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Abstract

In this thesis we investigate the effects of massive primary quark production in the process
eTe” — hadrons, using an event-shape variable called “heavy jet mass” (HJM). We calculate the
cross section with respect to this observable up to N2LL accuracy, including non-perturbative
effects and renormalon subtractions. First we perform the fixed order QCD calculation with
massive quarks at next to leading order in the strong coupling constant a;s and discuss the problem
of large logarithms in the dijet region. To resum these logarithms we introduce soft-collinear
effective theory (SCET), an effective field theory well suited for the region of interest where just
jets of collinear particles and soft radiation are present in the final state. The part of the cross
section described by SCET), called the “singular contribution”, can be factorized into several
functions, describing the dynamics at the different characteristic energy scales present in the
dijet region. This formula is used to resum the large logarithms by applying a renormalization
group evolution for each factor. To obtain accurate predictions we also implement non-singular
contributions, which are not described by leading order SCET and become important for large
HJM values, and non-perturbative corrections to account for hadronization, which is especially
important for small HIM values. Furthermore, we carry out renormalon subtractions to improve
perturbative convergence. We then check the convergence of our results and examine bottom
mass effects by comparing our results for massive and massless bottom quark pair production
at different energies. This is done for the tagged bottom cross section as well as for all-flavor
production.

Zusammenfassung

In dieser Arbeit benutzen wir die Event-shape Variable “Heavy Jet Mass” (HJM), um die Effekte
von massiver primérer Quarkproduktion im Prozess ete~™ — Hadronen zu untersuchen. Wir
berechnen den Wirkungsquerschnitt beziiglich dieser Observable mit der Genauigkeit N2LL,
wobei wir auch nicht-perturbative Effekte und die Subtraktion des fithrenden Renormalons
miteinbeziehen. Zuerst fiihren wir die fixed-order QCD Rechnung mit massiven Quarks in erster
Ordnung in der starken Kopplungskonstante ag durch und diskutieren das Problem der grofien
Logarithmen in der 2-Jet Region. Um diese groflen Logarithmen zu resummieren, fithren wir
die soft-collinear effective theory (SCET) ein, eine effektive Feldtheorie, welche gut geeignet ist
um die Phasenraumregion, in der die groflen Logarithmen auftreten und in welcher nur Jets
von kollinearen Teilchen und niederenergetische Strahlung im Endzustand vorhanden ist, zu
beschreiben. Der Teil des Wirkungsquerschnitts welcher von SCET beschrieben wird, auch
“singulédre Beitrdge” genannt, kann in mehrere Funktionen faktorisiert werden. Diese Funktionen
beschreiben die Dynamik an den unterschiedlichen charakteristischen Energieskalen, welche in der
2-Jet Region auftreten. Diese Faktorisierungsformel wird verwendet um die grofien Logarithmen
zu resummieren, indem fiir jeden Faktor eine Renormierungsgruppen-Evolution angewendet wird.
Um exakte Vorhersagen zu erhalten, implementieren wir auch die nicht-singularen Beitrige,
welche nicht durch die fiihrende Ordnung in SCET beschrieben werden und besonders wichtig
fiir hohe HIM-Werte sind. Weiters inkludieren wir nicht-perturbative Korrekturen, welche der
Hadronisierung Rechnung tragen und besonders fiir niedrige HJM-Werte von Bedeutung sind,
und Renormalon-Subtraktionen, welche die storungstheoretische Konvergenz stark verbessern.
Anschlielend testen wir die Konvergenz unserer Ergebnisse und untersuchen Bottom Quark
Masseneffekte, indem wir unsere Ergebnisse fiir massive und masselose Bottom Quark Paar
Produktion bei unterschiedlichen Energien vergleichen. Wir tun dies fiir den tagged Bottom
Wirkungsquerschnitt, sowie fiir die Produktion aller Flavor.
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Chapter 1

Introduction

Today we are living in an era of precision physics, in which continuously increasing accuracy at
collider experiments requires high precision calculations to do a proper analysis of experimental
data and discover potential deviations from standard model predictions.

In this context quantum chromodynamics (QCD), the quantum field theory of strong interactions,
is especially interesting for phenomenological as well as theoretical reasons. In high energy
processes, where strongly interacting particles are created, the measured final states are often
found in the form of (hadronic) jets, which are objects containing highly boosted particles,
collineated in specific directions. Due to this fact, a very popular set of observables to test QCD
are event shapes, which measure the geometric form of final state particles [1,2] and therefore
can be used to study jet properties like the distribution of their broadening. This gives not only
important hints to understand basic features of QCD, but also allows to perform very precise
determinations of the strong coupling constant o due to the high sensitivity of event shapes to
this fundamental constant [1.[2].

For this purpose often the process e™e~ — hadrons is considered, since no parton distribution
functions are involved and theoretical predictions are especially clean. Some popular event shapes
used in this context are thrust, C parameter, and heavy jet mass, which belong to the class of
“2-jet event shapes”, i.e. they give a minimal or maximal value if the final state consists of only
two pencil-like back-to-back jets.

It is observed that fixed order QCD calculations contain logarithmic contributions which become
large close to the dijet region and spoil the perturbative expansion in «ag, since corrections of
higher orders are not necessarily small. This is of course a big problem, since it leads to bad
convergence and poor quality of predictions. The origin of this problem is the existence of a
strong hierarchy between the characteristic scales which affect the dynamical process in this
region of phase space, manifesting in logarithms containing fractions of these widely separated
scales. To cure this, one has to resum the logarithms to all orders.

A very convenient way of doing this is by using “soft-collinear effective theory” (SCET) [3-9], an
effective field theory well suited for the dijet region, which makes the relevance of different scales
explicit at the Lagrangian level. It can be shown that the part of the cross section described by
SCET (called the singular contribution) factorizes into distinct functions, where each describes
the dynamics at one characteristic scale. For these functions, separate renormalization group
evolutions can be derived, which individually resum the corresponding logarithms [10-12].

In the past many sudies concerning event shape distributions in eTe™ collisions have been carried
out for massless quark production. For center of mass energies () that are much larger than the
quark mass m (e.g. LEP energies with respect to the bottom quark) this is a valid approximation,



since mass effects are suppressed by factors of m/Q and give only small corrections. Nevertheless,
the full mass dependence plays an important role in some phenomenological studies and, making
predictions with higher and higher accuracy, detailed information about mass dependencies of
various event shapes should be known at some point.

Considering recent studies, full mass corrections were included in the thrust analysis in [10]
and leading order mass effects were considered in the heavy jet mass analysis in [13] using a
Monte Carlo approach, where it was pointed out that the full form of mass corrections should
be examined at some point. In context of a recent precise oy determination from C parameter
distributions in [14], which assumed massless quarks, the exact massive contribution at NNLL
order was derived in [15], which gave hints that this assumption is valid at least to this accuracy.

In this thesis we examine the full primary quark mass dependence of the heavy jet mass cross
section for eTe™ — hadrons. To do so we derive this quantity with massive primary quarks at order
as, including NNLL resummation, non-perturbative corrections, and renormalon subtractions.

This thesis is organized as follows. In chapter [2] we introduce event shapes in more detail. In
particular, we discuss the heavy jet mass and related quantities.

In chapter [3] we calculate the massive heavy jet mass cross section in fixed order QCD up to
order a, which was not known analytically before. At the end we point out the problem of large
logarithms and consequently the importance of log resummation.

To set up the theoretical basis for resummation, we give a short introduction to soft-collinear
effective theory in chapter [ and prove factorization of the singular heavy jet mass cross section
in chapter

In chapter [6] we collect all ingredients for our final result of the heavy jet mass cross section,
which is used in our analysis. This includes in particular the calculations of the functions that
appear in the factorized cross section, the solution of their renormalization group equations
to resum the contained logarithms up to NNLL, the determination of the non-singular part,
the non-perturbative corrections via a model function convolution, and details concerning the
renormalon subtractions.

Finally, in chapter [7] we analyze our results and draw first conclusions. We check convergence
and the impact of bottom mass induced corrections at different energies. At the end, all-flavor
production is considered, where again the size of mass related contributions is investigated.



Chapter 2

Event-Shapes and the Heavy Jet
Mass

In this chapter we will explore event-shapes and their usage, especially the definition and basic
properties of the heavy jet mass (HJM). In connection to this observable, a very short introduction
to the popular event-shape “thrust” is given and different definitions of hemispheres are discussed.

“Event-shapes”, also called “shape variables”, are observables which can be used to measure the
geometric form of final state particles in collider experiments, especially in e*e™ collisions and
deep inelastic scattering [1,[2]. Since these event-shapes are very sensitive to strong interaction
dynamics, they are often used to determine the strong coupling constant a; via fitting theoretical
predictions to experimental data.

Since the probability of a quark radiating soft or collinear gluons is enhanced, the objects observed
in a detector are mostly soft radiation and “jets”, which are objects consisting of highly boosted
collinear particles. Since event-shapes measure the global geometric properties of an event, the
characteristics of jets, and consequently of QCD, can be explored by studying their distributions.

One of the most popular event-shapes is called “thrust” [16], which is defined as

T := max 721 i _,ﬁz‘ ,
A |pil

where the sum runs over all final state particles with momenta p;, and 7 is a unit vector which is
chosen so that the whole expression is maximized. Very often the parameter 7 =1 — T is used
(also called thrust most of the times), which is minimal for a 2-jet event with thin pencil-like jets,
and maximal for a spherical final state. Event-shapes which are minimal or maximal for a 2-jet
event are called “2-jet event-shapes”. It should be also noted that the region of an event-shape
distribution, which is associated with a dijet event is called the “peak region”, while the regions
further away are called the “tail” and “far-tail region”. This naming becomes obvious when
looking at the shape of the distribution as in subsection

(2.1)

The direction of © which maximizes T' is called the thrust axis. In a 2-jet event, it coincides with
the jet axis up to power suppressed corrections related to soft radiation. The plane perpendicular
to the thrust axis divides the event into two hemispheres, which can be used to define other
event-shapes like the invariant mass of the left and right hemisphere (indicated with subscripts I
and r respectively) [1,/17]

(Zie?—t,,r pz’)Q

L E) 22)

Plr =

3



where H; denotes the respective hemisphere. Note that this is the usual definition of hemispheres
used in experiments [18], in contrast to other types as explained at the end of this section.

The heavy jet mass, which we will consider in this theses, is defined as the heavier of the two
hemisphere masses [1,[17], so

p = max(py, pr).- (2.3)

Since the invariant mass of a hemisphere is minimal for exclusively collinear particles, and
the heavy jet mass is by definition the heavier one, a minimal value for p forces also the light
hemisphere to consist of a pencil-like jet. Consequently, like thrust, heavy jet mass is a 2-jet
event-shape. On the other hand it can be shown that the maximal value of p for arbitrary many
particles is not a spherical configuration as it is for thrust [19].

It is clear that for massless particles (m = 0) the minimal value of the heavy jet mass is

m=0— . (2.4)

Pmin

Considering massive primary quarks, the basic situation for the minimal value is analogous and
thus
Prin = M7, (2.5)

where

A

m =

%. (2.6)

3),m=0

)

It is easy to show that for three massless particles (corresponding to O(ay)) p(3)m=0 = 7(
thus the maximal value for this setting is

@m=0_ 1 (2.7)

max 3 )

as for thrust. For 2 massive primary quarks the value is
1 -
pl3) = 3 (5-4v1=3m?), (2.8)

as we will see in section [3.4l Finding the final state configuration corresponding to the maximal
value of the heavy jet mass for arbitrary many particles is a very interesting kinematic and
geometric problem. The value for the massless case is expected to be near [19]

PO = 0.477, (2.9)

while a situation including massive primary quarks has not been considered yet. Since the exact
value of ppax is not important for the results in this thesis, this problem will be investigated in
future works.

For completeness it should be noted that there are two different definitions of heavy jet mass in
the literature [19], which are only equal for three massless particles. In contrast to the definition
given above, which will be used in our analysis, the other one defines the hemispheres not through
the thrust axis but by minimizing the hemisphere mass sum [20-22]

Hip : min (p; + pr), (2.10)
IyTlr
which is in fact the way hemispheres were originally introduced theoretically [20]. In this case the
maximal value for arbitrary many massless particles is 1/3, as shown in [21]. For three massless
particles, both hemisphere definitions are equivalent.

For further theoretical considerations regarding heavy jet mass differential cross sections with
massless particles we refer to [17,[23-25], while a more extensive analysis can be found in |13].



Chapter 3

Fixed-Order Calculation

In this chapter we will present the O(a) fized order QCD calculation of the ete™ — qq differential
cross section with respect to the heavy jet mass (HJM) with massive primary quarks. We ignore
the masses of the incoming electron-positron pair, since energies much higher than the electron
mass scale are considered. QED loop effects are omitted as well, since in the considered energy
range O(Qem) ~ O(a?).

After some general considerations we calculate the Born cross section, and the virtual and real
radiative contributions at O(as).

The virtual contribution is proportional to a delta function and can be obtained from the total
wvirtual cross section. For the real radiation contribution the calculation in d = 4 — 2 dimensions
is very complicated and, as it turns out, not necessarily needed. To get the full result, we first
calculate the real radiation contribution to the cross section in d = 4 dimensions, which is not
properly regqularized and is valid only in the region p > pmin. The structure at p = pmin s
determined afterwards in a second calculation in the soft limit and d = 4 — 2e dimensions.

At the end we will shortly discuss the problem of large logarithms, which shows the need of
resummation e.q. by using effective field theory methods. In order to have a complete description
of the cross section, we use the factorized SCET cross section to resum large logs in the dijet
region, as well as the non-singular contributions, which can be extracted from the full QCD result
and are important away from the dijet region. This will be done in later chapters.

3.1 General Considerations and Leptonic Part

Let us start by noting some properties of the cross section which simplify the calculation.

The general formula of a cross section for the process ete™ — X in d = 4 — 2¢ space-time
dimensions reads
~—2¢

d—1,,.
ieX v

1€X

2
, (3.1)

where Q is the center of mass energy, p; is the momentum of the i final state particle, k1 and ks
are the momenta of the electron and positron, and ¢ = k1 + ko is the momentum of the virtual v
or Z with ¢ = Q2.

We use dimensional regularization to regularize the amplitude M as well as the phase space

integration. The factor
-9 9 e’YE

= 3.2
A= (3.2)



is the renormalization scale used in the MS scheme. Note that a factor ji~?¢ was added in Eq.

(3.1]) to obtain the right energy dimensions when expanding in ¢ < 1. Of course in the limit
€ — 0 the final result is independent of this scale.

At O(aem) the amplitude can be written in the factorized form

idmafi® VeV Ued
M= 4“{ l(Qle+ eVt > (X|7210) + (1 ~ ) <X|J“\0>] 0 (k1) (k)
Z Z

() - )] ).

1—m Z

with a = aem, Qf the charge of the produced fermion, (). the charge of the incoming lepton,
and My 1= myz/Q is the mass of the Z boson divided through the center of mass energy. The v;
and a; factors arise from the Z coupling and read

V; = TSf;L _ QQZ Sin? GW a; = —7T§7L (3 4)
i sin Oy ’ " sin(20w)’ '

where Oy is the weak mixing angle, and T3i 1, is the weak isospin of the incoming lepton and the

outgoing fermion respectively. The quark current reads J/(x) = ¢ (z)I¥4(z) with T# := v* for
the vector, and I'# := «#~5 for the axial current.

When squaring the amplitude and averaging over the lepton spins, the following structures have
to be considered:

s =7 O )] oGk u(ha)] = (T k)

spins
2
= guaguﬂ(klﬁkg + kakﬁ) - guu%a
) =2 Z (k) yuvsu(ka)]’ [0(k1)vysu(ks)] = Tf ovubiv) = s,
spms
sk =3 Z (k) yuysulka)] [O(k)wulke)] = —icanshiks,
splns
st = Z (k1) (k)] [0k )wysulks)] = —s$). (3.5)
splns

Since we are not interested in the directions of the final state jets with respect to the beam axis,
we average the expressions in (3.5)) with respect to the direction of the incoming leptons. This
simplifies the subsequent calculations considerably.

To figure out the averaged expressions, we choose the most general ansatz

lELZl)/ = A0 nggy + B(i)g,uua (3.6)

and derive the unknown coefficients A and B via demanding

d—2
A7 6y L)

L=l (3.7)
ngt2 H g
where ra )
_ _ _ — &
Qglot2 = Q%ot28 = (477)1 sm, (3.8)



is the (d — 2)-dimensional total solid angle.
Since SELS,,) and sgl,,) are antisymmetric, the respective A and B are zero. On the other hand, the

solutions for s,(},,) and s,(f,,) are

A2 — _ g2 _ Qz l—¢
— 2’
1-—
= Z/(}V’Q) =1 uy — Q2 MV) (39)
with
7 qpqv
l,ul/ = 52 — Guv- (310)
Using these results, the squared amplitude can be written in the form
dd—QQ 1 16772 2 45 B
MP = [ ez 5 i e (XITEI0) + cun (XITEI0) 601 0(h)
tot spins
2
+ e (XIT10) + can (XIT210) 80 yr5(h) |
1670 i 46 2 2 L2 2 2 L2
T (Cv'u + Cav) <X|jv |O> + (Cva + Caa) <X|ja |0> ZMW (311)

where the coefficients ¢;; can be read off from Eq. (3.3). Note that the square means (O*)? =
OOV for simplicity of notation, and that there is no vector-axial mixing due to the symmetry
of the averaged spin structures. In the squared hadronic matrix element spin and color sums are
implied.

Consequently the final form of the cross section at leading order in the electroweak coupling
constant « for arbitrary final state particles is

o=y / diy (2m)%6W (g — Px) > Li, H"", (3.12)
= a,v
= {0 j;”“X> (x]77]0), (3.13)
where dIIx = [[;cx (ijr)%;o, and H"* is the hadronic tensor. The leptonic tensor is defined
as
820t (1 —¢ ~
LZ = ;}ef)ll“/ = Q4 (3 _ 25) (612)1) + Cgv)llﬂf’
8720 2lu4€ 1—¢ N
L = gl = G (375 ) (G Rl (3.14)
with
v3(v? + a?) 2Q Q fvev
CQQJU+CZU QEQ%“‘ f26 EF 2 = f2€ f( 2)7
(1-md)?2+ (52)" (1-my)2+ (52)
20,2 1 2
az(vi+a?)
A 42, = AN eF - (3.15)
(1—-m3)? + (3)

and 'z the width of the Z, which has to be included near the Z pole.



Figure 3.1: The virtual QCD diagram.
3.2 Born Cross Section

To get the Born cross section for eTe™ — ¢, we apply the QCD Feynman rules to calculate
the hadronic tensor and compute the phase space integral in a straightforward way. When
contracting with the leptonic tensor, we can use the Ward identity ¢, H"*” = 0 to simplify the
calculation.

In d = 4 — 2¢ dimensions the vector and axial Born cross sections read

NeQ*i > T(1—¢) (4m\° |, 52
Uz}oi,Born == o F(? — 25) <Q2) v 6(1 +2m” — E)Ci}e;)
Ne@Q*fi > T(1—¢) (4m\° |, 52
O-goi,Born == ot F(2 _ 25) <Q2) v 6(1 - 5)(1 —4m )Cﬁe;v (3'16)
with v := V1 — 4m2.
In the d — 4 limit we get
NeQ? 22\ 0,0
Uéjot,BOrn = 2C7T U(l + 2m2)cﬁép7
N.Q* 2y a0
Ugot,Born = 267_‘_ U(l - 4m2)cile;p7 (317)

and furthermore the massless d — 4 Born cross section

2
i NQ7 o

UO = 27‘( clep’

(3.18)

with ¢ = v, a will be used as a normalization in the following calculations.

3.3 Virtual Contribution

The virtual contributions arise from the diagram in Fig. [3.I] The corresponding result will be
used in two places: It is part of the O(ay) fixed order cross section, and it is needed for the
SCET to QCD current matching calculation in section [6.1]

Since the virtual diagram has just two back-to-back final state particles, it is obvious that the
virtual differential cross section is proportional to 6(p — pmin). The factor of this delta function



has to be equal to the integrated virtual cross section to give the right integral, hence, we just
have to compute the total cross section from the beginning. For convenience we will use the
variable p := p — pmin-

Using QCD Feynman rules in Feynman gauge, the virtual diagram reads

VI =a(p1, s1) / (ddkd (igsvo‘TAﬂa) : @1 M m> r#

¢ 2m) (p1 + k)2 —m2 +i0 °
i(—p, +F+m) 4 —i
S aT [ . Sy
(b2 — k)2 —m? _H-O(Zg 1T A 1 Hov(p 52)

= — idrasCru(ps, s1)

d e} i
X ﬂ%/ o ! (lﬁﬁ%fm)n( ’”ﬁ%*m?’“ — b u(p2, s2). (3.19)
(2m)? [(p1 + k)2 — m2 +40] [(p2 — k)2 — m2 + i0] [k2 + i0]
The calculation of this loop integral is performed in appendix [A] and the results read
Cras _ (p1 —p2)"
Vit = Ar >u(p1, s1) [A2m + B’Y“} v(p2, 52),
Vi = CFasﬂ(m $1) [C’Y“ +un] Y50 (P2, 52) (3.20)
a A ) 2 ) )
with
v? -1 v—1
A= 1
v Ogv—l— 1’
1 1+ 02 v—1 m? v—1
B=-{1- 1 —log — — 3vl
6( v Ogv+1> Og,uz U T
T+02 /72 1, ,v-—1 m? v—1
— — —log® —— +log —-1
v <6 28 1 TR
2v v—1 1—w
21 1 2Li
HI T ey i 121+v)’
v -1 v—1
C=B+2 1
+ v Ogv—i— 1’
1 —v? v—1
D= 204 (2 +v?)1 : 3.21
. (v—i—( +v)ogv+1) (3.21)

Note that v := /1 —4m? and that the term proportional to ¢* in Eq. (3.20) vanishes when
contracting with the leptonic tensor due to the Ward identity. The result coincides with the
corresponding expressions in [26,27].

Including LSZ and wave function renormalization factors, the physical current matrix element
reads

(@l 0 e = 285 (apr, s o(pa ) + V). (3.22)
where
C’Fa 3 m2
795 =1 -2 +3log— —4 3.23
(0] + 47T c + Og ,UQ ) ( )

is the O(a;s) on-shell wave function renormalization factor |4]. Note that the vector and axial

quark current operators are conserved in QCD, and therefore no further renormalization is
needed [28].



For the virtual cross section contribution, we square the matrix element, sum over spins, and
contract it with the leptonic structure l~W given in Eq. 1) Due to the Ward identity, the
term proportional to g,q, in the leptonic structure vanishes in the vector case, and only the
—guv contraction is relevant. We obtain

—Guv <QQ|\7vu|O>QCD <O|L7vy‘qq>QCD =—Tr {'7#(7}2 - m)’yﬂ(pl + m)]

RO tr [, — m) )] (91— pa) + Be(BYTe [, — m)p, +m)]

_ 2CF045
47

3 ] m? n
+ —g+3 ogﬁ—ll Tr['y (?Q_m)w(%"’_m)}

=2Q%(3 — v? — 20)

Cras 2

. {—Re(A) [4@21)2] + <Re(B) - g + 3log %

- 4) [4Q%(3 — v* - 2¢))| } o (3.24)

and

= Cras 3 2
L 0dlT210)qcn OWT lad)qop = 207 [20%(1 - )] {1+ 2222 (Rew) S 3log s 4) b

T

(3.25)
Since the expressions (3.24]) and (3.25) are independent of the particle momenta, the phase space
integral reduces to a factor

dd 1p ’U[lfQE 167 \¢
~—2€ i ds(d)(, _ _

Finally, including this phase space factor, the normalization (3.18) and the squared matrix
element (3.25)), and after summing over colors, one can write the virtual part of the differential
cross section as

ZE

; 1
1 (doh do?iy _ mRopTE (1677) Gp 1 5
— orn 4 vir =9 p v (qq jHO Oj qq ’
ol < dp dp ) ( )8F (%—a) Q202 lepQ2 L (qq|T}"| >QCD< || >QCD

(3.27)
with i = v,a. After simplifying the expressions, the final results for the O(«s) virtual cross
sections read

virt

oy dp 4m

(02 -8) (¢ 1)L (LY B (12 ) (12 1)
<v2 — 3) log (—ivz (v2 — 1)) + 4v(3 — v?) log 2222

)-2
+1logilv<8v4—20v2—4(v2—3) (v +1>log ZQQ

1.doYy,  Cras l(@ﬂ -3) ((v2 +1)log 77 + 2v)
£

+4v(2v _5




1.do%, Cro,| 2V° (2v+ (v? + 1) log 15%)
ol dp 4w €

49?2 1 2
+ % <772 (112 + 1) + 3vlog (41}2 (1 — v2)> —9v + 6vlog %)

1_ 292 1_
+ v?log U<—4v2+4(v2+1>10g1];22 +(v2+1)log U—6>

v+1 v+1

1—w
v+ 1

b (2 41) Ly ( ) +0(e) ] 5(7). (3.28)

Note that there are still divergences in terms of 1/e present. These are of IR type and will be
canceled by equivalent terms in the real radiation part.

3.4 Real Radiation Contribution

We will now consider the real radiation contribution to the O(as) heavy jet mass distribution.
In this setting it is quite useful to define the dimensionless variables

2p!
T = Q s

(3.29)

where i = 1,2 denotes the two quarks, and i = 3 the gluon. As an intermediate step to the real
radiation contribution to the HJM cross section, we will compute the cross section with respect
to x1 and 9, which contains the full kinematic information, and then project the result onto the
heavy jet mass.

Using the x; variables, energy and momentum conservation read

T4+ x4+ x3=2, and 0= f1y/ 3 — 42 + fg\/ 23 — 41h? + Rz, (3.30)

respectively, and the scalar products of the particle momenta can be written as

2

Pl'pQZ%($1+$2—1—2m2)7

DP1P3 = (1 +2x3—1),

(xo+x3—1). (3.31)

2
2
2
p2'P3:7

The contribution from real radiation can be calculated via the two diagrams shown in Fig.
Using Feynman rules, the sum of both diagrams gives

z’(p1+p3+m) »
p1+p3)? —m?+i0 "

(igsﬂETA'Va) }U(P% s2)e " (p3), (3.32)

M} R1te) = Up1,51) [ (igS[fTAry"‘) (

" (p2 +p3)? —m? 40

11



Figure 3.2: Real emission QCD diagrams.

and after squaring this expression and summing over final particle spins, polarizations, and colors,
the hadronic tensor reads

HE', = g33*CrNe

prtps+m Potps—m

T e F,U«_F//« 2 3 a)
X 1"|:(}ﬁ1+m) (’Y (p1—|—p3)2—m2+z'0 7 ) (p2+p3)2_m2+i0'7
p2+p3—m p1+p3+m >}

— - | R ol |- 3.33

<y =m) (fy (p2 +p3)2—m?+i0 " ' (¢ +p3)2—m2+i07 (3.33)

To derive the x1, x9 cross section, we consider the contribution of real radiation to the total
cross section

- ~725/ dd—lpl dd—1p2 dd—lp3 1

ds(d 1,7 v
Orad = M (27T)d_1 (27T)d_1 (27T)d_1 2p? 2p8 2pg (277) 6( )(q —P1—P2 _p3)clei)lul/H}l%’Z‘7 (334)

and change the variables of the phase space integration to x1 and z9, so that the differential
cross section can be read off.

Here, we use polar coordinates so that

— — — — - 1d—2 | > (d—2 — — . —
A py AT py = QEPQEE (51197 el A0 d B | d |ps| sin 3 0

> 1d—3 | > d— d—4

= Q00 7] |l pipSdudpd dpf (1 - w?) 7, (3:35)

with u := cos = % € [-1,1], and |p;| = 1/(p})%2 — m2. Moreover, we use the relation

d(z—c) d(x+c)
5(z® — %) = 3.36
(@ -y = 202 20, (3.36)
to rewrite the delta function in the form

5(Q — 1Y — 13— p3) = 2035 (@ — ) = 13)* — (1)?) — (Q — P — P +p3). (3.37)

We will negelect the second term, since it does not correspond to the considered physical situation,
and therefore vanishes within the considered phase space region.

After inserting Eqgs. (3.35) and (3.37)) into (3.34)), and integrating over the p3 components, we

12



obtain

, dp? dp) 1 _ _
d—2d—3 1 2 ~ 1d—3 |~ |d—3
Orad = 4@2 Qtot Dot / (27) d 1 (27) d—2 /du (1—- u? > |pi |2 |
2} 2p§  12p{2p) o BlIPl N Te v
XO0|l1l————=+— 2m* — 2 [, H"
< Q Q - 2 Q2 e Q? B [ Clephv RJ P3=—p1—P2
Q% o oey1-2 dxy dzy / 2 2 2
— — —& |z |26 = |—2¢
= 39 Qior” Qeot E/ (2m)3=2¢ (27)2~2¢ /d“(l —u”) "¢ [pi |72
Q2 < 1 A 2) e T v
X 0 ——— (1 -2y — 29 + =122 + 2111 o’ HY , 3.38
( 2 |p1| |p2| 1 2 2 142 { lep "V Rz] —FL—fa ( )

where we changed the variables p? and p9 to 21 and xs.

We use the remaining delta distribution to perform the u-integration. Finally, one can read off the
cross section with respect to x1 and xo from the integrand. The vector and axial contributions
are

1 &0l Cpagi® (@7 (2 — 4m?)°(a3 — 4m?) (1 u?)
0'0 d(L‘l dxg 2w 8 (1‘1 — 1)2(302 — 1)2F(2 — 25)

x{g%cl — 1) (22 — 1)(x1 + 22 — 2)?

+2¢ [—(ml —1)(z2—1) (w% +x1(z2 — 2) + 22(r2 — 2) + 2) + (21 + 29 — 2)2]
+@l = 1)(wo — 1) (2F + 23) + 200 (232 — 3) + 221 (w5 — 2)? + 25(8 — 322) — 6)

—4m? (271 + 19 — 2)2 },

1 dopy _ Crasi™ (@° T (12— 4m?) (a3 — 4m?) (1 — u?)~E
8 (1 —1)2(z2 — 1)2T'(2 — 2¢)

ot duydes © 2n
x{ez(xl —1)(2z9 — 1) (21 + z2 — 2)?
—25[(331 = D)(wa = 1) (23 + o1(w2 — 2) + 25(22 — 2) + 2)
i (xi'(@ S 1) 22 (22 (229 — 11) + 8)
+ 21(z2 — 2) (22(z2 — 9) + 6) — (22 — 6)(z2 — 2 + 4)
+ 4t (21 + 29 — 2)2}

o = D(az — (o + ) + 202 (hoa — 1)+ 23 (2a(2 — 11) 49

+ z1(29 — 2)(22(m2 — 9) + 6) — T2(22 — 6) (22 — 2) + 4> + 8wt (21 + 29 — 2)2}. (3.39)

13



3.4.1 Real Radiative Heavy Jet Mass Cross Section for p > puiy

As mentioned at the beginning of this chapter, we will calculate the HJM distribution in two parts.
In the first part we compute the cross section in d = 4 dimensions, which gives an expression
which is adequate to calculate in the region p > 0 where only real radiation contributes.

We obtain the 4-dimensional cross section with respect to z1 and x5 by taking the ¢ — 0 limit of

Eq. (3.39). They read

2 wv,d=4
id Jrad _ CFaS

0'8 dxl de N 27['(1'1 — 1)2(1'2 — 1)2
x{(ml —1)(z2—1) (m% + x%)

+ 20 (=6 + 21 (25 — 2)? + 27 (205 — 3) + 22(8 — 312))

— 4m4(a:1 + 29 — 2)2},

2 _a,d=4
id Opad Crag

08 dl’l dxg N 271’(.1‘1 — 1)2(1‘2 — 1)2
x{(wl —1)(x2 — 1) (x% + x%)

+ 20 (44 222 — 1) — walaz — 6) (22— 2)

+ @1 (2 — 2)((22 — 9)wa + 6) + 23 (22(202 — 11) + 8))
+ 8t (zy + 29 — 2)2}, (3.40)

and agree with the corresponding expressions in the literature [29-31] (note that there is a known
sign error in [29]).

Phase Space Considerations

To simplify the calculation, it is convenient to divide the phase space into three regions as shown

in Fig. 3.3l Each region represents a specific kinematic situation for the heavy jet mass as follows:
e Region 1 (2): The heavy hemisphere consists of quark number 1 (number 2) and the gluon,
e Region 3: The heavy hemisphere consists of the two quarks.

The lines which separate these different regions are the lines where the hemisphere division, and
therefore, per definition, the thrust axis changes. Note that for three final state particles the
thrust axis is always aligned with the momentum of one of them.

Let’s consider some characteristic points on the border of phase space depicted in Fig. [3:3] and

3.4
Point A: Zero gluon energy and a symmetric quark configuration with z3 =0, 21 = 2o = 1.

Point B: Maximal gluon energy. For the x; follows

1'3:4]5:2—1‘1—1'2:2—4\/7”7124—]52,

1
= m=m=gt 22, xg=1— 42, (3.41)
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Figure 3.3: Three particle phase space showing characteristic points and regions with /m = 0.15.
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2p
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Figure 3.4: Kinematic situations at the characteristic points.

where p := [p]/@Q, and ' is the momentum of each quark as depicted in Fig. |3.4

Point C: Zero quark energy. The x; read

I = 2m2,

. @y = . (3.42)

Point C': Zero antiquark energy. Same as point C with x1 and x2 interchanged.

The expression describing the boundary line CBC’ can be derived from the maximal gluon energy
line, which corresponds to a kinematic situation shown in the left panel in Fig. [3.5] By using

yp yp
-— p -— P
000000 — _—
— «—0Q0Q,
(1-yp (1-yp

Figure 3.5: Kinematic situation for the maximal and “minimal” gluon energy line.
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energy conservation for the three particles, we find
23 =2p = 2 — 2/ + y2p? — 2\ /2 + (1 — y)2p2,
x} = 4?4+ 4y*p?,
r3 = 4m® +4(1 — y)?p* -

m ((1+2m2 —21)(2 = 1) = (1 —21)y/af —4m2>. (3.43)

= xro =

Note that Eq. (3.43)) is symmetric in 27 and xs.

For the boundary line CAC’ we consider the kinematic configuration in the right panel of Fig.
[B-5l Again by using energy conservation we obtain

r3=2(1—y)p, x1 =2/m>+p% a0 =2¢/1h2 + y?p*:

= 2-al—a2=/a} — dim? — \Ja3 — 42 (3.44)

The solution of this equation is identical to Eq. (3.43]), such that this expression describes the
full boundary.

To separate the regions in the way mentioned at the beginning of this section and depicted in
Fig. 3:3] we use the fact that for three particles thrust can be written as

T = max{\/x% — 4, /a3 —4m2,x3}, (3.45)

which can be easily derived from the thrust definition in Eq. (2.1)). The lines where the thrust
axis changes are found by setting two of these arguments equal which gives

® I = T2,

2 Ao _ _ Am24(2—m1)?
o \Jx5—4m*=13=2—-x1 -T2 = T2 = 550y
o \Ja?—4dmZ =13 = @xy=2-—1z1—\/z]— W2

and the intersection of all lines lies at 21 = 3 = (2 — V1 — 3/?).

Projection onto the Heavy Jet Mass

We project the double differential cross section in d = 4 dimensions onto the heavy jet mass via

do? d%o?
VR /dm dzo o d$25(p—p(:v1,x2)). (3.46)

A useful set of variables to obtain p(x1,z2) in the different phase space regions are the invariant
masses of two out of the three final state particles

2
2 ::(pl 52193) =14 m% — 2,
2
2 ::(pQ 52173) — 14w —
2
72 ::(p1 52;02) =z +x2— 1, (3.47)
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which correspond to p(w1,x2) in the different regions: p = ¢3 in region 1, p = ¢ in region 2 and

p = 72 in region 3.

Region 1 (2):

To obtain the contribution from region 1 (which is identical to the contribution of region 2 for
symmetry reasons), we divide region 1 further into the parts 1A and 1B to simplify the integral,
where the line of separation goes through point C’ with constant x1. Consequently the projection
looks like

ra - d dzy 6(p —t &
06 dp / o / 2 2(:1;173;2))00 dzy dzs
Ly Ls
1 d2o0=1
d dzgd(p—t € Trad 4
+/ a:l/ - B 2) (3.48)
Lo Ly

where the first integration corresponds to region 1A, and the second one corresponds to region
1B. The integration limits are

L1:§(2—\/1—3m2),
(1 —1m)? + 1m?
1—m2

L3:2*ZE1* 56%74’/%2,
1 £ 2 2 )

To carry out the integrations, we put to(z1,z2) from Eq. (3.47)) into the delta function which
gives §(p — t3(z1,22)) = §(z1 — (1 + 102 — p)).

Ly =

)

The validity intervals for p in these regions are

23 a2 o 1
AT ™ < < (<143 +2v1 - 3?), (3.50)
m—1 3
for 1A and
~3 A2 A
W< p< AT T (3.51)
m—1
for 1B.

We use a similar approach for region 3 and divide it into region 3C and 3D, where the separating

lineconnects point C and C’. Here we use the more convenient coordinates z := 72 = 1 + x5 — 1
and t := x1 — x2. The contribution of region 3 is given by
L
1 dam’g>§3 ? 1 1 A%t
ik fo JI
2 0'0 d.’El dCL‘Q
1 1 d%od!
dx / dté(p € rad 3.52
* / 2 0'0 dzydxs’ ( )

7[18
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with

L5: )

T — 4Am?2
Lo = (1 - a)[ L2

L, = é (574\/173m2),

Lg=—-1—x+2/(1—1x)%+4m>. (3.53)

The corresponding intervals of validity are

5 1
Lo <p<o (5-avi-Bm?), (3.54)
1—m 3
for 3C and R
a2 <p< - (3.55)
—_ — 1 _m?
for 3D.

The complete HJM cross section for p > 0 results from adding the contributions of all regions,
which gives

Ldopf?® 1 () (douliiy  donliin ) | (donise | donlian
——rd + + + . (3.56)
oy, dp of dp dp dp dp

The full expressions of the different terms are collected in appendix

As mentioned above, this expression is not properly regularized (i.e. not integrable), and
information about the distribution at p = 0 is lost. The expression which describes the HJM
distribution for all values of p has to be integrable and the left IR divergence in the virtual
contribution has to be canceled, which is a clear indication that a delta function at p = 0 is
missing and the p~! divergence at 0 is unphysical. It is known that the general structure of the
distribution of a generic event-shape e with a corresponding minimal value e, has the structure

1 dot . Crag
T — fis(e) + =2

— —
oy de

£i6(&) + Y £ ;@) + 0 () } , (3.57)
=0

where € = e — epin. Ln() is a plus distribution, which is defined in appendix and behaves like
- 1log" x for x > 0. Since the O(€) terms consist only of integrable regular functions, they are
called “non-distributional”. It turns out that at O(ayg) only the j = 0 term arises in the heavy
jet mass fixed order result with massive quarks, so

Craog
47

i dot

i = fi5(p
o1 dp foo(p) +

133(p) + f1.Lo(p) + O (p°) } (3.58)

where fi = fi,0~

The plus distribution in the full result corresponds to a O(p~!) term in our d = 4 result, valid
in the region p > 0. Thus we can extract the plus distribution coefficient via obtaining the
coefficient of the term proportional to p~! in the d = 4 result by applying an expansion around
small 7ho. The only region in phase space contributing to this term is 1B (and the equivalent

area il’l regi()n 2), thllS o
1 do;zﬁ)g Cras (1 ;1 =0 3.99
— = <2f+ )) O('U ) (3.59)

7

oy dp 47
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Figure 3.6: The three particle phase space parametrized by the new coordinates y and z.

We obtain

. 1—-w
fi=—-2(3-% <2v+(1+v2)log1+v),

= -8 v3+£(1+02)lo L-v (3.60)
o 2 g1+v ’ '

with v = v/1 — 41?2 for the plus distribution coefficients.

The remaining expressions to obtain are fg, fg, and the non-distributional terms. f¢ is given by
the Born cross section, the non-distributional part can be obtained from the d = 4 HJM cross
section via subtracting the p~! term, and fg is computed in the following section. Note that fi
and the non-distributional part do not contain any virtual contributions.

3.4.2 Derivation of the Real Radiative Delta Function Coefficient

In this section we compute the contribution of real radiation to the delta coefficient fi at O(a).
To this end we will introduce a method which can be applied for a general 2-jet event-shape e.

General method

At the beginning of this chapter we derived the general d = 4 — 2¢ dimensional double differential
cross section with respect to x1 and xo, where the final expressions are given in Eq. . The
contribution of real radiation to the delta coefficient, fg rad> corresponds to the region where the
gluon is very soft, or equivalently x1 + 22 ~ 2 and e = 0. In the following calculation we take the
soft limit of the double differential cross section and compute the real radiative cumulant

. F Ao
Shaaled) = [ de ST, (3.61)

with e, = epin + A in the limit A < 1. Afterwards, we expand the result for small A. The
resulting constant term corresponds to fg'vrad, while the next term is proportional to log A and
originates from the integrated plus distribution.
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To take the soft limit we use the coordinates

1 =:1-— 2y,
xo=:1—(1—-2)y, (3.62)

where y = z3 and the soft limit corresponds to y — 0. In Fig. we show the three particle
phase space with respect to the new coordinates.

Let us start with the projection of the double differential cross section onto the generic 2-jet
event-shape e by considering the expression

d d2 7
Urad /dml dzo o 5?25(6 —e(x1,22)). (3.63)

Using this equation we write the cumulant of the event-shape as

emin+A d2 i
i nin A) = Orad _
tad (émin + A) /de /dxl dxgd 1dm25(e e(x1,12))
d2 )
= [ dedyy 7B (. 2)0 (A + enin — e(5:2) (3.64)
dxld

where we took the integral over e to obtain the second line. Now we expand the expression in
y < 1 up to the leading order. Since e is a 2-jet event-shape, the corresponding soft expansion

reads e(y,2) = emin + ¥ (%
y:
) , (3.65)

where the subscript “soft” denotes that only the leading order term in y is taken into account.
Note that we assumed j—;

0 + O(y?), and therefore we can write

de

i o dQUiad,sof‘n
Zrad,soft(emin + A) - dz dy yi(yv )® A— Y- dy

diL‘l d.%’g

_0 # 0. The O(as) soft x1, zo cross sections read

1 dQJ;}ad soft Q2_4E 1 2e 2 €
- = 4 1 - 1
o8 derday, VF) T\ e Er -2 (40 =2) +07 1)
16(3 — v? — 2¢)(v? — 1+ 42(1 — 2)) i*e
o2 1663 =07 = 2) (07 — 1+ 421 — ) i
221 22) Q
1 dQUgad soft Q2_4E 1-2¢ 2 —c
—_—— = T (42(1 - -1
o¢ dxydag (v, 2) 27—6e73=2e(2 — 25)y ( A=zt )

(3.66)

y {a 02320° (1 —e)(0? =1 — 42(2 — 1)) g4f}
sVF )

y22 (1= 27) @
where the first factor originates from phase space, and the second one from the amplitude.

The relevant phase space region for the delta term is 1B (and the equivalent area in region 2),
so we apply the known integration limits corresponding to this region. Applying the Heaviside
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function we get

1 Q¥ Cpasii*(3 —v? — 2¢)
%Egad’SOft(emin +A) = AT-3er1-2:1(2 — 2¢)
A/ gl
[ (02 =1+ 42(1 — 2))i-=
X /dyy /d 20 = 2)?
0 2(1 )

_ Cras =3+ 02 + 2 ﬁ % A2
© 4m 21-6er—2eT(2 — 2¢) \ Q2 €
/d (v2 —1+42(1 —2))t—=
z

de(y,2) —2e7
2 e(y,z

1 z 1— —2

21 U ( d y_())

y
~ 2e
1 ~ Cras v —1) (;ﬁ) A2

a 2rad,soft(el’nin + A) T 4r 276671-726]:‘(2 _ 25) Q2 5

=

x /dz (vf —1+42(1 - %) (3.67)

L ()

y
Note that in the vector and axial case just the prefactors are different, while the integrals are
identical. In order to get the y integral correct, it had to be properly regularized by dimensional
regularization, however, it is save to expand the remaining z integrand in ¢ prior to the integration,
since there are no divergences present. We obtain

(V2 —144z(1—2)'F v —1+4+4z(1-2)

22(1 . 2)2 de(y,z) —2 ’22(1 - Z)2
y=0

dy

2 . de(y,z)
(02— 1+ 42(1 - 2) <2log ded)|

22(1— 2)?

—log (v? — 1+ 42(1 — z)))
+e

+0(e?), (3.68)

and moreover the corresponding integrals give

—1+42(1 1402 1—
/dzv i z()2 ):2v<—2— T log U)v
z

v 1+wv
2(1 v)

—14+4z(1 — d
" _/d v?—1+42(1 - 2) (210g e(y, 2)

J— 2 J— pa—
20— 2) dy log(v® — 1+ 42(1 z)))

y=0

v? —1+42(1 - 2) de(y, 2)
dz 1
/ 22(1—2)? ©8 dy

1—
+ 2{41} log(2v) + 2log
0

y= 140

1
3 (
2

T 1—wv 2v 11—
——— —1 I 20(1 Li Li
= —log 1 log(20(1+v)) + ( 1)+ 12(1—1—1})

—(1+%)

(3.69)
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The only part which depends on the event-shape is the integral in the second line of Eq. (3.69)).
The last piece needed is the O(°, A?) expansion of the non-integral factors in Eq. (3.67)). For
these we get

2¢e r
Crog 3+ 0242 [P A% Cpas 112 -3 9 9 Q?
Ll - e ) — ) log X

Ar 21-6er—2e0(2 — 2¢) <Q2 e e e U (B=v)logg 5

+ O(g,log A)
CFOéS

_. _1 v v
—re ey, +G0} +O(e, log A), (3.70)

in the vector and

2. ~2\ 28 A2 2
Cras vi(e—1) (“) A™" _ Crag [——1+210gQ v? 4+ O(e,log A)
212

A 27 6er—2e1(2 — 2¢) \ Q? 5 47 5
CFOés 1 a a
=: 477 |:€G_1 + G0:| + 0(8, log A), (371)

in the axial case. The term proportional to log A would correspond to the plus distribution
coefficient. The final result for the cumulant in the soft limit is

1 ; CF(X
ﬁziad,soft(emin + A) = A .

)

1 . ) )
SGL Ry + GLyFi(e) + GyFo + O(log A, s)] L 37

Now we can easily read off the delta function coefficients which have the form

. 1 . . .
féxad = EGZ_1F0 + G Fi(e) + Gy Fo. (3.73)

Application to the Heavy Jet Mass

Here we apply the general method to the heavy Jet mass. Using (y 2)

out the remaining integral in F7, defined in Eq. . We obtain

, = % We can carry

v? —1+4z( 2) B 9 . (v+1
/dz ) 210gz——4<v —{—1>L12( 5 >

NJ\»—\

+% w2 <v2+1) —6(1} (v <2+log22> +2—4log2) +log22>1

1—vw
+1’

(3.74)

+ 2log(1l —v) ((UQ—I—l)logliv —41)) +2(v —1>log
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and after several manipulations we get
1—
o + 211)

(3 - U2) ((’U2 +€1) log p N (,02 B 3)

2 B . (v+1 C(1=v\) 3. 5 1—-w
(U +1)< 2<L12( 5 >+L12(v+1>> 2log (U+1)+logv+1

1 1-—
+ log(1 —v) (log(v +1)— B log 16v> — log? 2)

fg},rad =

X

2
T [ 9 1—-w
+?(v +1)—2v(v+1)—4vlog o ]

_4<; (W—i—l)logil?—l—v) ((3—v2>10g2Q:2+1;2_2>,

and

2/U+(’U2+1>10g11);+11) B (v2+1)

a _ .2
fé,rad =v [2 c

. v+1 . 2v 9 2
X <4<L12 <v—1)_L12 (v—l)) —4log210g(1—v)—log (v+1)

+ log(1 —v) (210g(v +1) —log 1= v) >

256
1—v Qv Q?
2
—4(’0 +1>10g1]+1 longﬂ—SvlogF
+§<12v(v+2—log4)—7r (v?+1)) + 8vlog - ] (3.75)

Note that the 1/e terms precisely cancel the IR divergences in the virtual contributions given in

Bq. (529,

3.5 The Fixed Order Delta Function Coefficient

Adding the corresponding real and virtual contributions from Egs. (3.28) and (3.75)) we obtain
the full fixed order delta coefficients

Crosg Lo, 1—vw
v virt v 2 4

= — + =—(3+10 -3 1

f6 < 4 > 8 f§,rad ( v v ) og 1 v

(1—v)3(1+v)

+ (v? — 3){21}(1 —v) —2vlog 16

2 1—w 202 (v +1 o (1—-w
—€—210g1+v log1+v+2L12 (v—l) _4L12<1+v> ,  (3.76)

+ (1 +v?)

and

s -1 ya L X .
1§ = <CF0‘ > Uvm+f5vrad:1’2{_2(3+202)10g1+v+4v v—1+10g(+v)1(6v)
7 (%

47 og
+ (1402 ™ a1og 2% 10g L7 r <“+1)+8L' (1_“> (3.77)
v —_— O, O — 1 1 S — . .
3 110 110 2\v -1 2\1+o
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Note that our results are cross checked via integrating the differential distribution and comparing
it with the total cross section, which can be found in [32] and reads

v a v CFOéS v a CFaS a
Otot = Otot T Otot = Ttot,Born [1+ K (U)} + Otot,Born {14‘ . K*(v)|, (3.78)
with the coefficients
1 P (v) 1+w Q" (v) ]
K(v) =~ |A 1
() v[“”+1—vw3°g1—v 1—2/3)°
1 P*(v) 1+v  Q%w)
Kewv):=-|A 1
(0) = 3 [ 4@ + g g 10 + S50,
1—v]? 1—wv l+v, (1+0)3
A(v) := (1 + %) |Li 2Lig [ —— | +1 1
()= (1+?) ([H} >+ i (0 ) +los o log
2
+ 3vlog —vlogw,
33 22 7 5 3
pv = 0 a2 4 v I I
S TR YL TOR Q(v)i=qv— v
w21 59, 19, 3 W21 30, 3,
P%(v) := 33 T 337 T3¢ T 33v Q%) := 16v+ 167 + T (3.79)

3.6 Large Logarithms and the Need for Resummation

Although fixed order calculations properly describe the partonic contribution of event-shape
cross sections in the far-tail region, in the dijet region one needs to address two relevant issues.

The first issue arises since perturbative cross sections are calculated with partons in the final
states, what’s measured in experiment, however, are hadronic final states. Therefore, to obtain
the full prediction one has to account for non-perturbative contributions, which we implement
by using a so called “model function” [10,/12,[33], explained in more detail in section

The second issue is related to the problem of large logarithms that are appearing in the dijet
limit [1,2]. Looking at the O(as) cumulant of the heavy jet mass distribution in the limit
m ~ p < 1, one obtains

C FQg

1.
%EZ(P) =1+

[~610g 5 — 4log? 5+ O(p°, )| (3.80)

It is evident that for small p the logarithms are large and spoil the perturbative expansion.

The source of this problem lies in the presence of a strong scale hierarchy in the dijet limit.
In fact, the enhancement of collinear and soft radiation leads to three distinct scales, namely
the hard scale uy ~ @, related to the hard interaction, the jet scale py ~ Q+/p, related to the
collinear particles in the jet, and the soft scale g ~ Qp, related to soft radiation (of course in
QCD we also have the non-perturbative scale Agcp). The cross section contains logarithms of
ratios of these characteristic scales, which leads to the logarithms of p we see above.

These logarithms have to be resummed to get a valid expansion in the region of small p, and it
is necessary to introduce a new counting by considering a;log p ~ O(1). This counting can be
best understood by considering the logarithm of the cumulant, which has the form [34]

log %, ~ logﬁz (s log )t + Z (s log p) T + ay Z (aglogp) + ... . (3.81)
i=0 i=0 i=0
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These terms are called leading log (LL), next to leading log (NLL), next to next to leading log
(N2LL), and so on [10].

To resum these terms we will factorize the cross section in the dijet limit into parts which
contain only one of the characteristic scales via using soft-collinear effective theory. In this
framework we resum large logarithms by using the renormalization group evolution for each
sector independently.
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Chapter 4

Soft-Collinear Effective Theory with
Masses

In this chapter we will give a short introduction to soft-collinear effective theory (SCET) [3-9],
which is an effective field theory suitable for situations in which just soft radiation and jets of
collinear particles are present. In the setup considered in this thesis, this corresponds to the 2-jet
limit with two thin pencil-like jets and soft radiation where we found large logarithms in the fized
order result.

The SCET framework will be used in chapter[3 to prove the factorization formula where hard,
collinear, and soft contributions to the cross section decouple, which consequently allows us to
resum the large logarithms [10-12].

First we will introduce light-cone coordinates, which are very convenient when dealing with highly
boosted particles. To obtain the SCET Lagrangian we will explore the scaling of collinear and
soft particles, which we use to expand the QCD Lagrangian.

4.1 Basic Setup

Since collinear particles are boosted objects with velocities near the speed of light, we will
use light-cone coordinates which are useful in calculations, and make lots of formulations very
transparent. To introduce these coordinates we define two light-like vectors

n* =(1,0,0,1), @*=(1,0,0,-1), (4.1)

where
n-n=2 mn-n=n-n=0. (4.2)
n and 7 can be used to split any vector p into three components in the form

n# nt nt nt
p“:7p-n+7p-n—|—p’j=fp++*p +p’i- (4.3)

One obtains a component parallel to n and 7 respectively, and a contribution perpendicular
to both vectors, which can have two non-zero components. The scalar product of two vectors
expressed in terms of these coordinates reads

pg=ptq +p q +pL-qL. (4.4)
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Light-cone coordinates are very handy when thinking about momentum scalings and therefore
we will use the notation

p=("p .p1), (4.5)
for scaling considerations from now on.

Let’s consider the mentioned 2-jet limit with collinear and soft particles. A collinear particle per
definition moves in a specific direction with high momentum and is nearly on-shell. To learn how
the scaling of boosted particles looks like, we consider a particle with small momentum and no
preferred direction

bs ~ Q(Av)" )‘)7 (46)

where A is a small parameter, and @ is the center of mass energy. Boosting this momentum into
the —z3 direction by a large amount of 1/A leads to a scaling

pe~ QN LN, P2~ QAN (4.7)

This is the momentum scaling of a boosted particle. We see that there is a strong hierarchy
p~ <K p < p' between the momentum components, where the large component scales with @
like we would expect.

We already mentioned that there is one more mode to consider in jet processes, which comes
from homogeneously radiated soft gluons. Since the interaction of such a soft particle with
collinear modes should not push the collinear particle too far off-shell, and soft radiation should
be homogeneous, the scaling has to be

Pus ~ QA2 N2 02), P2, ~ Q2N (4.8)

This can also be seen as the consequence of fixing the scaling of a jet mass m% to m3 ~ Q?\? [9].
In the SCET literature this mode is mostly called the ultra-soft mode, however, in this context
we will call them soft, since we don’t have other types of soft modes.

It should be mentioned that additional “mass modes” with soft scaling have to be included in

O(a?) calculations, originating from secondary massive quark corrections [35].

4.2 SCET Lagrangian

After considering the modes and scalings which are important in the 2-jet limit, let’s construct
the effective Lagrangian describing them. To do so we split the original QCD fields into the
relevant modes of our problem. Both the quark and the gluon field, denoted with v and A", are
split into a m-collinear, n-collinear, and a soft part in the form

¢ — ¢n+¢ﬁ+¢57
Al AR 4 AR AR (4.9)

Using the projection operators
i it
Pn:%, Pﬁ:%, (410)
we split the collinear quark field further, which we demonstrate on the n-collinear field (the
n-collinear one behaves in an analogous manner). We write

Yn = Potpp + Patby =: §n + 1, (4'11)
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and it follows that

Pngn = ém
Pién =0,
= 7h&n = 0. (4.12)

The scaling of these two fields can be checked by considering the related two point functions. It
turns out that [4]

En(x) ~ A, () ~ )\2’ (4.13)
thus, the 7, field is suppressed relative to &,.

The scaling of the remaining fields can also be checked quite easily. They read
s ~ A3, AP~ A2 (4.14)
and the collinear gluon components AZJ—L scale just like the analog momentum components

Pn ~ Q()‘2ala)‘)7 P NQ(17)‘27>‘) (415)

To derive the SCET Lagrangian we consider the collinear quark contribution to the QCD
Lagrangian. By writing the covariant derivative in light-cone coordinates and using Eqs. (4.11))

and we get
['q,n = &n(llp - m)¢n

As mentioned above, 7, is suppressed in the SCET power counting parameter A and therefore it
can be integrated out. Since the Lagrangian is quadratic, this can be done exactly by using the
classical equations of motion for 7, [4,36]

i 4+ mi
n = T§§n7 (4.17)

which leads to

. 1 (
7Z P
2 1D~

Here we applied SCET power counting to the covariant derivatives.

i), + m)ﬁgn. (4.18)

D€+ &ulil) 1 —m) 5

Eq,n - gn

In contrast to this more complicated structure, the soft Lagrangian and the collinear gluon
Lagrangian look just like in QCD with only soft or collinear particles (including covariant
derivatives). Finally the full leading order SCET Lagrangian appropriate for a dijet problem
reads

Lscrr = s (iDy —m)ihs — 1 (FSWA)2 - % (F#,,AY

4
i DYy + £ (i) —m)

—q
2 iDp,

+&n

(D] + m)?ﬁn + [n-terms], (4.19)

where the subscript s and n mean that only soft or n-collinear fields are involved. This Lagrangian
can be used to derive the SCET Feynman rules given in appendix
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Figure 4.1: Graphical representation of the emergence of a collinear Wilson line.

4.3 Wilson Lines

4.3.1 Collinear Wilson Lines

In QCD, interactions between n-collinear (anti)quarks and n-collinear gluons are possible, however,
they produce (anti)quarks which are far off-shell. Such contributions have to be integrated out
in SCET and reappear in the matching conditions to QCD. In the following section we will focus
on collinear Wilson lines [4,6], which account for these contributions and are needed to preserve
collinear gauge invariance.

Let us consider a diagram containing a n-collinear antiquark, a n-collinear quark, and several
n-collinear gluons radiated off the n-collinear quark, as shown in Fig. The full theory
amplitude with spinors and polarization vectors replaced by SCET fields is

Lo g T Lt e ) x ..

perm p2+z %) —m? 40
i(—py — ¢, +m)
(p2 + q1)* —m? + 0

(1957 A7 (q1)[7) - (4.20)

Since we have to consider diagrams with crossed gluon lines, we have to sum over all permutations
of the gluon momenta ¢;. Additionally, the symmetry factor m! accounts for the fact that all the
gluon fields are identical and can be contracted with any external gluon state.

After applying SCET power counting to Eq. (4.20) we obtain

(g5°)™ Myin Ty fim e AM _
p;n m! (g +1i0)--- (X q; +20)5 § (AR (am) - AR (@) & + O(N). (4.21)

Summing over all numbers of radiated gluons, we can read off the n-collinear Wilson line in
momentum space

gsu ﬁum . "ﬁm
Wn = AL () - - - ABY , 4.22
%:p;m ml (g +140)---(X;¢; +i0) " (den) (@) (4.22)

and analogously the adjoint n-collinear Wilson line

—gshi°) My =" My w pm
Az - AR m). 4.23
;p;n ml (g +i0)---(2; ¢ +10) w (@1) - As" (gm) (4.23)
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In position space they read

W,, = Pexp (—igsff / dsn - Ay, (sn+ :1:)) ,
0

WTJ: = Pexp (igsﬂg / dsn - Aﬁ(STL + x)) s (424)
0

where P is the path ordering, and P the anti-path ordering operator.

After integrating out these modes the SCET current reads x,I' x, where x,, := Wi¢, is the jet
field [7] which contains the n-collinear quark field, as well as the n-collinear Wilson line which
encodes n-collinear gluon emissions off n-collinear quarks.

4.3.2 Soft Wilson Lines

Let’s look at a similar situation for soft gluons interacting with collinear quarks. In this case the
resulting propagators do not become off-shell as in the situation before, however, it turns out
that the soft radiation can be resummed anyways in terms of soft Wilson lines [6,137]. Using
these soft Wilson lines we can completely decouple interactions of soft and collinear degrees of
freedom. This is the basis of the SCET factorization formula for the cross section.

Considering a diagram analogous to fig. [£.1] with soft gluons, we find the soft Wilson lines in n
and n direction

(9si°) M~ " Ty
Y _ Aﬂm m) - .Aul ,
;p;n m! (J1 +i0)-~-(EiQT+i0) ) )
Z Z gslu -TL/“ e 'nl"mi . Agl (CI1) e Agm(Qm)v (425)

m perm m! q + ZO) T (Zz q; + 7“0)

in momentum space and

Y, = Pexp (—z’gsﬂa / dsn - As(sn + w)) ,
0

Y] =Pexp (igs[f / dsn - Ag(si + m)) : (4.26)
0

in position space.

In chapter [5| we will also use barred Wilson lines, which are defined as
o0
Y, = Pexp (igsff / dsn - Ag(sn + x)) , (4.27)
0

_ _ T _
where A = AATA = — A4 (T A) is the gluon field in the 3 representation of SU(3).
To achieve the soft-collinear decoupling we perform the field redefinitions
&= Yutl),  An = Y, AVY] (4.28)

and analogously for the n-collinear fields. The added (0) indicates that these fields are not

interacting with soft fields any more. These interactions reappear in the SCET current in terms
of soft Wilson lines (see Eq. (4.35))).
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4.4 Label Formalism

Here we derived the SCET Lagrangian in pure position space. However, in chapter [5 and in
most of the literature [4H7}/11,[36] the label formalism is used, which works with a mixture of
momentum and position space [8].

When using the label formalism, one splits the collinear momentum p into a large label momentum
p and a small residual momentum k like

PR (4.29)
with

_ _n#

pt=p ?erf, (4.30)

where the residual momentum scales like a soft one.

One can now write the jet fields as

Z e P “Xn,p(x (4.31)

such that a derivative acting on xy, 3(z) is of order A2. The analogous decomposition is also
performed on the collinear gluon field.

The notation of the sum in Eq. is of course symbolic and p is still a continuous variable,
nevertheless it is often useful to think of the label momentum as discrete, dividing momentum
space into a certain number of bins. In this picture the small residual momentum specifies the
position inside one bin.

Since collinear fields have large label momenta it is problematic to sum over the whole range of
values of the labels (e.g. in collinear loop integrals), including the small ones (the “zero-bin”).
This leads to double counting of soft contributions, that can be cured by the so called “zero-bin
subtraction” [38], where one subtracts the contributions corresponding to collinear diagrams
with soft scaling.

To extract the label momentum of a collinear field one can introduce the label operator P, which
acts in the form

Pl xng(x) =" xnp(x). (4.32)

Using the label formalism the collinear quark Lagrangian (prior to the field redefinition) takes
the form

(D'} + m)?gn,p, (4.33)

iy iz P
D’ 9 D+§n,p+ e fnp(zmj_ )ZD,;

with an implicit sum over the appearing label momenta in the form &, , =3, &, and

iD'TM =Pl + gZA’ifjc,
k

En,q - eim'Pgn

iD, =P 4+gY A (4.34)
k

Integrating out off-shell propagators, redefining the collinear fields using soft Wilson lines, and
using the label formalism leads to the current operator

T w,0, 1) = (XY SIS Yaxno) (0), (4.35)

2

which is used as a starting point for proving the factorization theorem in chapter [5] S, is the
mass mode Wilson line, which describes contributions of virtual secondary massive particles,
which start contributing at the two-loop level (see [11]).
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Chapter 5

Factorization Theorem for Jet Cross
Sections

Here we will derive the factorized heavy jet mass (HJM) cross section in the dijet limit. We start
by considering the QCD cross section in this limit and match the QCD to the SCET current
operator. As the final result we will factorize the cross section into three sectors in the form

c=H-J®8. (5.1)

The resulting three functions describe the dynamics at different characteristic scales, which are
used in the resummation procedure by choosing appropriate scales for each factor. H is called the
hard function, which is the squared Wilson coefficient and describes the hard interaction, J is the
jet function and describes the dynamics of the jets i.e. the collinear particles, and S is the soft
function, which describes the soft radiation and soft crosstalk between the jets.

5.1 General Factorization Theorem in SCET

In this and the following section we will largely follow [11] and therefore we omit some of the
intermediate steps. Starting from the expression for the leading order QED, full QCD cross
section as written in Eq. , we restrict the final state particles to a situation with just
back-to-back jets and soft radiation via writing

res

022(277)45 (¢ — Px) ZL <

X 1=v,a

) x

Here the first sum includes the phase space integration and accounts for all possible final states
restricted to the dijet kinematics, which is denoted by “res”. In this region of phase space SCET
is applicable and we can make use of to the SCET current J!* with the matching condition

7 0)|o). (5.2)

T0) = [ Qo Cw,@, )T .5, 10 (5.3)

where J/* is the QCD current, and C' is the matching coefficient. As derived in the last chapter
the SCET current is given by

JKO)M(WNI-)J//) = (Xn,erijzré‘SﬁYﬁXﬁ@) (O) (5.4)

1
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We impose factorization of the final state (and consequently the phase space) into collinear and
soft degrees of freedom in the form

| X) = [Xn) | Xa) | Xs) - (5:5)
It is worth noting that when squaring the hadronic matrix element
_ f -
(X|TXn Y SIS Yixa0[0) = (0] TR oY SITH S, Vaxnw| X ) (5.6)

where T is the anti-time ordering operator. The (anti-) time ordering can be dropped when using
the bared Wilson lines as defined in Eq. (4.27]) because of the intrinsic path ordering structure.

Using some manipulations, SCET power counting, and a generalized Fierz identity (which can
be derived from Eq. (33) in [39]), one can write the total cross section as

res

ol — 4 _ _ _ v .
16N2M ;XZ (27)*@W (g — Px, — Px. PXS)<O‘YnYn‘XS> (X, 0)
x [ dod@|C(w, @, 1) O]l Xo) (Xl sl0) Oa 1Y) (Xalracl0), (5.7
where color and spin traces are implied in every factor and K{ = 2(d — 2)cfep. M, =

_ 2
ﬁ ‘<O‘Sﬁ5n’0>) is the mass mode vacuum amplitude, which will be neglected for the rest

of this presentation since it is, as mentioned, of order o?.

In the next step we note that due to momentum conservation C(w,w,u) = C(Q,—Q,p) =
C(Q, ). Furthermore we implement kinematic constraints by introducing delta functions and use
label and residual momentum splitting. The remaining delta functions are turned into integrals
over exponentials, which gives the general factorized SCET cross section formula

NcQ?*K}
8

<X gy [t e (o)) (% 5aP)

res

x XZ/d‘*y TV (0% ()| X ) (X ix . o[0)

<X ey ] 0 T et ) (x

i _

Q)M [ it ik i

Vi), 68)

Note that the momenta k are residual.

5.2 Factorization of the Double Hemisphere Mass Cross Section

In the following discussion we will use the general formula in Eq. to derive the factorization
theorem for the double hemisphere masses cross section. To achieve this we assign every particle
in the final state (collinear as well as soft ones) to one of the two hemispheres, labeled by a and
b. We define the invariant mass of the hemispheres as

Mz = (pn + kg)Qv
MZ = (pn + K2)?, (5.9)
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where p,, (pr) is the sum of all n (72)-collinear momenta, and k% (k) the sum of soft momenta in
hemisphere a (b). After integrating over k! and k; , and consequently set the argument of the
soft Wilson lines to zero, we implement the hemisphere masses via inserting the identity in the
form

1= /dM3 AMZ 6 ((pn + k$)? = M2) 8 ((pn + K)? = M) , (5.10)

under the sum over soft states in Eq. (5.8). Splitting the occurring momenta into label and
residual ones, implementing kinematic constraints, and applying power counting one gets

(pn +5D? = QU + k). (5.11)
Furthermore we rewrite the hemisphere mass as
M? =m? + s, (5.12)

where m is the mass of the primary quark, produced in the hard interaction, and s; is the
corresponding off-shellness which is small in the two-jet limit.

To make the X, dependence of k2* = k%[ X,] explicit we insert the identity in the form

1= /cw+ e 6 (¢ —kgt)o (e - k). (5.13)

Since now all kinematic constraints are implemented through the delta functions and the
demanded smallness of the offshellness s;, we can drop the “res” from the sums. Finally, after
applying some more simplifications and taking the derivatives with respect to the hemisphere
masses, we obtain the desired factorization formula for the double hemisphere mass cross section

d?o? i b
W = O'OH(Q7 ,Uf) /dﬁ d/ Jn( QE 7,U) (Sb — QU ,,u)Sheml(E /~ 7#) (514)
The occurring ingredients are the hard function

H(Q,p) = |C(Q,pm)I, (5.15)

which encodes the hard interaction in the process, the jet functions

Jo(QEF —m?) = — %IQDlsc l/ da? eikn® <0|TXH,Q(O)4%MXH(.$) O>] ,
Ja(Qkz —m?) = %Disc U dg?* eikn® <0'TXn(x)4¢MXn,Q(0)‘o>} , (5.16)

which encode the dynamics of the jets, and the hemisphere soft function
Shemi (€7, 07) == — Z o (0t —ket) o (60— k) (0| Vaya(0)[ X, ) (x

which describes the soft radlatlon and the communication of the two jets through soft crosstalk.

YH)]0), (5.17)

Since the soft function accounts for low energy radiation, it is partly governed by non-perturbative
effects realized through power corrections to the partonic result [40]. In order to incorporate
these effects, the soft function can be factorized further into a convolution of a perturbative
partonic soft function and a non-perturbative shape or model function [1233] in the form

Shemi(€1, 0~ /d€’+ de'— Sﬁeagl(ﬁ' — 0t — E'_)S}ﬁ‘fﬁ(fur,ﬁ’_), (5.18)
where SE:;& is the partonic soft function, and Sffel}%li is the soft model function, which will be

described in more detail in section [6.6]

Note that the only function which depends on the primary quark mass is the jet function.
However, at two loops additional mass dependencies associated with massive secondary particles
come into play for all the corresponding functions.
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5.3 Factorization of the Heavy Jet Mass Cross Section

To project the double differential cross section in Eq. (5.14) onto the heavy jet mass we use the
HJM definition from Eq. (2.3) and insert the identity in the form

1:/dp5<p max{ M, ’M‘JZ}> /dpé( —mx‘g;‘%}> (5.19)

into (5.14])), such that the HJM cross section can be obtained by the formula

o d?c max{Sq, Sp}
— = [dsgdsy———s0(p—m?2 - — L2200
P / 50 8% Dz a? (" " Q? )

Q%*p

2
—2Q2/dsa do

5.20
dMZ M} (5.20)

5=Q%p

In the last line we used the basic structure of the double differential cross section as given in Eq.
(15.14)).

However, it should be stressed that the direct use of this formula can be problematic. The
reason is that when deriving the partonic cross section, the double hemisphere mass cross section
contains distributions such as delta functions or plus distributions, which make some of the
transformations made in , and thus the final formula, not well defined. This can lead to
ambiguous or wrong results. A convenient approach to deal with this problem is to calculate the
cumulant

C do
Z(ec) = [ ap'T. (5.21)

Pmin
and then differentiate 3,(p.) with respect to p. to get the differential cross section. When first

integrating over p in the first line of ([5.20]), the subsequent manipulations are well defined and
the corresponding formula reads

Q*pe 5
E():/dsdsda (5.22)
p\Pc / a bdM(%deQ .
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Chapter 6

Theoretical Ingredients for the Full
Cross Section

In this chapter we present the differential cross section with respect to the heavy jet mass (HJM)
and the corresponding ingredients including log resummation in the peak and tail region at N>LL
order, non-singular contributions, non-perturbative corrections, and renormalon subtractions.

First we determine the functions present in the SCET factorization formula given in Eq.
and discuss the corresponding renormalization group equations to resum the related logarithms of
the hard, jet, and soft scales. To have accurate predictions in the far-tail region, where the fized
order result is valid, we include the non-singular contributions to the cross section, containing
the unresummed contributions subleading in SCET.

Afterwards we will introduce the soft model function which accounts for non-perturbative power
corrections. These are especially important in the peak region, whereas in the tail and far-tail
region only the leading power corrections are dominant, resulting in a simple shift of the partonic
soft function. Subsequently, we remove the O(Aqcp) renormalon ambiguity present in the pole
mass and the soft function to improve convergence of the perturbative series.

6.1 Hard Function

The hard function is obtained from squaring the Wilson coeflicient C', originating from matching
the quark current operator in QCD and SCET as given in Eq. (5.3). To do so the corresponding
matrix elements have to be computed and compared. The matching takes place at a certain scale
named the hard scale, at which we impose the matrix elements to give the same results at all
orders.

Since the mass is of order of the SCET expansion parameter A, higher order mass effects are
subleading and so in SCET only the leading IR structure of QCD is reproduced. Therefore, the
matching has to be done by using the leading order A expansion of the QCD result. It is easy
to see that the tree level matrix elements are the same in QCD and SCET, thus only the loop
contributions have to be considered in more detail.

The virtual O(as) QCD diagram was calculated in section Expanding Eq. l in m? ~ \2
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Figure 6.1: The Feynman diagrams which correspond to loop corrections to the SCET quark
current, excluding obviously vanishing contributions.

we get
(@17} 10)qep = @lpr, 51T v (p, 32){1 + Cj:S % (~2 = 21og (~m?)) + 32 —4—log (—m?)
+ 2log MQQ + log? ( 2) + 2log (—m2> log _;32] + 0 (mQ) }, (6.1)

where m? = m? — i0, Q% = Q? + 0.

To obtain the right expression for the O(c;) matrix elements in SCET we have to compute the
diagrams shown in Fig. which is done in appendix Note that diagrams with gluon loops
including just Wilson line vertices are zero, since n? = 0.

Like in the fixed order QCD calculation we multiply the matrix element with the on-shell wave
function renormalization Z 0s — Z OS and obtain the matrix element

(94| J'10)gcpr = Zgosﬂn(ph s1) (T + 2H,) va(p2, s2)

1 m2 2 , m?
6—2 - (1—210qu> +4+€—log—+lo F

where H, corresponds to diagram (a) in Fig. and is given in appendix

asCr
47

= U (p1, s1) T4 va(p2, s2) {1 + —

Using C(w,w, u) = C(Q, 1) (see chapter |5]) the matching condition reads

(00l D qen|,_, = C(Q) (4l 710)scrn (63)
where CV is the bare Wilson coefficient
0 aCp | 2 1 —Q? m° s —Q° -Q?
=1 - — = —2log —— | — — = . 4
C*(Q) + i l 2 <3 og 2 8+ 6 2 2 (6.4)

Note that all the remaining divergences are of UV type. The bare and renormalized coefficients
are related by

C°(Q) = Zo(Q, )C(Q, 1), (6.5)
which results in the renormalization factor
_Q2
— 3—-21 6.6
82 - ( 0g 12 ) (6.6)

as(p)Cr
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Figure 6.2: Feynman diagrams used for the jet function computation.

and the desired renormalized one-loop hard function

(L)Cr Tn? Q? Q)

H(Q, ) = |C(Q, )2 =1+ 2264 1T : +61g/7—210g2 (6.7)

47

6.2 Jet Function

The jet function is defined in Eq. and describes the dynamics of the collinear particles
in the jets. Here we will calculate the jet function at O(ays) by taking the imaginary part of
the diagrams in Fig. and the tree level diagram (which is just the collinear propagator),
multiplied with the appropriate factors [12]. The diagrams containing two gluon-Wilson line
interactions are obviously zero, just as in the hard function.

The individual diagrams are computed in detail in appendix The sum of these diagrams,
multiplied with the needed factors and traced, reads

j::jtree+ja+jb+jc+jd+je

1 4 4. —
= —{l—i—CFaS lQ— log — —|—3—|—210g ——210g —4L12< 8) 3log — —
TS 4 |e 112 u? w2
—s m?(m? +2s) . —s s
41 1 — log — 8 6.8
+ og 2 s (s +m?)? B s +r (6.8)

where s = p?> — m? +i0. Using the imaginary part relations described in appendix we obtain
the unrenormalized one-loop jet function

Cra 4 3 72 m? m?2
0 Fg 2
= + —+—-—+8— — +log— +2I —
Jn(s) 5(8) 1 { [52 - 8 3 0g — og 2] (5(3)
4 u? u? S 4 S
+ - 4 — 4log E ( ) + 8[,1 (s) + @(s) 7(m2 3)2 - log [ 1+ s .

(6.9)
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Since the jet function depends on the dynamical quantity s and the renormalization procedure
has to be local i.e. an ordinary multiplication in position space, the bare and renormalized
momentum space jet functions are related via a convolution, so [12]

Jgﬁ(s) = /ds’ Zj, (58— s’y ) Jna(s ). (6.10)

Subsequently, the jet function renormalization factor reads
Cras(p) 4 3 4 2
Zj - = — < |5+ - T ¥ A1
o) =85)+ LR S P 6 - 2k o0}, (6.11)

and the one-loop renormalized jet function

Cpas(,u) 72 m? 9 m?
n(s, 1) = + —- — — +log— + 21 —
J, (s M) 5(3) 1 8 3 08 —5 og M2 6(3)

2

—4 —4log 7;2] £6‘2(s) + 8£§‘2(s) + O(s) {S - élog (1 + n(;ﬂ }

* (m? + s)?

(6.12)

Note that the jet function is mass dependent, while the renormalization constant is not, since the
UV divergences are universal. Thus the jet function evolution, which will be derived in section
[6.4] is identical to the massless one. Note also that at this point we use the pole mass scheme for
convenience. We describe the procedure to change to a short distance mass scheme in section
0. (.2

6.3 Soft Function

The hemisphere soft function is defined in Eq. . As already explained, the soft function has
contributions from perturbative i.e. partonic, and non-perturbative regimes, where the partonic
contribution at O(ay) is determined by the diagrams in Fig. and the appropriate tree level
diagram. Note that again some diagrams obviously vanish, namely the ones where the gluon
connects two n or two 71 soft Wilson lines. At tree level the soft function can be computed in a
straightforward way, since no soft gluons are emitted (|.X;) = |0)) and so

gparttree — 5 g(07). (6.13)

hemi

The O(as) diagrams are calculated in appendix and the final result of the soft function reads

CFasN2€ eVEE

SPAt0 (gt =y = S(eH)S(07) + (5(6‘)@(6*) (ﬁ)*HE + 50O ) (z—)‘1‘25>

hemi mel'(1 —¢)
=SS — Cfro‘s éa(z—)a(ﬁ) - éa(r)cﬁ(ﬁ) _ %5(6*)56‘([‘) — Gyt ) + 0(5)1,
(6.14)
with )
Gs(6,07) = T8 )3(0) — 25(0)LH(ET) — 2567 (L), (6.15)

To perform the ¢ expansion of Eq. (6.14) we used relation (C.4) to get the right distributional
structure. Note that since in (C.4)) the variable x is a dimensionless quantity, we had to introduce
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Figure 6.3: Diagrams determining the soft function.

an arbitrary dummy variable x with energy dimension one, and set I° = ka’. At the end we
specified k = p to simplify the result.

Similar to the jet function the renormalized soft function is determined by

hemi hemi

SPO(t 47y = / A0t Al Zg(r — 0 07 — 07 ) Span (0 ), (6.16)

which leads to the renormalization factor

207, = 506035 + 2 L Lemsien) + Laeyeg e + Lo chien)]
(6.17)
and the renormalized one-loop hemisphere soft function
SPAL (= ) = 6(0H)8(67) + Crast) oo+ o= ). (6.18)

s

Note that all our results coincide with [12].

6.4 Renormalization Group Equations and Solutions

To resum the large logarithms as explained in section [3.6] we have to solve the renormalization
group equations (RGEs) for the hard, jet, and soft functions given in Egs. , , and

(6.18]) respectively.
For the hard function, the RGE reads

g H(@ ) = 0 Qi H(Q 1), (6.19)
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and the general form of the anomalous dimension of the hard function is [12]

Q2
Yu(Q, 1) = —Tylas]log = e 5 +ymlas), (6.20)

where I'g[as] and vg[as] are perturbative coefficients given by

=: EFHJ‘ (azgf))iH : Y las] =: ;JWH,z‘ (O(Z(:)YH- (6.21)

Solving the RGE leads to

2

H(Q,p) = H(Q, p1rr) exp <_WH(M7,U«H7FH7 2)log 222
H

where U is the “evolution kernel” of the hard function, and the occuring functions are

+ K (p, NHyFH77H)>

Trla]
r :
(M/’LFu F,J] /d 5[04]7
as .“F
r
Kyt i, T, ) =2 / datp / do/ (6.23)
as(pr) as(um) as (i)
with the QCD beta function
Blou] = - B 3, (%)) (624

=0

which is described in more detail in appendix [F.1}

The renormalization of the jet and soft functions in Eqs. (6.10) and (6.16) is given by a
convolution, thus the running has a convoluted structure as well, so [12}34]

d
o) = [ a5 s = 570,
,udCLS(ﬁﬂE, p) = /dﬂ”r Al g0 =0 0 — 0 ) ST ), (6.25)
with S = Shemi and

V(07 1) = S )5 (07, 1) + 6(07)ys(€7, ),
2 .
vt p) = — er[as]ﬁgj (t) + vplas)d(t), F=Js. (6.26)
Jj is the energy dimension of the argument ¢, and I'r[a;] and yr[as] are defined perturbatively

analogous to Eq. (6.21]). The splitting of the soft anomalous dimension into two parts as given
in (6.26)) follows from the consistency relation given by Eq. (6.39).

To solve the RGEs in (6.25) it is convenient to Fourier transform these equations so that

@J(ynu’) = &J(ywu)j(y”u)’

—S8(Qy", Q1) = (3:(Qu.m) +3(Qy ) Sy, Q. ), (6.27)
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where y and y™~ are the Fourier space variables with energy dimension —2. These equations
can be solved analogously to the hard function, giving the solutions

j(ya /'L) - ~(y’ MJ) €xp (WJ(,U, K, FJ;j) lOg(ly e’YE:u’?]) + KJ(,LL, Hy, FJafYJ))
=t J(y, 1)) U (Y, ps, 1),
Sty ,w) =S,y ,us)Us(y™,y~ s, ) = ST,y ns)Us(y™, s, 1) Us(y~, ps, ).

(6.28)

To Fourier transform the plus distribution present in the anomalous dimensions, we used the
corresponding relation given in the second line of Eq. (C.9). The soft evolution kernel U has
the same structure as Uy, with the functions wp and Kp defined by the Eq. (6.23)).

Taking the inverse Fourier transform, the final form of the evolution kernels read
U R TET 6.29
" — t )
F( aMFaM) I‘(—wF) O,wF( )a ( )
containing the fractional plus distribution, which is defined and explained in appendix

The calculation of the perturbative coefficients contained in the anomalous dimensions of the
hard, jet, and soft functions is straightforward. Since the bare functions are independent of the
renormalization scale p, it holds that

udH%@—MSA&MlmH@M»—&

dp
d - d /5 -
M@Jo(y) prm (ZJ(y, u)J(y,u)) =0,
d ; d /- .
M@SO(Qyﬁ QuT) =ng, (Zs(Qu, Q™. Sy, Q™. 1))
d /- - ~
=h, (Z:Qu* ) Z,(Qy, mS(Qy*,Qy~ 1) =0, (6.30)

where we used Zy = Z% and Zs(Qyt,Qy~, 1) = Zs(Qy™t, 1) Zs(Qy~, ), following from the first
line in Eq. (6.26). The corresponding solutions read

d
I il
YH ZH )
o
du,ZF
Ap= —pdl F= s, (6.31)
A3

thus the results for the leading terms of the anomalous dimensions in Eq. (6.21)) (and analogously
for the jet and soft functions) are

YH,o0 = —12CF,

I'go=—-8Cp,

750 = 6CF,

['jo0=8CF,

Vs,0 = 07

Tyo = —4CF. (6.32)

Since in this thesis we aim to carry out the analysis at N?LL order, we need higher order
coefficients, namely I'r up to three, and v up to two-loop order. The relevant coefficients for
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LL 1 0 0
NLL 2 1 0
N2LL 3 2 1
NLL/ 2 1 1
N2LL/ 3 2 2

Table 6.1: This table shows to which order the various ingredients for the resummed cross section
are needed to achieve a certain accuracy. The fixed order result is needed in the matching as
well as for the non-singular contribution, and corresponds also to the needed order of the jet and
soft functions. The numbers specify the order in .

the hard and jet function can be found in [41-43|, and the coefficients for the soft function
running can be computed via the consistency relation . Table shows to which order
in perturbation theory the matrix elements and the anomalous dimensions are needed in the
resummation procedure for specific orders of log resummation. The naming corresponds to
reference [10].

In the following we give a summery of all perturbative coefficients regarding the anomalous
dimensions needed for N2LL resummation:

Hard Function (j = 2):

FH[as] = _2Fcusp [as]a
Yo = —12CF,
7976 136 736 1040 16
Jet Function (5 = 2):
FJ[O(S} = 2Fcusp [as]>
YJ0 = 60F7
7220 8 2 704 968 16 ,
=——+ " = —@3— | = + = . 6.34
V= o g T <81+27”)”f (6.34)
Soft Function (5 = 1):
Iy [as] = _Fcusp {as]a
Vs,0 = 07
1
Vsl = V1T 5VH L, (6.35)

where the cusp anomalous dimension I'cygp is defined as

Ceusplos] = Y TP ((“))m , (6.36)

i=0 Am

with the perturbative coefficients

Fcusp — E
3 b
1072 16 160
Fcusp:7_7 2_7
1 9 3" T r
2144 176 5104 320 832 64
5P = 1960 — ——7 7t + 352 ( nr— == ) ny.  (6.37
g Tty T F2 (ot T g Gy gy (6:37)
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Now we derive the consistency relation used several times in this section. This relation corre-
sponds to the fact that the double hemisphere mass cross section has to be independent of the
renormalization scale, which leads to certain relations between the anomalous dimensions. Let’s
consider the Fourier transformed double hemisphere mass cross section. From the y independence
follows that

2 1 ) _ 5 _
f( o )(J?a,.i?b) :UZOH(Q’M)Jn(wa7M) ﬁ(xb7u)S(QmaaQ$b7#)

ds, dsp
d d%ot
0=pu— as
= 'udu (J: (dsa dsb> (@ xb))

= (vu(Q, 1) + 31 (e, 1) + 71 (26, 1) + V5(Q 0, Qp, 1))

d%ot
x F (dsa dsb> (Ta,xp), (6.38)

and therefore

’YH(Q7 :U') + ’N}/J(xav :u) + ’?J(xba :U‘) + ’N}/S(Qx(b Qxbv .LL) =0. (639)
This equation justifies the splitting of 45 in the form J5(Qzq, Qxp, 1) = Fs(Qxa, 1) + s (Qzp, 1),
as used in (6.26]), and subsequently in the solution of the soft RGE. Considering the relations

between the anomalous dimension g, the renormalization factor Zg, and the evolution kernel
Us, the respective splittings used in (6.28)) and (6.30) are obvious.

Writing Eq. (6.39)) in terms of cusp and non-cusp anomalous dimensions leads to the equations
which give the relations between the respective coefficients

Yo o] + 27y ]as] + 27ys]as] =0,
Tylas) = —Tlas] = 2T[as]. (6.40)

Note that these relations are valid to all orders in perturbation theory.

6.5 Non-Singular Contribution

In this section we will calculate the non-singular contribution to the cross section, i.e. the
subleading contributions in the SCET power counting parameter A. As explained in chapter [
SCET is an effective theory suitable for the dijet region, where large logs appear. Away from
this region, especially in the far-tail, terms which are subleading in the SCET power counting
are getting more and more important and have to be taken into account in a full description. In
order to calculate these contributions we first derive the unresummed SCET cross section. For
reasons explained in section this will be done via the HJM cumulant , which is then
differentiated. Then we subtract the result from our fixed order expression, derived in chapter [3]
In the full description this non-singular contribution is added to the resummed singular terms of
the factorized SCET cross section.

We start by computing the double hemisphere mass cross section in SCET using the factorization

formula in Eq. ([5.14]), and the appearing functions derived in the sections and In
terms of off-shellness s;, as defined in ((5.12)), the cross section gives

1 dolepy Cra

06 ds, dsp

= {5(sa) +

+ (e - Siog(1+2%) @(sa>] } < { = Sb} +0(a?),  (6.41)
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where the expression in the second pair of curly brackets is obtained by replacing s, — s, in the
first one.

After applying the formula for the HIM cumulant, given in (5.22)), the O(«;) expression reads

1 i _ Cra,
—X,scer(p) = O(p) +

[(2772 + 2logm? + 4log® m*)O(p) — 8(1 + logm?)O(p) log p
Q%

+2/d5 (w—jlog<1+ﬂ;>)], (6.42)

from which we can deduce the HJM differential cross section

1 dodcpr _ o, OFas 2 £ 2 2 22\ s/~ A2 -
%Tp_é(p)+? (27r + 2log m* + 4log=m )5(p)—8(1+logm )Eo(p)

+2 (p — Zlog ( L )) e(ﬁ)]. (6.43)

The non-singular cross section can now be obtained easily and is given by

1 do} 1 daézCD 1 dofopr

ob dp o dp ob dp
_ 05(5) + TR [1336(0) + £ Lo(p) + O] + O3, (6.44)

CFas

where fQCD fSCET, with the coeflicients for SCET and QCD defined analogously to
the non- smgular ones. These coefficients can be found in Eq. and chapter I Some
of the non-singular coefficients are rather lengthy expressions but they can be computed in a
straightforward way. It should be noted that the coefficients of the non-singular distributional
parts vanish for /i — 0, as expected.

6.6 Non-Perturbative Corrections

As explained in section [5.2] the soft function is partly governed by non-perturbative effects,
appearing in the form of power corrections of the form (Aqcp/(Qp))* [10,40]. The structure
of the power corrections makes clear that in the tail and far-tail, where p < Aqcp/Q, only the
leading terms, related to the lowest moments of the soft function, have to be considered, which
leads to a simple shift of the distribution. However, in the peak region infinitely many terms
are needed to fully account for non-perturbative corrections. In this context non-perturbative
contributions in the form of power corrections were investigated in [44], using the so called
“dispersive method”.

We already mentioned the popular strategy to include these corrections via convoluting the
partonic soft function with a model function. This approach incorporates the non-perturbative
corrections in a continuous way and allows to smoothly connect the peak and tail region [10,12,33].
For such a model function it is useful to choose a series of linearly independent functions in a
way that already the first orders give a qualitatively good choice for the peak region. The series
of functions is then implemented to a specific order and the coefficients are fit to data.

Due to the structure of thrust with respect to the hemisphere masses for 7 < 1, it can be shown
that for the singular distribution it does not matter if a model function is incorporated at the
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level of the double hemisphere mass cross section, or after a projection onto thrust. Of course
in the first case a two-dimensional model is needed, where in the second case the model is just
one-dimensional, which simplifies the situation. For example, a one-dimensional model function
was implemented in the thrust analysis in [10]. However, in the case of heavy jet mass, one is
forced to incorporate a two-dimensional model function at the hemisphere mass level and to do
the projection afterwards.

Note that the structure of the factorized cross section ([5.2) allows to rewrite the convolution
with the partonic soft function into a convolution with the whole singular cross section.

A common set of functions for a one-dimensional model function is given in [45] and reads

N 2
Fk, X\ {e)) = % lz Cnfn (i)] 7

n=0
fuz) = 3y D ey )
g(z):zz% [3— 74 (3412242427 +325%)| - 1, (6.45)

where P, are Legendre polynomials and 3", ¢7 = 1 for normalization. A straightforward general-
ization to the two-dimensional case is given by

m,n=0

F(ly, o, X\, {cij}) == % [ % Crmnfm (?) fn <€;)] 2, (6.46)

with Tr(c?) = 1. This function will be used in our analysis where we set cgo = 1 (and therefore
all other coefficients to zero) for simplicity, denoted by S™d(¢+, £~ \) = F(£T,07, X, coo = 1).
This has the advantage that a splitting of the model function, such that S™°d(¢+ (=, \) =
Smod g+ \)§mod(¢=)), is possible.

For HJM values p > Aqcp/Q, an operator product expansion of the full cross section can be
performed, which gives [46]

do B dopart - Q[LO] J2part

- = . 4
dp dp Q dp? ’ (6.47)
with the [m,n]-moment of the soft model function
Q[mm] = /dgl dls ginggsmodwl’g% )\) (6.48)

Eq. shows that in this region the effect of convoluting with a model function is a shift of
the distribution. This demonstrates that away from the peak the full form of the model function
is not relevant, and therefore one only needs the first model moment for hadronic predictions in
this region. Note also that the leading power correction can in principle be achieved by using
a one-dimensional model with first moment Q; = Q[l,ﬂ]' This agrees with the two-dimensional
approach to a very high extent in the tail and far-tail region as expected.

Interestingly this shift is a universal quantity, which can relate several event-shape power
corrections by multiplying an event-shape specific factor, which is easy to compute [47-49]. The
HJM shift is related to the thrust (or 2-jettiness) one by a factor of 1/2 [49].

However, the first moment of the HJM distribution
1 do
Mf = — / dpp— 6.49
vi= g ey, (6.49)
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which encodes information about the peak position, differs from the leading tail correction Q[l,o}»
in contrast to the thrust case [46]:

1 /-
p P . J—
M tree = Pmin + 0 (9[1,0] + T[o,o}) ; (6.50)
with
Timm] = /d51 dls O(l1 — €o) (L1 — L2) L7€5.S™0Y (01, 02, ). (6.51)

This is induced by the more complicated structure due to the two-dimensional model.

Note that the corrections realized through the model function convolution have to be applied
to the non-singular contribution as well, such that the cancellations between singular and non-
singular contributions, especially in the far-tail where the pure fixed order result is valid, remain
intact.

For practical calculations there are essentially two ways to implement the model convolution:
To perform a direct convolution in momentum space, and to do a multiplication in Fourier
space. Both procedures are carried out numerically. Since the computation of the distributional
singular part is numerically more stable in Fourier space, we chose this approach, while we use
the momentum space computation as a cross check. The Fourier transformed non-distrubutional
part of the jet function as well as the non-singular part are not known analytically, hence for them
the calculation is done in momentum space only. The needed Fourier transformed one-variable
model function with ¢g = 1 is

256

f(SmOd)(Qy) = m-

(6.52)

6.7 Renormalon Subtraction

In this section we will discuss another problem connected to non-perturbative effects, namely
renormalons.

It is well known that perturbative expansions in a quantum field theory are in general divergent
asymptotic series [50]. Renormalons are certain sources of divergence, which are related to large
and small momentum behavior. Since QCD is an asymptotic free theory, especially renormalons
originating from small momentum, infrared renormalons, are arising and have to be considered.
Renormalons can be studied best when using the Borel transform of the perturbative series.
The renormalons then manifest themselves as divergences in the Borel plane, which turn into
ambiguities of order (Aqcp/ Q)" when doing the inverse Borel transform. These ambiguities
have to be removed to get good perturbative convergence and accurate predictions.

Basically these IR renormalons emerge when doing loop integrals, which always include small
loop momenta and consequently include corrections from the non-perturbative region [51]. In
the presented HJM cross section two quantities emerge which contain renormalons, which will be
treated in the next two sections.

The first one is the soft renormalon, related to the soft function splitting into a perturbative
and non-perturbative part, and to the problem that the partonic threshold at [T~ = 0 is
obviously unphysical [10]. To correct this issue we introduce a gap parameter |10, 33| in the
soft model function, which shifts this threshold and can be interpreted as the minimal hadronic
energy deposit in one hemisphere. This gap parameter is then split into a perturbative and
non-perturbative part, where we use a scheme such that the non-perturbative one is free of the
leading renormalon ambiguity and can be extracted from experimental data. The perturbative
part on the other hand cancels the renormalon in the partonic soft function order by order. Note
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that the soft renormalon is just an artifact of the partonic soft function containing low energy
contributions e.g. from loop integrals, so that the splitting into a partonic and non-perturbative
part is problematic. The arising renormalon is then present in the partonic as well as in the
non-perturbative part of the soft function, which finally cancel order by order by using the
explained method.

The second renormalon is related to the mass scheme used for the heavy quark mass. So far
we used the pole mass scheme in our calculations, which is known to be very sensitive to small
energy dynamics and therefore introduces a renormalon ambiguity [51]. Mass schemes for which
this is not the case are called “short distance masses” [52}/53|, since the low energy effects are
related to long distance fluctuations. From a physical point of view it is intuitive that the pole
mass is a problematic quantity, since the quark propagator which is used to define it is an object
assuming asymptotic quark states which do not exist.

6.7.1 Gap Formalism

As explained above, we switch to a new scheme for the non-perturbative soft function. We
consider a class of non-perturbative functions with a gap parameter A with support for k& > A.
This can be implemented in our usual model function, writing S™°4(k, k') — S™°d(k — A k' — A)
(we will suppress A dependencies in this section and S = Shemi)-

Hence the relation for the first moment becomes

/ dkdk' kS™Y(k, k) = Quo — A+ / dk dk' kS™Y(k, k') = Qp ). (6.53)

where A should contain the same renormalon as the power correction Q[l,o}‘

Based on this, one can obtain a renormalon free definition of Q[LO], which we call € o), by

splitting A into a non-perturbative component A(R, ps), free of the O(Aqcp) ambiguity, and
a perturbative series 0(R, j15) with the same ambiguity as ;o). Note that in contrast to A,

the new objects A and ¢ depend on a subtraction scale R and the soft scale ug, and that T
is not changed by the introduction of a gap. {2} g, the renormalon free definition of (_2[170], is
consequently

Qo (R, ps) = Qo — 6(R, ns) = AR, ps) + /dk: dk' kS™od(k, k). (6.54)

By applying this method to the full hemisphere soft function we can write
Skt k™) = /dk’Jr dk'= §med (k! — A KT — A)SPA (T — kY kT — k)
= / dE'T Ak S™med(kF — ALK — A)SPEY(ET — kY — 6 kT — KT —6)

_ /dk/+ dk'~ Smod(k/Jr . A7 K- — A) e_(sak% e—5ak%5part(k+ _ k/+7 Lk — k/—)’
(6.55)

where we omitted the dependence on R and pg. The last line induces a perturbative subtraction
which must be done strictly order by order.

A convenient scheme for §(R, ug) is given and explained in [54,55|, which reads

(R, p) = Re® log SP (21, 29, 1) , (6.56)

d(Z$1) Ilzzgz(iRe7E)7l
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where S is the soft function in Fourier space and the scale R, already introduced above, is
associated with the scale where the renormalon is subtracted.

Since the renormalon must be subtracted order by order, we define a perturbative expansion of §
in the form

as(ps) )l g
0 = vE 6% ) = 51 ’ ) .
(Ross) = e 3 (S0 ) ) = 36 (657
such that the O(a;) subtraction for the one-argument soft function reads

S(k—k —8) =Sk —k)—S(k—k)s+...=Sk—k)— &k —K)5 +02).  (6.58)

The first two coefficients of the perturbative series in (6.57) can be computed by using the log
structure and exponentiation property of the soft function [54]. They read

5 — VE as (1) <_ #>
61 (R,M) Re e 8C'F Iog R/’

2 2
R _ o as(,u)) 808 22w 4 (_ 539 2)1 B oggloe? M
02(R, ) = Re (477 Cr 9 3 + 84¢3 + 3 + 87“ | log 7 88 log 7

112 4 80 16
+ny ( + §7r2 + —log Las + — log? M) (6.59)

27 9 R 3 R

Since Q[l,o} ~ Aqcp, the natural choice to set R seems to be R ~ 1 GeV, such that €}y o) ~ Aqep
and a(R) is still perturbative [10]. However, this leads to large logs in the tail region and is
therefore not a wise choice. The solution to this problem is to parametrize A at the reference
scales Ra ~ ua ~ 1 GeV, and then evolve them to the appropriate scale, namely the soft scale.
The evolution of A is explained in appendix and in [56L[57].

6.7.2 MS Mass

At the beginning of this chapter we noted that we should change the mass scheme from the pole
mass, which contains an IR renormalon ambiguity, to a short distance mass. A short distance
mass suitable for our problem is the MS mass. To change the mass scheme from pole to MS we
use the relation between these scemes at one-loop order, which reads [58]

1 = mPe = () + omi(p), (6.60)
with -
SFa(1) = O‘S(‘jr)CFﬁ@(u) {1 2 log mL“)] +0(?), (6.61)

where 77(p) is the MS mass in units of center of mass energy.

The MS mass depends on a renormalization scale i, which should be chosen at the characteristic
scale where the mass dependence appears, namely the jet scale. On the other hand, it can be
seen from the form of dmi(u) that it is best to choose y ~ 77 to avoid large logarithms, which
arise at scales far from the mass scale. Again we solve this issue by choosing 7 (77) as an input
parameter, which we then evolve to the appropriate scale by using the renormalization group
evolution, described in more detail in appendix [F.4]
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6.8 Final Result

In the past sections we introduced the most important corrections to the differential fixed
order cross section. We introduced resummation of large logarithms, arising from strong scale
hierarchies in the tail and peak region, non-perturbative corrections, and renormalon subtractions
in the soft function and the heavy quark mass. As already mentioned, we computed the
distributional singular cross section in Fourier space as well as in momentum space as a cross
check. Here we present the final formula in Fourier space, since all the involved convolutions
become multiplications, which makes the equation more overseeable. Including all the mentioned
pieces the singular differential cross section reads

1 dot o2 1
o dp 2Q°H(Q, pu)Un(Q, pa, 1) ik
X /dl‘a d$b xp <i((L‘a + .CEb)Q (Qﬁ - A(-Fiiqu) - UA(RAvRv :U’AHUJS)>)

X [jn(xa,my ,UJ)[?J(xaa o, N)ngd(Qxaa )\)fjs(Qme Hns, :u)

> (Spart(Qfﬁa,HS’) _ ixaQ (81(R7M5) =+ 2@7%57%(”J))>‘| X [a —b| + O(Oég)a

(6.62)

where the tilde denotes the Fourier transformed expressions, which are easy to obtain by using
the formulas given in appendix and the remaining expressions are defined as p = p — i
and m = m(m)U,,(m, py). The last factor in square brackets is the same as the first one with
xqe — Tp. When multiplying these brackets, one has to take care of the strict a; expansion of the

perturbative corrections.

A note to the numerical evaluation of the integral above: Taking the formula in as it is,
the evaluation contains numerical instabilities due to the presence of a pole and a branch cut
at z4p = 0. To solve this issue we considered the integrand on the complex plane, and used
Cauchy’s integral theorem to transform the integration path away from the pole such that an
effective substitution x — x(1 4 i) — 4 is made in the integrand.

To convolute the non-singular contribution with the two-dimensional model we have to obtain
the non-singular double hemisphere mass cross section. Knowing the expressions of the HJM
cross section in the different phase space regions, introduced in section and the associated
kinematic situations for the three final state particles, we can obtain the double differential cross
section by multiplying the HJM cross section, associated with the different regions, with the
related delta functions, arising from the single particle in the light hemisphere. In phase space
region 1, the light hemisphere consists of one heavy quark, where in region 3 the light hemisphere
contains the massless gluon. These considerations lead to the expression

d®ols o o 1 [ doiV ~ doi{) )
M(Q 0 @ Pb)—@ 2 P (Pa)d(pp) + 2 % (9)5(a)
doi? des®
T4 (Pa)d(pv) + 4 (P6)0(pa) |, (6.63)

where (1) and (3) denote the different phase space regions. The Born and virtual contributions
are included in the expressions denoted with (1). Using the projection formula (5.20)), including
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the gapped model function, and the MS mass scheme, the non-singular cross section reads

iidans _ %Q a0
oy dp 90
R (1) A 8
~ dow 14 dow A/
X 2Sm0d 5— A Smod / /d ! ns < o > +9 ns =~ Smod /¢ d /Smod !
{ (Qp—A) ()Az "=, Vg L \"" 0 0 ()O p (@)
3 | ) -3
. doi?) 0N dok? At
+Smod N Smod /¢ /d ! ns ( /- > + ns =~ Smod / /d /Smod /
(@p—A) ()Azp L 770 L \"" 0 0 ()O p Q")
am
o oa | dS™ed (k) dsmed (¢) .
_261fr(l)éz o\ Smod (€)+ Smod QP_A
[ dk |y_opa de ( )
-
dsmed (¢) A7 / J 1 - A 7
+ o =_* d/Smo /+7Sm0d N SmOdE(S _ _ =
T (P 0 Q) / p' S (Qp') (@p-2)s™ (0| p-5 -5
o mod B d 0,7 (55
— AP 8T fr(l)sz ds (k) Smod (6) + Smod (Qﬁ _ A) SmOd (E) fnsim)
dk k=Qp—A dm
\ () [ A s
; A/ ~ 2 A/
+ r?s,z(s ~ = Smod gsmod b—A) + Hb/\ Slp==2—- = Smode/d ISmod /
f (p 0 Q) (5™ (Q@F~A) + === (p 0 Q) ()0 p Q')
_ a8
(A £ dsmed (o)
_ 0, =\ == \"J / gmod /
Qfni'd <p 0 Q) T /dp 5mC(Qp )1 } (6.64)

0

with omitted X and p dependencies. As in the singular contribution, A and 7 are evolved from
the log-minimizing to the appropriate characteristic scales.
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Chapter 7

Analysis

In this chapter we will analyze our final results for the heavy jet mass (HJIM) cross section
regarding perturbative convergence and mass effects. While showing some plots we will draw first
conclusions.

Prior to this we will introduce profile functions, which determine the renormalization scales such
that logarithms are resummed correctly in all regions of the distribution.

7.1 Profile Functions

In chapter [5| we proved factorization for the heavy jet mass cross section in the 2-jet region,
which led finally to the factorization formula . In this factorized form the cross section is
built out of several functions, where each contains a distinct logarithm containing fractions of
the renormalization scale and one of the characteristic scales, as explained in section [3.6, To
ensure small logs we choose the renormalization scale in each function to be of the order of
the contained characteristic scale, and evolve them to a common scale via the evolution kernels
obtained in section which resumms the large logs. Since the characteristic scales depend on
the event-shape value, the renormalization scales should as well, which leads to certain theoretic
constraints for different regions of the cross section |10]:

In the non-perturbative region: uyg ~ @, py~ /AQep@, ps ~ R~ Aqgep.

In the resummation region: pug ~ Q, py~ Q\/p, ps~ R~ Qp.
In the fixed order region: pyg =py=ps=R~Q.

The basic character of these regions can be understood rather easily. In the non-perturbative
region, which is associated with the peak, the cross section is governed by non-perturbative effects
(modeled by the model function in section , and the appearing scales are characterized by a
distinct hierarchy where the soft scale is of order of Aqcp (note that resummation is nevertheless
important in this region). The resummation region, associated with the tail, is the area where we
want to apply our techniques to resum the large logarithms. Consequently, the scales are chosen
to be similar to the scales appearing in the logarithms. In the fixed order region, associated with
the far-tail, the scales are of the same order, and the cross section is well described by the fixed
order result. To meet all these constraints we use profile functions [10},59], which assign smooth
functions of p to every renormalization scale. Note that the points of transition between these
regions are in general process dependent.
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The scale dependence of the cross section is a useful measure of the remaining theoretical
uncertainty, arising from the truncation of the perturbation series [60], since this accounts for
missing higher order effects. We use this feature by varying several parameters contained in the
profile functions, to account for uncertainties and test the perturbative convergence of the cross
section via comparing the resulting error bands at different orders.

For our analysis we use the same form and parameters as for massless thrust given in [59]. As
noted in chapter 2] thrust and heavy jet mass are equivalent for three massless final state particles.
Therefore, it is expected that for /i <« 1/2 (which is necessary anyways in our analysis as we
will explain in section , corrections for the profile parameters are negligible. Nevertheless,
heavy jet mass specific massive profile functions will be constructed in future works to predict
distributions for arbitrary m.

According to the profile functions in [59], we set the hard scale to ug = eg@, where eg is a
parameter which is varied between 0.5 and 2.

The soft profile function is more complicated and reads

Ho (0<p<to)
C(10,0,0,7spp, to, t1,p)  (to < p <t1)
Hs = Ts/LHP (t1 < p<ta), (7.1)
CO,rspurr, pr, 0,2, ts,p)  (t2 < p <ts)
[LH (ts < p)

where pg controls the starting point of the soft scale at p = puyin, 7o determines the slope
in the resummation region, and the t; specify the transition points of the different regions
as described above. Since ty and t; depend on the center of mass energy ), we use the
variable n; = Q/ltﬁ when fixing central values and performing variations. The function
((a1,b1,a9,ba,t1,ta,t) connects the different profile regions so that the profile itself and its first
derivative are continuous. ( is a smooth piecewise function out of two quadratic equations, which
meet at ¢, = % It reads

a1+ by (t —t t—t1)?2 (1 <t<tp,
C(alab17a27b2atl)t27t) = CALI - 1( 1) +61( 1)2 ( t="= ) y (72)
ag + ba(t —t2) +ea(t —t2)” (tm <t <t)
with
a1 = ay + bity, az = as + bata,
. 4(&2 — &1) — (3()1 + bg)(tg — tl) . 4(&1 — &2) -+ (3b2 + bl)(tQ — 751)
er = 5 , ey = 5 . (7.3)
2(te — t1) 2(te — t1)

The jet scale profile function is motivated by the natural relations between the hard, jet and soft
scales (ppps ~ p%) and reads

MJ(p) — {[1 + eJ(p - ts)2] :uH,uS'(p) (P < ts) (7.4)

UH (ts < p) ,
where e allows to vary the jet scale with respect to this natural relation.

The scale R, used in the gap formalism, should have the same value as the soft scale in the
resummation and fixed order region to avoid large logs. However, it has been shown in [10] that
in the non-perturbative region a non-vanishing O(«;) subtraction piece has positive effects on
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Parameter name | Central value Variation interval
Ho 1.1 GeV -
Ry 0.7 GeV -
no 2 1.5 to 2.5
ny 10 8.5 to 11.5
to 0.25 0.225 to 0.275
ts 0.4 0.375 to 0.425
Ts 2 1.77 to 2.26
ey 0 —15to0 1.5
eH 1 0.5 to 2
Ng 0 -1,0,1

Table 7.1: Central values and intervals of variation for the profile function parameters as given
in [59].

perturbative convergence. Thus the R profile function is chosen to be

Ry (0<p<to)
R(,O) = C(RO,O,O,?“SMH,tO,tl,P) (tO < p< tl) ) (75)
ps(p) (t1 < p)

where Ry is the parameter which specifies R at p = pmin-

For the renormalization scale of the non-singular distribution we use the three prescriptions [59]
1
2
pns(p) = { 1 (ns=0) . (7.6)
1 _
2

The standard values and variation ranges of all occurring parameters are summarized in Table
Note that the parameter rs, which controls the slope, has the standard value 2. In contrast
to the expected natural choice rs = 1, it turns out that the factors of logrs, which get shifted
between different orders, are small and the perturbative convergence is better due to increased
smoothness of the profiles [59].

A plot showing the profile functions of the hard, jet, and soft scales, including the variation
bands, are shown in Fig. for a center of mass energy of @ = 91.2 GeV.

7.2 Initial Bottom Quark Pair Production

Let’s start analyzing our results by looking at initial bb pair production. We will test perturbative
convergence via varying the profile parameters as explained in the last section, and compare bb
results with the massless distribution.

For a complete description, vector as well as axial contributions have to be included, so

1d 1dot 1 dot
o O' Uns> (7.7)

oodp ?olij:a ( Fdp o dp
has to be considered. To see the tail region more clearly we multiply the distributions with p,
which flattens the peak region.
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Figure 7.1: Profile functions for ug, s, and pg, using the parameters given in Table and
including variation bands. Note that the hard scale variation is not shown.

The values for the appearing physical constants are taken to be [10]
my = 91.187 GeV, 'y = 2.4952 GeV, 6., = sin~1(1/0.23119),

as(mz) =0.118,  a(myz) = (127.925)71, (7.8)

and for the soft model parameter A and the gap parameter A we choose

A= 0.5GeV, A(Rp, in) = A(2GeV,2GeV) = 0.05 GeV, (7.9)

which are realistic values to check our results qualitatively.

It is important to note that our results are only valid in the region where the mass is smaller than
the soft scale, i.e. uy > py > ps > m > Aqcp, which is called “scenario IV”. At a certain point,
which in our case lies near the peak, the mass gets larger than the soft scale (named scenario III).
Here one has to account for threshold corrections in the evolution of the soft function, which is
not included in our results. Thus our results are only designed for the tail and far-tail region.

A top quark analysis is beyond the scope of this thesis. Apart from finite lifetime effects, for
masses of the order of the top a more general analysis, involving other scenarios, is necessary.
When examining the jet function a bit more closely, it gets apparent that it contains the scale
Q+/p +m? as well as Q+/p. For small Mm these two scales are similar, and it’s OK to choose
g ~ Q+/p in the resummation region, since no large logs are introduced. However, for large 7,
including most situations containing top quarks, additional large logs emerge, which have to be
resummed by an additional effective field theory called “boosted heavy quark effective theory”
(bHQET).

To initiate the discussion let’s consider the massless case. In Fig. [7.2]plots of the HIM distributions
at N?2LL and NLL accuracy with the corresponding error bands at center of mass energies of
91.2 GeV and 35 GeV are depicted. We observe that the results converge very well in the tail
region for both energies.

The massive results show a similar behavior. In Fig. the same parameter setup as for
the massless case is depicted, but for initial quark pair production with a finite quark mass
of m(m) = 4.2 GeV, corresponding to bottom quarks. In the same figure the profile functions,
including the mass scale, for the considered center of mass energies can be seen. The intersection
point of the soft and mass scale, and therefore the beginning of the region of scenario IV,
where our results are valid, is clearly visible. For a center of mass energy of Q) = 91.2 GeV the
intersection point lies at p &~ 0.05, where for ) = 35GeV we find p ~ 0.12.
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Figure 7.2: Massless heavy jet mass cross sections at different center of mass energies and orders

of log resummation.
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Figure 7.3: Massive heavy jet mass cross sections at different center of mass energies and orders
of log resummation with m(m) = 4.2 GeV. In the upper row the related profiles including the

mass scale are depicted.
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Figure 7.4: Comparison of the massless and massive heavy jet mass cross section at different

center of mass energies and N?LL accuracy.
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Figure 7.5: Comparison of the all-flavor heavy jet mass cross section with massless and massive

b-quark.
In Fig. [7.4] a comparison between the massive and massless distribution at 91.2 GeV and 35 GeV
is depicted. The difference at 91.2 GeV is very small, where the difference at 35 GeV is noticeable.

Note that tagged bottom quark cross sections are hard to measure experimentally, such that
the given pure massive results may not be of practical use e.g. to determine the bottom mass.

Hence in the next section we discuss the cross section for all-flavor production.

7.3 All-Flavor Production

In this section we investigate the all-flavor heavy jet mass distribution, which can actually be
measured in experiments. For the massive case we include four massless and one massive quark

flavors, such that the correct sum of up and down type quarks in the all-flavor cross section reads
doar

1 do 1 do
d S ns
+ 0 < —_—

dp )mO 0

ao dp (o)} dp
Since the difference between the bb cross section and the massless one is small at a center of mass
energy of 91.2 GeV, as seen in the last section, it is expected that the massive quark impacts the

(7.10)

i dons )
m7#0 '

ao dp

1 dog

a0 dp

:2(Ug+ag)(

all-flavor production only slightly. This is confirmed by Fig. [7.5
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For a center of mass energy of 35 GeV the effect is also quite small (see Fig. . Apart from
the quite low mass sensitivity we already saw in pure bb production, bottom mass effects are
additionally suppressed, since at the considered energies the down type Born cross section is
nearly four times smaller than the up type one. It can be seen that the two cross sections with
massless and massive bottom quarks are compatible to a very high extend, such that at this
stage mass effects on o determinations are negligible.

It should be noted that for top quarks, much larger effects are expected, and that tagging is
much less problematic.
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Chapter 8

Outlook

In this thesis we investigated effects of massive primary quarks in heavy jet mass (HJM)
distributions, considering the process ete~ — hadrons. Heavy jet mass distributions were
studied in several works including [17}23-25], where quark mass effects were ignored since
they provide only very small corrections at energies similar to LEP, and make the calculations
considerably more complicated. In [13] the leading quark mass contribution was included by a
Monte Carlo based approach, but it was pointed out that a full inclusion of bottom quark mass
corrections should be considered to investigate the exact form of these contributions.

We contributed to this proposition by computing the full massive fixed order cross section
at O(ag). This result was not known analytically before. Additionally we resummed large
logarithms, which appear in the dijet region, up to N?LL by using factorization in soft-collinear
effective theory (SCET). To obtain a full description of the HJM distribution we included the
non-singular contributions, which are absent in leading SCET, and due to the m/Q suppression
of mass effects we had to implement non-perturbative effects and renormalon subtractions to get
a stable and reliable analysis.

The non-perturbative effects were included by convoluting the partonic distribution with a soft
model function, which encodes the non-perturbative power corrections. The leading renormalon
ambiguities were prevented by using a short distance mass scheme, specifically the MS mass, and
by introducing a gap, which accounts for the minimal hadronic energy deposit in the final state, in
a renormalon free scheme. Finally we used p dependent profile functions for the renormalization
scales to resum the logarithms correctly over the full range of the distribution.

We analyzed tagged bottom pair production and all-flavor production with sufficiently low m/Q
and showed that the effects of primary massive quarks are negligible (e.g. for a,s determinations).
Nevertheless mass effects are important in cases which are very interesting for phenomenological
studies with larger m/Q, e.g. top quark mass effects.

The study of such effects is beyond the scope of this thesis, since additional effects, like the
instability of the top quark, have to be taken into account. Additionally, our analysis is valid
only in a specific kinematic situation called “scenario IV”, i.e. where the scale hierarchy is
m < pg < py < pp. In the kinematic region where the soft scale gets smaller then the mass
scale (“scenario II1”), threshold corrections have to be implemented in the evolution kernels, and
with even higher m /@ such that ug < py < m < pg (“scenario I1”), additional large logarithms
appear in the jet function which can not be resummed by using the SCET approach. To do so,
another effective field theory named “boosted heavy quark effective theory” (bHQET) has to be
applied, which is the reason why scenario II is also called the “bHQET region”.

All these generalizations of the results obtained in this thesis will be considered in future works.
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Additionally, specific massive HJM profile functions have to be constructed for arbitrary m/Q.

The generalized results can be used to study the connection between the so called “Monte Carlo
Top Mass” m}t\/IC and theoretically well defined mass schemes, like the MS or MSR mass. This
application is very important, since top mass determinations are usually done by comparing the
output of Monte Carlo event generators and experimental results, which leads to (presumably)
small errors. Although one would naively expect the output to be the pole mass, due to the used
parton shower structure and hadronization models this is not true [61]. The relation between the
Monte Carlo mass and short distance masses is currently explored by comparing 2-jettiness in
Monte Carlo event generators and N2LL calculations [62]. Based on the initiated work in this
thesis we can test the consistency of these results.
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Appendix A

Virtual Integral

To solve the loop integral in Eq. (3.19) we first modify the Dirac structure with the symbolic
manipulation program FORM [63]. Using

u(p)p = u(p)m,
po(p) = —mu(p), (A1)

and anti-commutation relations we get

a(pr)y® (p, + K+ m)Th (=g, + k+m) Yav(p2)
=1 29" (2m? - Q?)]
+ E* [4mdl, — 4ya (p1 — p2)!* + 4* (p1 — p2) )
+ KK [ 29004 (2 = d) +7gas (d - 2)]
a(p)y® (p, + K+ m)Th (=g, + b +m) Yav(p2)
=1 29" (2m* - Q%) 4°
+ k% [4m (05 — 7a7") — 47a (p1 — p2)" + 49" (1 — p2)o] 7
+ kP 2700 (2 — d) + 7 gas(d — 2)| . (A.2)

5

So basically we obtain the integrals

[0,11,20/] 0 [ d% [1, k*, KMk
) e [ . _, (A.3)
(2m)? [k2 +i0] [(k + p1)? — m? + 0] [(k — p2)? — m? +i0]

which will be solved by reducing the tensor integrals to known standard scalar loop integrals as
defined in [64]. The solutions for the specific scalar integrals appearing in this calculation are
given at the end of this appendix in Eq. (A.20).

By comparing Z and the integrals in [64] we find the relation

ind/ 2y
79 = (QW)dFIg(m2,QQ,mQ;O,m2,m2), (A4)
with
[2(1—e)l'(1+¢)
I'(1 - 2¢)

rp o= (A.5)
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Next, let us consider I§'. Due to the symmetry 7% (p1, p2) = Z5'(—p2, —p1) and the fact that the
only available vector-like quantities in the expression are p; and po, the solution has to be of the
form

I (p1, p2) = A(pr — p2)", (A.6)

with a yet unknown coefficient A. Contracting both sides with pi,, we obtain

2e ddk 1 1
. / (2m)d [[sz +30] [(k —p2)2 —m2 +i0]  [(k +p1 + p2)? — m2 4 0] [k2 — m?2 + i0]
= A(4m? - Q?), (A7)

and therefore, comparing with the standard integrals in [64], the desired coefficient reads

. d
12Ty

(Q? — 4m?)(2)

A= 2 [18@Q%m? m?) - [(m?0,m?)]. (A.8)

Finally, the integral Z{" fulfills Z4" (p1, p2) = Z3" (p1,p2) = Z,” (—p2, —p1) and has therefore the
form

I = B (phpY + phps) + C (pip5 + pipy) + Dy, (A.9)
where B, C, and D are again coefficients which have to be determined in terms of known standard
integrals.

Contracting both sides of with g, the ansatz gives
2 Q° 2 W%TF din2.,,.2 2
2mB+2<2—m>C+dD:WI2(Q;m,m). (A.10)

Two more equations are needed to solve for the coefficients. We contract both sides of Eq. (A.9))
with p;, and get

2 Q? 2\ u
mpy | 5 T P

1
=3 [15‘(0, —p2;0,m) — I (0,q;m, m) — p

B+

2
m2ply + <Q2 —m2> p’f] C+piD

um%rp
2 (2m)d

IS(Q2;m2,m2)] , (A.11)

with ¢ = p1 + po and

dk K+
T8 (p1, p2;mi, mo) = 28/ : —, A12
2 (1 P2, ma) = (2m)¢ [(k+ p1)? — m3 +140] [(k + p2)? — m3 + i0] ( )
which has to be reduced to known scalar integrals as well. To do this reduction we set

Z5(0,p;ma, ma) = E(psma, ma)p*, (A.13)

and contract with p, to obtain

d

1 im2rp

i ma,mo) = 5 (s (1) = F(md) - (m3 = md —p?) B md)] . (A1

For the special cases of 7', appearing in Eq. (A.11)), the result simplifies to
Ig(ov —P2; 07 m) = - 5(03 —D2; 07 m)pga
1 @.'ﬂ'%rf‘ d

I8 (m?), (A.15)

£(0,—p2;0,m) = — Im? (2m)d !
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and

14 Q% m?, m?). (A.16)

Putting (A.15)) and (A.16) back into (A.11f), the equation reads

Q? Q2
mepy 45— m® | | B+ \mPph 4 | - —m | pi| C+ D
Limer b 1
r 2 gd(,2 d(2. 10,2 10,2
T2 am?’ 5 (1 —p2)" 5 (Q% : Al
2 (2m)¢ | 2m? 1(m)+2(p1 P2) 2(Q,m,m)1 (A17)

We again contract with p; and pa, which results in two equations additional to (A.10|), determining
B, C, and D. The equations read

2
1
m2B+<Q_m2>C+DZﬂ- TFIQ( 7m27m2)a

2 4 (2m)d
@2 - m2> B +m?C = jlz(gﬂgg i)~ B@imt)| . (A
and the resulting coefficients are

B— 1 iTF%TF
- 2(d - 2)Q(4m? — Q?) (27m)?

x [(d 22" i(?) + ((d-2)Q* - 4m?) 15’<Q2;m2,m2>] ,
C— 1 iT['gTF
2(d - 2)Q*(4m? — Q?) (2m)?

x [2(d = 2)I{(m?) - ((d— DQ +4m?) I§(Q%m?, m?)]

The solutions to the scalar integrals needed in this calculation and given in [64] read

[{(m?) = — p*T (=1 +¢)(m? —i0)' %,

1
B(@m? m?) = 2] 2 42~ log(@? ~ i0)
2

+> {%’ log 1~
i=1 ¢

— log(vi — 1)] } +O(e),

G 11 2
Ig(m{Q?,mQ;O,m?,m?) - m2(1$s—a:~2){ log Z 5 [—E — §log:vs + 2log(1 — &%) —|—logTZ
S
2
_ % + Lis (72) + 2Lia(1 - xs)} +0(e), (A.20)
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with

a2 = ;Q (Q +1/Q2 — 4(m? — i0)> :

1—/1- A
Fo= — Q4+; . (A.21)
m

Inserting the obtained results into (A.2), working out all contractions, and performing an
expansion in ¢, the expression can be simplified to the final form in Eq. (3.20)).
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Appendix B

Expressions of the Real Radiative
Cross Sections for p > pyip

In section the O(as) real radiative cross section for different regions in phase space with
p > 0 was calculated. In this appendix the full expressions are given. Remember the intervals of
validity for the different regions as given in Eqs. (3.50), (3.51)), (3.54), and (3.55]).

With pr = /(72 = p+ 1) — 42, py o= \J1ird = 202(p+ 1) + (p — 1)%, py 1= /42 + (p — 1)?
and pg = 4/1 — % the results are

v,p>0
idarad,lA _ asCr

- 25 (—3m? + m2(2 — 2 2p+2)1 (’“—1)
ot dp 47Tp2lp( 3m* +m=(2—6p) +p p+ )og >

)

. _ _ _ 2 P2 =20 (.
—4 (2m2 + 1) p(p1 —2p) + p1o(p1 — 2p) + 4m2p% (2m2 + 1)

1 dopile  auCr [72 (0% +p— p2 —1)°
— _rad1B 2(2m%+1)p(—m*+3p—p1 — 1
oy dp 4 p? 4p? —l—(m+)p(m+p Pl )
8im? (21” + 1) pp 6, ~4 2 2
— 2( 3n n=(3p — 2 ne =7 4p — 2
m2+p—p2—1+ <m + 1 (3p )+m( p°+4p )
52
—m*—p+p+1 .
+p(02—2p+2)>10g< % )—pS],
>0
i da;}aﬁ,BC _ a,Cr
op dp m(p = 1)(ps — 1)(p3 — p)
. . . 3—1
X[<8m4—4m2(p—1)—,02—1> (—4m2—p2+pps+p+p3—1>log</p)—p3>

+(p—1) ( — 4t (p — 2p3 + 1) + 2m*(5p — 2p3 + 5)

+p*(3p—3p3 —2) —2p+3(1 — pg)ﬂ,
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v,p>0

1 doq3p asCp 2 2
Bl S0 204 (477 1
of dp 2(p —1) p4(mp+p + )
. . 1+ pg
+2(8mt —4m?(p—1)—p?> —1)lo ( ) ,
( (p=1)—p ) S
5>0
1 daiﬁiA a,Cr —\ (42 ) I — —\2
Ay 2 2(p2 —2p) (2m (2p+p)—p)+§(2m +1)p(p1—p)

2

—5 (o0 ) 7 (<) p - 2T O )

5 (2% + (9 4p) + 20%(p(p + 3) — 5) + (0 — 2)p + 2) log (pp - 1)]

idafgﬁi% _ aCp [(%2 +1) 7 (M2 +p—p2 — 1)° N 4m? (4m? — 1) pp

ol dp  2mp? 8p? m24+p—p—1

-~ % (2m2 + 1) P° + 212 (4m2 - 1) 5
L P2 —dip + 2m%p(p +2) = p) (=1* = 3p+ pa + 1)
p

- <2m8 + (9 — 6p) + 1 (6p2 —3p— 10) + 12 (—2p3 —5p2+8p+ 2)

—m2 = 1
_p(pz_2p+2)>10g< m*—p+p+

Y

2p

>0
ido-gafi,SC _ asCF
o dp m(p—1)(ps — 1)(p3 — p)
X [(p —1) (8m4(p —2p3 + 1) + 2m>(5p — 2p3 + 5) + 3p” — p*(3ps + 2)
—2p—3p3—|—3) - (16m4+2m2 (p2—6p—1) +p2+1)
1
x (—4m? = p* + pps + p+ ps — 1) log (p3 ) ,
P—p3
1 dff?égé(])) asCr 2 2
— —rad3D _ 2pa (—81 1
ol dp om(p — 1) pu(=8ip+ % +1)

1—pa
A4 A2 B 2
+2(16m +202((p—6)p—1)+p +1) log(1+p4)
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Appendix C

Distributions and Related Identities

C.1 Plus Distribution

In this appendix we will define the plus-distribution and give some useful relations.

The ordinary plus distribution can be defined as (n > 0) [12,34]

O(z)log"z] . d B log"
{ x L }Jlg}) dx {@(x 5)/dx x }
— i (0@ — 5 E L+ @3- )], (€

such that the integral with a test function f(x) and A > 0 reads

A
O(z)log" x _ f@) = f0). . log"*t! A
{dm [a: +f( )= {darxlog a:—i—f(O)niH, (C.2)
and N
O(x)log™ x log" ™t A

0

An important scenario where plus distributions appear, is in € expansions of the form

+(“;)2 [@mfg%] LOE).  (Ca)
+ +

O(x 1 O(x
) L+ [22

e [@(m) log x
x

+

This shows clearly the reason we loose the term proportional to the delta function and obtain
a p~! term instead of a plus distribution for the 4-dimensional computation of the fixed order
cross section in section B.4.11

Another important relation which is often used when manipulating plus distributions, is the
rescaling identity [12]

. [@(az) log" (kx)

RT

o k n! z) logh (z
) _ 1§+ 1 o(x) + Z ﬁlognfk(/i) l@()lg()1+7 (C.5)

where k is a dimensionless constant.
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The “fractional plus distribution”, appearing in evolution kernels, is a generalization of the
ordinary one and can be defined as [34}/54]

[@(x)log"m} _ hm[ (53 /dx log" x

lerw 14w

— hr% [@(aﬁ - B)W oz — ﬁ)i] (n —0), (C.6)

rrw

(

where w < 1. Another way to define this distribution is via integrating % for values of w
where the integral converges, and analytically continue the result to other values.

To make some formulas more readable, we will use a notation similar to the one used in [9,34]:

1 O(¢) log" ﬁ
1 [e()log" L
£hull) = | ot L, )

where p and £ can be dimensionful quantities of the same order. It is implied that the superscript
can be dropped if p = 1.

C.2 Fourier Transforms of Distributions

The Fourier transform of the distributions defined in appendix can be obtained from the ¢
expansion of the expression

xl—&-aa xl-{—aa’

F ( e ) (y) = / dy e—izv O (C.8)

where z and y are dimensionless quantities. The relevant results which are used in this thesis
read

F(6)(y) =1,
F (Lo) (y) log(iy e77)
2
F(L1)(y) = D + 1log (1y e'2). (C.9)

C.3 Imaginary Part Identities

Finally, we summarize a set of useful relations between the plus distribution and the imaginary
part of some analytic functions. These identities are used in the computation of the jet function
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calculation in appendix The relations read [12]

m{x—il—zO} = — (),

log(—z —i0)

Im{a:—i—z()} = —7wLy(x),
og?(—x —i w3

fm {W} = 5 0(x) —2mLy (),

I Li ( $y—20) - @(—m—y)log yr

o x4+ 10 -7 T )

y(y + 2z) y B o(z)z /
! {m(x+y)21 x_io}_”[ §(w)logy + Lo(w) — @+ ) +y10g5(x+y)]
lo —xy—i lo 1+m—;-/7i0
Im{ g Oxfgo )}:n[;log_yx@(— —x —|—log( ) ] (C.10)
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Appendix D

Feynman Rules for SCET with
Masses

In chapter [4| we derived the leading SCET Lagrangian (see Eq. (4.19)), and expressions for
collinear and soft Wilson lines (see section[4.3)). It is straightforward to derive the SCET Feynman
rules from the corresponding Lagrangian and the momentum space representations of the Wilson
lines [9,36].

p g D
_ p D.1
********* > "2 —m2 +i0 (D-1)
1, A
: R
= (igsT* i )n’ 5 (D.2)
p I
e
w / H
Y +m —m| vy
= (ig: T [ + (p{ )Jr(pL ,_)
P P
p I

PP

(pL=m) (ot m) ] i

= V*A(p,p,m) (D.3)
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P~ pp~

W)t ) (e m) } i
2

=: W“"AB(p,p/,q,m) (D.4)

nrTA
g +10

(D.5)

nrTA
q- —10

=  gsp (D.6)

" A
s A gsph® gfzjzo (Yn)

~c phTA

T —gsi qT+i0 (YJ)
q

~ TA >
oI (T

~ A 3.
v 0l (WD)

For n-collinear Wilson lines one just has to swap n <+ 7 and ¢t <> ¢~ in the expressions (D.5|)
to (D.7)).
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Appendix E

Calculation of the Hard, Jet, and
Soft Functions

In this appendix the calculations of the hard, jet, and soft functions used in sections
and are summarized. Note that spinors are omitted, and that the results and parts of the
calculations can be found in [12].

E.1 Jet Function

If J is the sum of all jet function diagrams, the jet function is given by

Jna(s,m, p) = Q17rIm {zTr [ZJ] } =:Im{J}. (E.1)

The first diagram we want to treat is J,, where the subscript refers to the corresponding panel
in Fig. Using SCET Feynman rules we obtain

diq i n-p —ig" 1P i np=q) e T°R
Ja:/ d o ——Vip— ¢, p.m)—— " 2( 2) A9 i
(2m)d 2 p?2 —m?2 +4i0 @?+i0 2 (p—q)>—m?+1i0 g +10
_ d -

B P ~25/ d q P —q

= —Adra.Cph——" . E.2
T 0" ) ol (- F R )

=:1,

w\a.

2= dx~
d

After doing a light-cone coordinate transformation such that (2 ) 4 = - (q )4 3dgt dg™ dgy

1—
=)

the integral reads

5. 277 -5 7 Q -1
I, = / q /dq g3
i r( * +10 (Q@—q7)q

Jar

with s := p? — m? +40. Note that at leading order in the SCET power counting parameter \,
~ =@, and that p; = 0 if the light-cone vector (4.1]) is chosen to be aligned with the thrust
axis.

i : (E.3)

4+ s—ai-pte”
Q-q~
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The integral in the second line of (E.3) is only non-zero if the poles are located on different
complex half planes. Using the residue theorem, the ¢™ integral can be solved and the remaining
expression is

5. 27 Q- 1
I, = —2mifi 7/dq /quqd 3 — E.4
i r(dT) q +zOq—(8—p+Q‘)—qu+z0 (E.4)

which was solved by using Mathematica. Rewriting Qp* = s +m? and d = 4 — 2¢, the final
result reads

I, = —i2 42ep—14e F(=e) 'a—Q 6 csc((2—e)m) o Fy (&, —&;2 — ¢ s+ m’
¢ r2—er(1—e) \ —s S O s
1 1 1 u? m? m? 5 +m? 72 w2
L e 1+1og = log 7= 1 2717
167222 "2 ( +log s) stm? e g 2 s TetpTes
1 2
+ 3 log? %9 + O(e)
E L e s 6y ) 2o (E.5)
=——— |5 +- og — £). :
16m2 \e2 ¢ & s Ja

which, inserting I, back into Eq. (E.2), leads to (omitting O(e) terms)

1asCrQ

J p—
“ 4rs

i

11 2
-+ = 1+10gu— +Gy,
5 13 —S

To expand the hypergeometric function we used the Mathematica package hypexp [65].

It is easy to see that J, = J,, so the next diagram to consider is J. which reads

g — / dig i p~ 4 ( )“/i P —q —ig" 648 pih p”
) @2m)d 2 p2—m2+i0 H P=ap 2 (p—q2—m2+i0 ¢@+i0 Y 2 p2—m?2+1i0

_ 2 Vi Q2 ~2¢e ddq Q —q
n gsCF—S—zu / (2m)d [¢2 + i0][(p — q)2 — m2 + 0]

. <Q(2dm2_ fd2 <_C§J-_ )2 (d— 2)2’;> + [terms with even numbers of ~s]|,
(E.7)

where the terms with an even number of gamma matrices are vanishing when the trace is taken
at the end (see Eq. (E.1))). It is advisable to add diagram J; before solving the integral in J,
since the pole at (@ — ¢~ ) = 0 cancels in the sum. J; reads

ifhp” —igh 5B g p~
d / d ¢ [ [ AB( b, D, Q) D) . Vi
2 27d) qgc+110 2 s

§ 44 1
- Q)QZZ“QE/ @ @ )
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and therefore the sum of both diagrams reads

_ 2 C’zﬁﬂa d’q !
Jc+Jd_gsCF 52 2“ /<2ﬂ->d [q2+i0”(p—q)2 —m2+i0]
2 2 — g
y [2dm C@-2™ 9T (o)t — )| + [y evenl
Q Q
asCr Qi1 Y6m2+7 2 ?
2
_8m2+3_lfm2 +[#7 even]. (Eg)

Finally the mass counterterm J, has to be computed. For simplicity we will renormalize the
mass in the pole mass scheme, hence J, reads

g = e <_ﬁ2m5mpl> hQ

2 s S Q 2 s

.CVSCFQ¢ 2 3 :u2
= —=(=2 - +4 log — | . E.1
i 322( me) 5+ —i—30gm2 (E.10)

Omitting the terms with even numbers of v matrices, the sum of J., J4, and J, can be written as

Jet+Jg+Je=—1 yP— + log — —

asCprQip |1 s p?  m2(6s + 5m?) ) mi2 (B.11)
e s+m? —$ (m? + )2 '

Note that the mass scheme can be changed later. The zero-bins, as described in section [£.4] are
scaleless for all jet function diagrams and therefore do not contribute to the result.

E.2 Hard Function

The first hard function diagram as seen in [6.1] gives

dtq 4 i P —q —igh648 T5n,
Ha = V, s T Uy 1 3 F? 5 ) e
/ (27T)d w (p p q m) 9 (p _ q)Q _ m2 + ’LO q2 + ZO g qi -+ ZOH
d?q Q—q
= 2ig2C F?“Qf/
WL | 2m)d [(p— q)2 — m? + 0] [¢7 + 00 [¢— + 0]
— QZ'QECFF?IQ(S — O), (E12)

where the integral I, is already defined in Eq. (E.2)).

Using the same approach for I, as in the jet function calculation it gives

i2-dr1—% 9 dm / 1—=z a=4
_ _ ~2¢e - _ .
I,(s=0) = T iz} = esc /dx$+i0( x( D Qz))
2 0
i2-drl=% dr [ m? =
— S e (| B(d—4,2), (E.13)
T(4=2 2
(2*)



with the beta function B(x,y). Thus the full result of diagram H, reads

Cp|1 1 2 L
Ha:F?aZﬂF [€2+6<2+10g22>+4++210g'u+10g 5 +0()|. (E.14)

It is straightforward to show that H, = H,, so the last piece to consider is diagram c), for which
the SCET Feynman rules lead to the scaleless integral

_/ dd ) i p_+q ro
(igsT “22(p+q) —m2+i0 "
q _p ) ~ ¢_iguu5AB
T < =
2 (p’—q)2—m2+i0(298 s = a0
9—d —1-% d—3 1
— i8ra.C 1“9‘*257/d_d tdgt (q* . . .
T ey ST ) e e v
(E.15)

which does not contribute to the full result.

Therefore, expression H, is the only SCET contribution to the hard function.

E.3 Soft Function

Using the Feynman rules for soft Wilson lines, diagrams S, and Sp, shown in Fig. [6.3] give
(already including all ingredients as seen in the soft function definition ([5.17))

ddq TATL ﬂs _Z‘é‘ABg,uV TBﬁ ﬂs
— — + — _ [ o, v
Sa = S = 6708 )/ (2m)? < 3o )\ @2 +io P +io

9 ddq 1
= ~2irit | Gty G ooy (1)

which is a scaleless integral and therefore not contributing.

To compute contribution S, it’s useful to notice that the diagram is independent of perpendicular
momenta such that the phase space integral reduces to

/(gi) 2w6(¢*)0(¢°) — QF%(Zl”/dwdk Okt + k)0 (k+E") (kﬂ()*ﬁ’ (B17)

and we obtain
225452 N n o +7_€
S, = m/dk; dk= O(k* + k)O(k k™) (k*k")

x [O(k™ = KH)s(" = k1)5(e7) + Ok = k7)a(eH)s(e — k)]

_A’ﬁ B’I’Ll/ ~

X <—gs k:ji +‘;0ﬂ5> <95_Z++1.0M6> (—9”V5A3>
Qg 256 EE —1—92¢ —1—2¢

~ 5 g (e () ey ) F). @

The last contribution to the soft function is diagram Sy, which gives the same result as S..
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Appendix F

Evolutions

Here we discuss the renormalization group equations and the associated solutions for ay, the
hard, jet, and soft functions, the gap parameter, and the MS mass.

F.1 Running of o

For our numerical results we use 4-loop running of the strong coupling constant «g;. The
renormalization group equation reads

das(p) _. = (%s '
dlog 1 = B(as) = —%;Jﬁz (47r> ) (F.1)

where (a;) is the QCD beta function for which the perturbative coefficients are known up to
B3. They read [58]

2
60 =11- gnfa

B =102 — ?nf,

5 2857 5033 395
27 18 54 1
149753 1078361 6508 50065 6472\ , 1093 4
- 3564 _ _ oars 23 (P2
B3 6 C3+( 162 27 C3) nf < T8 <3> nyt g (F2)

162

Equation (F.1)) can be solved iteratively which gives

I Bilogy | as(po) 1 2 B 2
P B I o el e LG A L A L
2 2 3
N as;go) (4;30)3 [30253 (02 — 1) + BoB1fa(log o + o — %) + % [(1 — )2 —log? 90} 7

(F.3)
with p =1+ %ﬁ)ﬁo log u% This expression is used in our analysis.
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F.2 Evolution Kernels

The evolution of the hard, jet, and soft functions derived in section [6.4] is governed by the
functions w and K, defined in Eq. (6.23]), with the appropriate perturbative coefficients which

are given in Eqgs. (6.33)) to (6.35]).

The perturbative expansions of w and K have the form [10]

as(p)

3 (@)
OJN LL(Ma NO?F ] / B Oé
as //40
2l o) (R om0 g (M) (G- ) ¢
=21 _log PL_ ) r—1)+ = — 2 _B))(?-1
Boj ) 2\ 47 Bol'o  To 2) ( )
; ““’“’)) (MQ rr B - )
- —Byt--2_B —1 F.4
+3 (M) (G -Bp - - B) 0° - 1), (F.4)
and
N2LL NLL ['()
K (M>M07F77) —Ww (N:M()a’y’ / /
Qg /—LO
Iy 4 <1 ) (Fl ) 051
=5 —+logr—1 — —=)(r—=1—logr log? r
2&3{ (o) \r T8 o B7) " 95 8
s (o) [ Lo B3 (TQ '3 ) r?—1
~ P (r —1—rlogr) — Bl 2 W, p
4 (Foﬁo 33 (r rlogr) 2log T+ Iy  Topo M 2
Iy Flﬁl) }
+ r—1 , F.5
(Fo T'oBo ( ) (E.5)
2
with Bg 1= (%) — %, B3 = gé + 2%?2 g3 and 7 : o?:((;ﬁ)))'

F.3 R-Evolution

In section [6.7.1] we introduced the gap formalism to avoid the renormalon ambiguity in the soft
function. As explained, we have to run the gap parameter A(R, w) from the scale where the logs
are small to the scale where we subtract the renormalon. A short overview considering the gap
parameter running can be found in [10], and a detailed derivation is given in [54,56,57].

To obtain the running in g one can use the fact that A = A + 6 is scale independent. Hence we
deduce that

/Ld('iuA(R7 p) = _Mig(Ra p) = —2Re"T[as] =: _RVg[as(M)]a (F.6)

where I'[a] is defined in Eq. (6.26)), arising from the used gap scheme given in (6.56)). Solving
this differential equation is straightforward and gives

A(R, p) = A(R, po) — Re P wg(pu, po, T's, 1), (F.7)

with wg as defined in (6.23)).
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The RGE which governs the R-evolution is given by

dA(R,R) . g
RIS _ gy ta(m)
B R as(R) n+1
-k () (F5)
n=0
and the solution reads [56]
t(R1) d
A(R1, R1) = A(Ro, Ro) — Aqep / de ’Yf(t)a e~6), (F.9)
t(Ro)
with
27
t(R) := 7,
( ) 60043 )
G(t) := / ,
) 505 BoB(1)2
Agen = ReGUR) — gy (Gt(Ra), (F.10)

where one should note that 3(t) = S[as] and ’yg(t) = yg[as].

After using the p running from Eq. (F.7), and expanding all ingedients to the appropriate order
in as, one gets [54]

— - NFLL - -
[A(R,p) = A(Ra,pa)| = =Baew) M(Ra, pa, T, 1) = R0 M, BT, 1)
+A8, z Sj(=1)7 [D(=by = j H(R)) = T(~by — j,H(Ra))] ™,
7=0
(F.11)
with
. dG(t .
b(t) := de®) _ bit™7,
i =
2 > B
bo=1, b =2
0 1 2,63
S(t) = — tyR(Ob(t) e W et (=) = 3 §;(—) 7,
=0
k A .
ASe = Rexp [ S / At , (F.12)
J=0 t=t(R)
and the incomplete gamma function I'(s, x).
The S; needed to obtain N?LL accuracy are given by [54]
So =0,
75 Crm?By +
Al —Crm®fo + 7s,1
S = d = e’YE i F].3
TN 7 1)
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F.4 Running of the MS Mass

In section we introduced the MS mass which is, in contrast to the pole mass, free of the
leading renormalon ambiguity. This short distance mass depends on the renormalization scale
with the corresponding renormalization group equation [58]

3|

m i+1
/de/(iu) = (#)’Vm[as(,“ = _2m 27m1 <> s (F'14)

with the perturbative coefficients

TYm,0 = 47
_202_20
TYm,1 = 3 9 ng,
2216 160 140 9
ma = 1249 — (522 4 206 ) ny — 0
4603055 135680 91723 34192 18400
s = Cs — 8800C + (— _ 392 ss0c, + <5>
162 27
5242 800 160 332
T - - F.1
+ ( 243 C3 C4> ( 513 + Cs) (F.15)

Solving the differential equation in (F.14)), the 4-loop evolution which is used in our analysis
reads

() = exp (2™ (1, 0, Y. 2)) T(p10) == 70(1a0) Ui (0, 1) (F.16)
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