
Yan) or leptons (electron-positron anmihilation).

DIS-like processes are related to Drell-Yan production/electron-positron annihi-
lation at the level of the amplitude by s — —Q? (where Q? is the virtuality of the
transferred photon). For the hard function this leads to

Hpis(Q% 1) = Hpyjere (Q% 1) — 2a,7*Cr
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60
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The respective tree-level cross sections are given by
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where the effective lepton charge &; 2 includes the contribution from Z boson produc-
tion,
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Here ¢, is the electric charge of the quark, v; and 4; are its vector and axial couplings,
myz is the mass of the Z and I'z its decay width. Our numerical predictions always
include Z boson corrections, though their effect is small for Belle and SIDIS.

A.3 Soft function

The soft function used along this thesis to renormalize rapidity divergences in un-
substracted TMD distributions and jet functions is written as

S(b) = exp [ascp (s[” + .82 + O(ag))} . (A.11)

This function is calculated in modified J-regularization scheme up to NNLO
n [52]. The NLO expression given in the exponent of eq. (A.11) is

S = —4CkBT(—e) (Lﬂ +245 — (=€) — 7}5) ’ (A.12)

where Cx = Cp(C,) for quark (gluon) case. The NNLO contribution reads
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where Cx = Cr(Cy) for quark (gluon) soft-factor. Here, the logarithm 1; = In (42 /]6%67|),
while after substitution 6~ = §*¢/(p™)? it reads

2

I; = In (W) =1, — 2A,. (A.14)

The constants d"*) are given in section A.1.

A4 Renormalization constants for fields and TMD operators

For the completeness of exposition we also present the renormalization constants for
quark and gluon fields up to NNLO [208]
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The quark and gluon TMD operator constants are calculated up to NNLO in [18]
and read
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Appendix B

Loop integrals for TMD higher
order calculations

B.1 1-loop integrals

We present here the integrals needed in the evaluation of the Feynman diagrams that
give the one-loop contribution to the different (un)polarized TMDPDF and TMDFF
along this thesis. At 1-loop accuracy we have one loop particle to integrate over
its momentum. This particle can be a real or virtual one. Once we simplify the
integrand of the diagrams we have only one non-trivial integral

, (B.1)

_ [ d'k DiscD(k)5(Kt —k+) Rel(kb)
F, [R] - / (27-[)171 [(k—i—p)z]pr“

where K™ = —xp™ (for PDFs) or K™ = z/z p™ (for FFs) and the value of R can
be R = 1 (unpolarized or transversity TMD), R = {1,k?} (helicity TMD) or R =
{1, (kb)?} (pretzelosity or linearly polarized gluon TMD). The integral in eq. (B.1)
can be obtained from the basic transverse integral

d 2y elk0) 1 r(e-0) (1\ B.2

| oty = = 109\ £ ©2

because all the non trivial structures in R are transverse. So, we can do derivatives
with respect to the impact parameter and then contract the result with ¢#¥ (to get the

integral with R = k?) and b"bY (to get the integral with R = (kb)zT). The final results
of these integrals (for PDFs) are

Fo=Rll) = ont(-e), (B3)
—2% B¢
F[(kb)?]/B = W(l +2€)T(—e)p—+, (B.4)
. x B¢ B
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where B = b®/4 > 0 and the term B/B < 1 is supressed. These integrals are
used in intermediate passages on two-loop integrals presented in the next section.



150 Appendix B. Loop integrals for TMD higher order calculations

B.2 2-loop integrals

Three different types of diagrams arise in the calculation of the unsubstracted TMD-
PDF matrix element for the diferent (un)polarized TMD distributions and they can
be addressed on the basis that the exchanged gluons are pure-virtual, virtual-real
or real-real. The pure-virtual diagrams, are zero in the dimensional regularization
due to the absence of a Lorentz-invariant scale in our scheme of calculation. The
virtual-real and real-real diagrams have respectively one and two cut propagators
and should be computed directly. The calculation of these two types of diagrams
draws from two general master integrals. The first one is the master integral for
virtual-real diagrams,

d?kd?l Rpt o(wp™ +11)5(KH —kT) k0 5(k2)0(£k™)

(2m)2 [(1+ p)2)e[(k + p)2]e[(k + 1+ p)2Je[(k + D)2)[(12)]¢
(B.6)

Pabcde[R] = _(27-[)/

where K™ has the same values that in the 1-loop case and the positive (negative) sign
inside the step function stands for the PDF (FF) case. The second type of integrals is
the corresponding to real-real diagrams,

B d*lkd " RPN §(k2)6(—k )8 (1%)0(—1")
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In both cases, R = {1, (kb)?, (kb)(Ib), (Ib)?} because the two-loop momenta
structure is richer than the discussed in section before. The collinear components
of loop momenta can be integrated with the help of the introduction of a delta func-
tion in each case, introducing the parameter w (for virtual-real diagrams) as

1= /oo dw pto (wpt + 1) (B.8)

and the parameter 7 (for real-real diagrams) as

1= /°o dy p*o (7p* +1). (B.9)

the residual dependence on these parameters should be integrated out at the end
of the calculation of each integral over momenta.

B.2.1 Integrals for unpolarized and transversity TMDPDFs

The integrals which appear in the study of these two distributions have a simple
momenta structure in their integrands, due to the simplicity of the projectors related
to this particular polarizations, see egs. (3.4,3.5). So, the only possible value of R for
these particular TMDs is R = 1. So, we rename Fyp.4.[1] = Fopege and Fapea[1] = Fapea-
These type of integrals were calculated for first time in [18].

In the following we discuss the possible integrals which appear in the calculation
of diagrams for these TMD distributions. For virtual-real like integrals all the cases
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with a decoupled virtual loop are zero. So,

Fo2001 = Fo2100 = Fi1001 = Fi1100 = Fi2000 (B.10)
= Fo1110 = Fo2010 = Fo2100 = Foio11 = 0.

Also, integrals with negative index can be rewritten using identity
k+14+p)2+P=(p+D)*+(p+k)?+ (k+1~

The only non-zero integrals with positive indices are (see)
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where [dx] = 6(1 — x1 — x2 — x3)dx1dx2dx3. We leave the integral over Feynman

parameters, since it is convenient to integrate first over w with the help of -function
in eq. (B.8). Note that only integrals with sum of indices equal to 3 participate. There
are two another integrals that appear in calculation and can be reduced to the previ-
ous cases

+ +k+
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For the real-real diagrams, only integrals with sum of indices equal to 2 partici-
pate. The list of non-zero integrals is
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1, T2(—e) (kT 417\
Fioo1 = (47r)dB€ o I ,
1, T2(—e) (kT 417\

To obtain the values of the integrals in eq. (B.14) for the PDF/FF cases, k*, 1" should
be substituted by their corresponding values given by the corresponding delta func-
tions in each case. The integrals with negative indices can be obtained from the ones
presented here, by differentiation with respect to k™ or I .

B.2.2 Integrals for pretzelosity and linearly polarized gluons

In the study of pretzelosity and linearly polarized gluon TMD distributions there
are some further difficulties to be taken into account. Due to the more complicated
projector used, with a richer momentum structure we have all the possible values of
R indicated before. This new feature introduces scalar products of the loop momenta
with the impact parameter space vector, b in the numerator of the integrands that
complicates the calculations of these integrals.

For virtual-real diagrams this difficulty can be by-passed by calculating sepa-
rately virtual subdiagrams. This approach allows to contract the projector only with
the real loop-momentum, simplifying the calculation of integrals. For real-real inte-
grals no subdiagrams can be calculated, but the results can be obtained in terms of
the integrals given for R = 1 in eq. (B.14). Thus,
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—477F(_1)210,
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Note that in the new integrals for these quantities the sum of the indices abcd of
the new integrals is 3. Also, the integrals with R = 1 appear by themselves as parts
of the diagrams calculated.

Additionally, we have met three integrals that could not be reduced to a combi-
nation of known results: Fi110[(kb)?], Fi110[(kb)(Ib)], Fi110[(Ib)?]. For these integrals
we have derived the expressions in the Schwinger parameterization, and evaluated
them in e-expansion up to the finite term following the strategy described in the
book [209]. We make an sketch of the evaluation of these type of integrals from the
general integral,

(—1)mtbte p+ I+\° K\ ?
FabCO[R] = (47_[)2 k+1+ _PT _PT (816)
. dd72ded72lT Rei(kb)+i(Ib)
/ (27T)2d—4 [l%]”[sz]b(xlsz + Z(kl)T + XZZ%)C,
where
l++ + k+_|_ +
X = — k+P, X = — z+p . (B.17)

As the distributions in whose calculation this integral enters are calculated only for
the TMDPDF case we focus only in PDF kinematics. So,

X1 = U :1+L>1, X2:r]+x

n—x n—x Ul
We call the integral in eq. (B.16)

:1+;>L (B.18)
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(B.19)
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which is to be solved in terms of derivatives with respect of the parameters of
the following integral

dd—Zded—ZlT Rei(khl)—i-i(lbz)
Sabe = / 2r)2=% [2]a[k2]P (x,k2 + 2 (k] AY: (B.20)
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where

AN = ajay — a%z, a1 = (a+ x27), ay = (B+x17), a;p =7. (B.21)

Next we make the change of variables

a — Lxp(ap — 1), B — Lxy(ag — 1), v— 1L, (B.22)
with
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Thus, we obtain
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where Ay = x1x20100 — 1.
The integration over L is straightforward (2 + b + ¢ 4 2e < 2)
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Using the derivative over b; » we obtain
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finllpky] = xEXZ uBZEF 26/ duy o
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We can also write the following relations
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Using these relations we can reduce the number of integrals to evaluate, since
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b?(Axk + Bir),
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Additionally knowing that b is the only dimensional parameter we derive

4€(Akk +2A4 + All) = By + 2By + By;.

Using the definition in eq. (B.16) we obtain

ax1 Fach[R] = _CFa,bf

1,c+1,0 [R]I

aszach[R] = _CFafl,b,chl,O [R]

And parameterizing

b"b"
Facolkpky] = 7' AR + =5 BE,

b'bY
Fach[kI;"lH g?“’AﬂbCU b2 BﬂbCO/

Fach [lgl%]

We obtain

b'bY

— gVVAabCO + 7Babc0.

bZ

2( - )Aabco BZIECO = _(77 - x)Fa,b—l,cOr
2(1 )Aach B?Ibco = _ﬁFa—l,ch/

1
2(1 _e)Ai?CO_{—BZIbCO 2Fabc

abc0
By +

10+ 7 Fa 1,6c0 T
ZBach + Bach

Aach + ZAabCO Auch —

2(2€+a+b+c— 3)

7+x

2

Fa,b—l,cO/

(B.29)
(B.30)

(B.31)

(B.32)
(B.33)

(B.34)

(B.35)
(B.36)
(B.37)

(B.38)

(B.39)
(B.40)

(B.41)
(B.42)

(B.43)

(B.44)
(B.45)

(B.46)

(B.47)

b"bY (xqaq — 1) (x2a2 — 1) (x101 + X200 — 2)261}
€ :
(x1x200100 — 1)2H€



156 Appendix B. Loop integrals for TMD higher order calculations

So, we can get the relation

1 1
Farco[(kb)(Ib)]/B = =2 Faveo[(kD)?]/B — = Fapeo[ (Ib)?] /B

1+4

1+ ee ( — Fape10+ (1420 = 27)Fp 1,0 — (1 = 7—’7)Fa—1,bco>,

wherea +b+c = 3.
Another three integrals that could not be reduced to a combination of known

integrals but that can be related with Fy110[R] through a change of variable are:
Fo11[(kb)?], Fouu1 [(kb) (Ib)], Fouua [(16)?].
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Appendix C

Laplace and Fourier
transformations

We define the Fourier transform, FT[f](b) = f(b) of a function, f(qr) = FT '[f](q1)
as follows,

+00
f(b) =/_oo dqr f(qr)exp(—ib-qr), (C1)
and the inverse transform
"t dp .
flar) = [ @) explib-ar) €2)

In order to get the Fourier transforms of the plus distributions that appear in the
factorization theorem we use,

1 2 1+« 1
(271);12(5%) = —5-0%(qr) + Lo(at, 1*) — aLa(q1, 17) + O(a?) . (C3)

Taking the Fourier transform of the left-hand-side (LHS) we get (see eq. (E.2) of
ref. [14])

T dgr 1 p?\ e : _ e r(-a) (p\®
Lw (27) VZ<L72T) exp(=ib-ar) =~ i ()

= £ +In(L) +an?(L) +O0() (Ca)

where yr = 2exp(—yg)/b and b = |b| and in the second line we expanded in «.
Comparing this result with the RHS of eq. (C.3) we get,

FT[o®@n]®) =1,
FT |Lolah 1) | (6) =mn(%),
FT (L1313 (0) =12 (k). (C5)
We define the convolution f ® g with
feg|n) = [de flar—e0ge0), ()
such that
Flfog|m)=fb) < 5(0). ()

Similarly for the distribution in the jet-thrust we often work in Laplace space
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where the corresponding convolutions translate to products. For these reason we
define the Laplace transformation L7 [f](s) = f(s) of jet-trust distribution f(e) =
LT f](e) as follows:

f(s) = [ de exp(—se)f(e), (C.8)

and the corresponding inverse transform
Ly C9
FO) = g [, @5 oxp(se)f(5). (9)

Similarly with the case of Fourier transform we use the following expansion to iden-
tify the Laplace transform of plus distributions that are present in the fixed order
expansion of the jet and collinear-soft functions,

H(E) o = — 200 + Loled) —aba(e )+ OW), (C10)

taking the Laplace transform of the LHS we get

/000 de (g)lﬂ exp(—se) = s"T'(—a) = Lo In(¢3) — a(%lnz(&?) + 71-[22) + O(lxz) ,

¢ ' (C.11)
where § = sexp(yE) and thus from comparing eq. (C.10) and (C.11) we have
,cfr[a(e)} (s) ~1,
LT [.co(e, g)} (5) = —In(Es),

LT [.cl(e, g)} (s) =lm(es)+ 5. (C.12)
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Title: Transverse momentum dependent distributions for the Electron-Ion Collider
era

Introduction and outline

The physical theory which deals with the strong interactions between quarks and
gluons in known as Quantum Chromodynamics (QCD). This theory, together with
the ones that deal with electromagnetic and weak interactions (unified in electroweak
theory) are combined into the Standard Model (SM). This theory is built in terms of a
Lagrangian of quantized fields describing fundamental degrees of freedom, quarks
and leptons, and bosons that act as carriers of the cited interactions.

One of the more fundamental open questions in QCD is to understand how the
observed properties of hadrons are generated by the dynamics of their inner con-
stituents. In order to shed some light on this question physicists use different theo-
retical approaches from different perspectives, like perturbative QCD, effective field
theories, lattice QCD, etc. A very interesting research field to test and understand
QCD is the exploration of the multi-dimensional structure of hadrons. The main
goal of this field is to reconstruct multi-dimensional images of a hadron investigat-
ing the distribution of partons, namely quarks and gluons, inside it. In this way,
issues such as the role of quarks and gluons in generating the nucleon’s spin or par-
tonic angular momentum can be investigated. There is a high interest into hadron
structure in the experimental community, with important facilities such JLab, DESY,
BNL, CERN, KEK. Also, the LHC can help a lot in this field, especially to understand
the role of gluons inside the protons. Recently, the US government has approved the
construction of a new accelerator, the Electron-Ion Collider (EIC) at BNL. Part of the
predictions given in this thesis are suitable to be tested in this new accelerator.

A very interesting type of observables that can give information about hadron
structure are the ones with non-vanishing transverse momentum dependence. This
interest was already there in the first years after the establishment of QCD as a fun-
damental theory of strong interactions [1-5]. These observables are very interesting
for hadron colliders and have very relevant impact on, e.g., the study of Higgs bo-
son production and the search for physics Beyond Standard Model. A crucial point
to deal with these type of processes is obtaining well defined factorization theorems
and resumming large logarithmic contributions to perform phenomenological anal-
yses. A large amount of work has been done to establish factorization theorems
with un-integrated transverse momentum for very relevant processes as Drell-Yan
production (proton-proton collision leading to a pair of leptons in the final state)
or semi-inclusive deep inelastic scattering (electron-proton collisions leading to a
hadron in the final state) [6—17]. In general terms, a factorized cross section is writ-
ten in terms of a hard factor that includes all the high-energy physics and two objects
that include information about the distribution of partons inside the hadrons in the
process. These elements are known as transverse momentum dependent parton dis-
tribution functions (TMDPDFs).
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Main results and conclusions

The main body of this thesis is divided in two parts, studying factorization theorems
and the hadronic information in two different contexts, but aiming at the same goal:
improving the extraction of the three-dimensional information of hadrons.

Part I of this thesis is dedicated to the study of spin dependent TMDPDFs aris-
ing from factorization theorems established for processes involving hadrons with
a particular polarization. In chapter 3 the definition of the unpolarized TMDPDF
of [18] is extended in order to obtain definitions for spin dependent TMDPDFs. At
leading dynamical twist we obtain different spin-dependent distributions for quarks
and gluons. The results of the perturbative information derived from the large trans-
verse momentum limit of these TMDPDFs (known as matching coefficients) up to
second order in perturbation theory are given in chapter 4. In this way we achieve
the same level of precision for spin dependent TMDPDFs as for their unpolarized
counterparts. This improvement of the perturbative order known for the different
spin-dependent TMDs will help to decrease the theoretical errors in phenomenolog-
ical predictions involving polarized hadrons and will allow a cleaner extraction of
nonperturbative physics associated to the transverse momentum dependent distri-
butions. As an application, in chapter 5 we use the new perturbative results obtained
for linearly polarized gluon TMD to see their impact in the transverse momentum
spectrum of the Higgs boson.

Part II of this thesis is dedicated to establishing factorization theorems including
jets in final states of the considered processes. In principle, the use of jets in the fi-
nal state decreases the nonperturbative contamination compared to using hadrons
in a final state, because jet properties can be calculated to a large extent in perturba-
tion theory. Thus, processes with jets in the final state (e.g. jet SIDIS) should offer a
cleaner way to access information about the structure of hadrons in the initial state.
Of course, some hadronization effects associated with the jets appear (e.g. due to the
determination of the position of the axis). Thus, in this part of the thesis we study
the establishment of different factorization theorems for some particularly interest-
ing processes using different jet definitions. This allows one to study the advan-
tages and disadvantages of different jet definitions in the extraction of information
about hadrons in initial states. In chapter 6 a new definition for TMD jets is given
through the establishment of different factorization theorems in different regimes
related mainly to the size of the considered jet. This leads to a particular choice of
the jet axis that allows the establishment of factorization theorems in any regime
and will allow us to obtain numerical predictions that can be tested in future experi-
ments as the EIC. Finally, in chapter 7 a different definition of the jet is used in order
to obtain numerical predictions. In this case, we introduce the concept of grooming
that removes the soft contamination to the jet. Thus only the collinear core of the
jet remains and the hadronization effects should be mostly suppressed. So, this way
to proceed represent another way to access to the nonperturbative information of
hadrons in a cleaner manner of using processes with hadrons in the final state.
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Resumen

Titulo: Distribuciones dependientes de momento transverso para la era del Electron-
Ion Collider

Introduccién y esquema

La teoria fisica que se ocupa de las interacciones fuertes entre quarks y gluones se
conoce como la Cromodindmica Cuantica (QCD por sus siglas en inglés). Esta teoria,
junto con las que se ocupan de las interacciones electromagnéticas y débiles (unifi-
cadas en la teoria electrodébil) se combinan en el Modelo Estandar. El Modelo Es-
tdndar se construye en términos de un lagrangiano de campos cuantizados que de-
scriben grados fundamentales de libertad, quarks y leptones, y bosones que acttian
como portadores de las interacciones citadas.

Una de las preguntas abiertas mas fundamentales en QCD se basa en entender
cémo las propiedades de los hadrones observadas son generadas por la dindmica
de sus componentes internos. Para dar algo de luz a esta pregunta, los fisicos usan
diferentes enfoques tedricos desde diferentes perspectivas, como QCD perturbativa,
teorfas de campo efectivas, QCD en el reticulo, etc. Un campo de investigacién muy
interesante que puede ayudar mucho en este sentido, es la exploracién de la estruc-
tura tridimensional de los hadrones. El objetivo principal de este campo es hacer
una imagen tridimensional de un hadrén investigando la distribucién de partones,
conocidos como quarks y gluones, dentro de él. De esta manera, se pueden investi-
gar cuestiones como el papel de los quarks y los gluones en la generacién del espin
del nucleén o el momento angular parténico. Por otro lado, existe un gran interés en
la estructura de hadrénica por parte de la comunidad experimental con importantes
instalaciones como JLab, DESY, BNL, CERN o KEK. Ademas, el LHC puede ayudar
mucho en este tema, especialmente para comprender el papel de los gluones den-
tro de los protones. Recientemente, el gobierno de los Estados Unidos ha dado luz
verde para comenzar la construccién de un nuevo acelerador, el Electron-Ion collider
(EIC). Parte de las predicciones dadas en esta tesis estan orientadas a ser probadas
en este nuevo acelerador.

Un tipo muy interesante de observables que pueden proporcionar informacién
sobre la estructura hadrénica son los que tienen una dependencia no nula del mo-
mento transverso. Este interés proviene de poco tiempo después del establecimiento
de QCD de una teoria fundamental de las interacciones fuertes [1-5]. Un punto cru-
cial para tratar con este tipo de procesos es obtener teoremas de factorizacién bien
definidos y asi resumar las contribuciones de logaritmos grandes para realizar andli-
sis fenomenolégicos. Se ha trabajado mucho en este sentido para establecer teoremas
de factorizacion para procesos con momento transverso no nulo para procesos muy
relevantes como la producciéon de Drell-Yan (colisién protén-protén que conduce
a un par de leptones en el estado final) o dispersiéon profundamente ineléstica (coli-
siones electrén-protén que conducen a un hadrén en el estado final) [6-17]. En lineas
generales, una seccion eficaz factorizada se escribe en términos de un factor hard que
incluye toda la fisica de altas energias y dos objetos que incluyen informacién sobre
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la distribucién de partones dentro de los hadrones en el proceso. Estos elementos
se conocen como funciones de distribucién de partones dependientes del momento
transverso (TMDPDEF por sus siglas en inglés).

Resultados principales y conclusiones

El cuerpo principal de esta tesis se divide en dos partes, estudiando los teoremas de
factorizacién y la informacién hadrénica en dos contextos diferentes, pero persigu-
iendo el mismo objetivo: mejorar la extraccién de la informacién tridimensional de
los hadrones.

La parte I de esta tesis estd dedicada al estudio de TMDPDF dependientes del
espin que surgen de los teoremas de factorizacion establecidos para procesos que in-
volucran hadrones con una polarizacién particular. En el capitulo 3, la definicién de
la TMDPDF despolarizada de [18] se amplia para obtener definiciones de TMDPDF
dependientes del espin. En el llamado leading dynamical twist, obtenemos diferentes
distribuciones dependientes del espin para quarks y gluones. Los resultados de la
informacién perturbativa extraida de la coincidencia de estas TMDPDF sobre las
PDF integradas (conocidos como coeficientes de matching) hasta el conocido como
next-to-next-to-leading order se obtienen en el capitulo 4. De esta forma, alcanzamos
el mismo nivel de precisién para las TMDPDF dependientes del espin que para sus
contrapartes no polarizadas. Esta mejora del orden perturbativo conocida por las
diferentes TMD dependientes del espin ayudara a disminuir los errores tedricos en
las predicciones fenomenoldgicas que involucran hadrones polarizados y permitira
una extracciéon mas limpia de la fisica no perturbativa asociada a las distribuciones
dependientes del momento transverso. En el capitulo 5 utilizamos los nuevos re-
sultados perturbativos obtenidos para la TMD de gluones linealmente polarizados
para ver su impacto en el espectro de momento transverso del bosén de Higgs.

La parte II de esta tesis estd dedicada a ayudar a mejorar la extracciéon de las
TMD hadroénicas con una estrategia diferente a la utilizada en la primera parte de
la tesis, es decir, establecer teoremas de factorizacién que incluyen jets en estados
finales de los procesos considerados. En principio, el uso de jets en el estado fi-
nal de los procesos disminuye la contaminacién no perturbativa que un hadron en
un estado final introduce en el problema, porque pueden calcularse completamente
en teoria de perturbaciones. Por lo tanto, el canal para obtener informacién sobre
un hadron en un estado inicial (por ejemplo, en un proceso de SIDIS+jet) seria més
limpio. Por supuesto, aparecen algunos efectos de hadronizacién asociados a los
jets (por ejemplo, debido a la determinacién de la posicion del eje). Por lo tanto, a
lo largo de esta parte de la tesis, estudiamos el establecimiento de diferentes teore-
mas de factorizacion para algunos procesos particularmente interesantes utilizando
diferentes definiciones de jet. Esto permite estudiar las ventajas y desventajas de las
diferentes definiciones de jet en la extracciéon de informacién sobre hadrones en esta-
dos iniciales. En el capitulo 6 se da una nueva definicion para las jet TMDs mediante
el establecimiento de diferentes teoremas de factorizacién en diferentes regimenes
relacionados principalmente con el tamafio del jet considerado. Esto nos llevard a
una eleccion particular del eje del jet que permitir4 el establecimiento de teoremas de
factorizacién en cualquier régimen y nos permitird obtener predicciones numéricas
que se pueden probar en experimentos como el futuro EIC. Finalmente, en el capi-
tulo 7 se usa una definicién diferente del jet para obtener predicciones numéricas. En
este caso, presentamos el concepto de grooming que elimina la contaminacién soft del
jet. Por lo tanto, s6lo queda el nicleo colineal del jet y los efectos de hadronizacién
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deben suprimirse en su mayoria. Entonces, esta forma de proceder representa otra
forma de acceder a la informacién no perturbativa de los hadrones de una manera
mas limpia que al utilizar procesos con hadrones en el estado final.
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