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1 Introduction

Event-shape variables are designed to measure geometrical properties of energy flow in

collider events. They were among the first observables proposed to test quantum chromo-
dynamics (QCD), and can also be used to discriminate beyond-the-Standard-Model (BSM)
physics against the QCD background. Numerous event-shape studies have appeared over

the years, notably including extractions of the strong coupling, as. The majority of the



existing work has focused on leptonic collisions, and on deep-inelastic scattering (DIS).
Nevertheless, event shapes are also of great interest in the much richer environment of
hadronic collisions. Indeed, a lot of recent work is using event shapes as a tool to study
jet substructure. Event shapes could also be instrumental to get a better handle on some
poorly understood aspects of hadronic collisions, such as the underlying event.

Several event-shape variables for hadronic collisions were studied in refs. [1, 2]. They
were defined in analogy to the ones in leptonic collisions, but in terms of the components
of the three-momenta transverse to the beam direction. In this paper we focus on the
archetypal event shape, thrust. Transverse thrust, which we denote by 7', is defined, in
analogy to ordinary thrust, as

T, :maxw, (1.1)
AL > |

where the sum is over all the particles in the final state, with momenta p;. Throughout the
paper, the subindex | denotes the (two) momentum components transverse to the beam
direction. The vector 77, which maximizes the ratio on the right-hand side of eq. (1.1) is
called the transverse-thrust axis. Transverse thrust has been measured at the Large Hadron
Collider (LHC) [3-6] and previously also at the Tevatron [7]. Here, we will study this
quantity in the dijet limit, where T, — 1, and obtain a factorization formula that allows
us to resum the enhanced terms arising in this limit. Resummation for hadron-collider
event shapes in the dijet limit at next-to-leading-logarithmic (NLL) accuracy was studied
in refs. [1, 2] within the automated resummation framework CAESAR [8]. In the present
paper we analyze transverse thrust using Soft Collinear Effective Theory (SCET) [9-11]
(see [12] for an introduction), and obtain an all-order factorization formula that allows for
resummation at any desired accuracy.

To derive the factorization theorem, we start with the lepton-collider case. There is
no need to restrict oneself to the plane transverse to the beam in this case, but doing so
provides us with a simpler environment to analyze the factorization of transverse observ-
ables. In contrast to standard thrust, 7| — 1 does not imply that the event consists of
two low-mass jets. Nevertheless, the terms which are enhanced in this limit do arise from
two-jet configurations, such as the one shown on the left-hand side of figure 1, in which
all the radiation is soft or collinear to the two low-mass jets. The resulting factorization
formula has the same structure as the one for thrust. It involves a hard function which col-
lects the virtual corrections to the hard scattering process, two jet functions describing the
collinear emissions and a soft function. The energy of the soft emissions is parametrically
lower than the typical mass of the jets.

In the hadron-collider case also the incoming partons carry color charge and the ef-
fective theory involves additional collinear fields which describe the initial-state radiation.
The proton matrix element of these fields defines beam functions, which can be factorized
into a perturbative kernel, describing the emissions, convolved with the standard parton
distribution functions (PDFs). Interestingly, the virtuality of the initial-state collinear
fields is parametrically of the same order as the one of the soft fields, and is lower than
the virtuality of the collinear fields of the final-state jets. As is typical for problems which
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Figure 1. Schematic representation of a dijet event in the T, — 1 limit for leptonic (left panel)
and hadronic (right panel) collisions. The soft radiation s and the collinear emissions ¢, cg, ¢q, Cb
are represented by different fields in the effective theory. The typical virtuality of the fields c,, ¢
and s is the same, and is lower than the virtuality of ¢; and cs.

involve soft and collinear fields of the same virtuality, transverse thrust suffers from a
collinear anomaly: the soft and beam functions are not well defined individually and their
product involves large logarithms associated with the large rapidity difference between the
emissions from the two incoming particles [13]. To compute the beam and soft functions
individually, one needs to introduce an additional regulator, which can be removed after
combining the functions. Traditionally, this regularization was achieved by taking the Wil-
son lines describing soft and collinear emissions in these functions off the light-cone, see
e.g. [14]. However, in an effective theory context, it is more convenient to use an analytic
regulator which does not introduce additional scales into the problem. The cancellation of
the divergences in the additional regulator imposes constraints on the form of the large log-
arithms generated by the collinear anomaly. These constraints are particularly interesting
in our case due to the nontrivial color structure and angular dependence of the soft func-
tion for transverse thrust. The fact that the problem involves nontrivial color structure,
collinear fields at different virtualities and a collinear anomaly illustrates that factorization
for transverse thrust is quite nontrivial.

The resummation of large logarithms is achieved by solving the renormalization group
(RG) equations of the ingredients in Laplace space. Transforming back to momentum
space, we provide an analytic form of the resummed partonic cross section. Towards
the goal of achieving next-to-next-to-leading logarithmic (N2LL) accuracy we evaluate all
the constituents of the theorem at one-loop accuracy. The other ingredients for N2LL
resummation are the two-loop anomalous dimensions and the two-loop anomaly coefficient.
Using factorization constraints, we show that the only unknown quantities are three two-
loop coefficients. We determine one of these coefficients numerically by comparing to the
next-to-next-to-leading order (N?LO) fixed-order result for transverse thrust in leptonic
collisions. This also provides a numerical check on our factorization formula. We then



show that also the remaining coefficients can be extracted numerically, by considering
transverse thrust in Drell-Yan and Higgs production events, and using existing N2LO fixed-
order codes for Higgs and Drell-Yan production. This determination, together with a
numerical implementation and phenomenological analysis of the resummed cross section,
will performed in a future publication.

Our paper is organized as follows: we derive the factorization formula for the
transverse-thrust differential distribution in section 2 and compute its ingredients at the
one-loop level in section 3. Solving the associated RG equations, we derive in section 4
resummed expressions for the cross section in the dijet limit. In section 5, we first com-
pare our resummed results for the lepton-collider case with the fixed-order computation.
This allows us to determine the two-loop anomalous dimensions, so that we have all the
ingredients for N2LL resummation in the lepton-collider case. We then show that a similar
procedure can be used in the hadron-collider case. Our conclusions and an outlook on
future work are presented in section 6. The appendices collect anomalous dimensions, and
provide details on the one-loop computations of the jet, soft and beam functions.

2 Factorization formula

Our goal is to derive a factorization formula for the transverse-thrust differential distribu-
tion that is valid in the dijet limit. If we define, as usual,

T = 1-— TJ_, (21)

the dijet limit, where the event contains two low-mass jets, corresponds to 7, — 0. However
unlike the usual thrust case, the limit 7; — 0 contains not only dijet configurations but also
configurations where all the particles lie in a plane which contains the beam, see figure 2.
The dijet configurations give singular perturbative contributions to the cross section at

low 7 p
o o

. ~ ot (2.2)
while the multi-jet configurations are regular and thus power-suppressed at low 7,. In
the following, we will study the singular terms in the limit 7; — 0 in detail, and resum
their contribution to all orders in perturbation theory. The power-suppressed terms can be
added by matching to fixed-order results. We will find that the matching corrections are
larger for transverse than for regular thrust, the reason could be the presence of multi-jet
configurations even at low 7, .

In order to understand how one should treat event-shape variables that involve only
momenta transverse to the beam direction in SCET, we will first consider leptonic collisions.
At lepton colliders, there is not much experimental motivation to restrict event shapes to
the transverse plane, but doing so provides us with a simplified environment to analyze
factorization for such observables. A typical dijet configuration in a leptonic collision is
depicted in the left panel of figure 1. The incoming electron and positron are taken in the
z direction, and are represented by the black arrows in the figure. The jets are emitted
at an angle 6 with respect to the beam. As for the usual lepton-collider event shapes,



Figure 2. Left: a two-jet configuration with low 7, . The figure shows the thrust axis 7 (green),
the transverse thrust axis 7, (red), and the beam as a dashed line in the z-direction (blue). Right:
a planar three-jet configuration with 7, = 0. Any distribution of particles that is restricted to a
plane which contains the beam has 7, = 0.

the effective theory needs two collinear modes, which we call ¢; and ¢z, to account for the
energetic particles in the final state (represented by the red lines in figure 1), and a soft
mode s which describes final-state soft radiation (represented by the orange wavy lines in
figure 1). We will perform the detailed factorization analysis below, but the astute reader
will have guessed that the result will be a factorization formula of the form

do
dr, df

x H(Q) + (Je1 @ Jey 1 ® S1)(71)- (2.3)

The hard function H(Q) collects the virtual corrections to the hard-scattering process and
is the same as for regular thrust. The jet and soft functions, on the other hand, differ from
the standard case, because the phase-space constraints associated with 7, only act in the
transverse plane.

The lepton-collider case can be contrasted with the hadronic case depicted in the right
panel of figure 1. A complication on the kinematic level is that the partonic collisions,
which produce the jets at hadron colliders, are not taking place in the hadronic center-of-
mass frame and do not have fixed energy. Therefore the jets are not back-to-back and their
energies are not fixed. To be able treat the process perturbatively, one needs to ensure
that each event involves an underlying hard collision. One way to do this is to impose a
minimum transverse momentum.

A complication for the theoretical description is that there is also initial-state radiation
and the effective theory includes two additional collinear modes ¢, and ¢, along the beam
directions. The initial-state radiation is described by beam functions, which are proton
matrix elements of these collinear fields. For perturbative values of 7, these can be
factorized into PDFs convolved with perturbative kernels describing the emissions. We
will show below that the collinear modes ¢, and ¢, have a low virtuality, of the same
size as the one of the soft fields, and that the convolution of the beam functions and the
soft function suffers from a collinear anomaly [13], i.e. the functions are not individually
well-defined and their product has a logarithmic dependence on the hard scale.



2.1 Leptonic collisions

Let us now analyze the leptonic case in detail. In the dijet limit the final state X consists of
particles X, and X, with large energies flying along the jet direction, defined by the thrust
axis 71, and soft particles X which are radiated at arbitrary angles. Up to power suppressed
terms, we can thus simplify the denominator in the transverse-thrust expression as

o oIpil= > Eilsin6|~|sin0] > E;+> |sinb;|E; ~Q|sing],  (2.4)

i€c1,c2,8 1€C1,C2,8 1€Cy1,Co i€ES

where F; is the energy of the particle with 3-momentum p;, and @ is the total center-of-
mass energy. The sum over 7 in eq. (2.4) runs over the three sectors in the effective theory.
In the second step we used the approximation that the collinear particles fly approximately
along the jet direction #; ~ 0, and we have neglected the small contribution of the soft
particles in the final step. In order for this approximation to be valid, the angle 6 cannot
be too small (the scaling of the fields derived below will yield the condition 6 > 7, which
is always satisfied in the dijet 7, — 0 limit).
For a final state X in the dijet limit, we thus have

1

BRI

(IPir] =1L - pirl) = 70 (Xey) + 71(Xep) + 70 (X5) - (2.5)
ieX

Eq. (2.5) is in a suitable form to derive a factorization theorem in SCET, because the
sum over particles naturally separates into the different sectors of the effective theory, as
indicated by the right-hand side of eq. (2.5). From eq. (2.5) one can also read off the
relevant scaling of the different modes. To do so, let us first introduce the light-like vectors
n; := (1,7;) and n; := (1, —7;), where 7i; is the direction of jet i. Therefore, in the lepton-
collider case we are considering in this section, we have n; = ng, n1 = ne, and the vector
711 =: 1 is the thrust axis. Throughout the paper, we denote momentum components
transverse to the thrust vector 77 with the subindex T. Table 1 summarizes the notations
we employ for the different axis and relevant directions. To analyze the scaling, we split a
generic momentum p* into components along the jet and a remainder which is transverse
to the jet:

nl l v

n n
5+ (np) 5+ =ipe o P (2.6)

Please note that we use the notation p’{- and pT to indicate quantities transverse to the

p* = (n1-p)

thrust axis. The notation p’i is instead used to indicate quantities transverse to the beam
axis and we use the notation p/; for quantities which are transverse to both axes. The
contribution of a collinear particle to regular thrust is driven by the small light-cone com-
ponent of its momentum, i.e. by p_ = ﬁ%/er for the ¢ particles. For transverse thrust,
we will see that the relevant quantity is ]5% /p+ which scales in the same way. Eq. (2.5)
then tells us that the components of the soft modes scale like the small components of the
collinear modes. The components (p4,p—,p7) of the different momenta therefore scale as

C1 (17TL5 \/H)Qv Co ! (TJJ 17@)@7 S (TL,TL,TL)Q, (27)



direction vector perp. dir.

a nk = (1,0,0, 1)

beams 1
b ny =(1,0,0,-1)
1 nt' = (1, sinfy, 0, cosé

jets 1= ! ) T

2 ng‘ = (1, —sin 6y, 0, — cos 2)

thrust = (sinf, 0,cos6) T

transverse thrust =( 1,0, 0

Table 1. Summary of the notation used in the text for the relevant axes and directions. The
last column shows the symbol we use to denote the momentum components perpendicular to the
respective directions. We use the notation p'- for the component of p* which is transverse to
both axes. At eTe™ colliders one has ; = 0, = 6. At hadron colliders, the same is true in the
center-of-mass frame of the underlying hard collision.

which is the same scaling that is relevant for ordinary thrust. The associated effective
theory is usually called SCET]. Given this scaling, one can further expand the contribution
of the collinear particles to transverse thrust by using the fact that |p; 1| < |71 - pi1],

and write
(X = 3 (il ~ i) = Y (a4 i~ e
1€cC1,2 1€C1,2
1 p? 1 p2 1 2
~ - P ~ 7sz_T ~ P
= 2 S = 2 i = Temd] 2 3B, 28)
i€C1,2 pi - 1€C1,2 piL 1€C1,2 ¢

where Q| := Q|siné)|.
To put forward a factorization formula in SCET, we start from the expression for the
QCD cross section differential in 7|
do 1 _
—— = =5 > _[Metem = X)P2m) 6™ (g - px)d(r — 7L(X)), (2.9)
dr;  2Q <
where 7 (X)) is given by eq. (2.5). At leading order in the electroweak couplings, the matrix
element squared can be written as

M(ete™ = X)) =Y L, (0] 5£7(0) |X) (X] 3 (0)]0), (2.10)
i=V,A
where
@) =Y g (), (2.11)

a,
are the vector (V) and axial (A) currents, with f‘“j = v*, and f‘ff‘ = y45; @ is a color
index, and f denotes flavor. In the following we will leave the sum over color and flavor
implicit. The photonic contribution to the lepton tensor wa is given by

4
€ PiuP2v + P2uP1
LXV = _72622 (gw _ 9ok VQ2 1 u> Q?; LZ!V =0, (2.12)



with p; and ps the electron and positron momenta, respectively, e the charge of the electron,
and @y the electric charge of fermion f.

The steps needed to obtain a factorized form of the cross section in eq. (2.9) above
are analogous to other SCET derivations that exist in the literature, the main difference
being only that we want to leave the angle # unintegrated.! For this reason, we will just go
through the main points of the derivation here; we refer to ref. [16] for further details. The
first step is to match the currents onto SCET operators; then we perform field redefinitions
on the SCET fields to decouple the soft gluons. After the decoupling, the different sectors
no longer interact and we can write the final state as

[ X) = [Xs) [Xey) | Xer) (2.13)
and the transverse thrust constraint in the form
My —1 (X)) =0 (1L — 7L (Xs) —71L(Xey) — T1(Xey))
= /chlLdTCQJ_deJ_ O(TL = Tsl = Tey L — Tepl)
X 0(Tey 1 — T1(Xey))O(Tepr — T1(Xey))(Ts — TL(X5)) - (2.14)

We then obtain the cross section as a convolution of matrix elements in the different sectors
of the effective theory

H 2@2 Z L I/’C Q2 ‘2 /\chlJ_dTCQJ-dTSJ_ (S(TJ_ — Ts| — Tclj_ _ TC2J_)
i=V,A

XD (01X, 0 (0) [Xey) (Xea | XE, 5/(0)10) (7ep 1 — 71(Xey))
Xey

X D201, 5(0) | Xer) (X | Xy 00 (0) [0} 8(rey 1 = 70 (Xey)

Xop
. (; (o rhva©] | |x) (x| [lora o] j0)str. _mxs)))
X T sl (2m)*6™(q - PX., — PXey — PX.) s (2.15)

where C is the Fourier transform of the matching coefficient from the QCD current to
the SCET operators. We use latin indices to denote color and greek indices for the Dirac
structure. The x’s are quark-jet fields in SCET, which include the quark coming out of the
hard collision and its interactions with collinear particles. The Y’s are soft Wilson lines,
which encode soft interactions at leading power. As a final step, we want to expand away
small components in the momentum conservation §-function and make the dependence on
the angle 6 explicit. Up to power suppressed terms, we have

8 (g = px., —px., —px,) = 20(m - px., — Q)S(na - px., — Q)P (px,, +px,,)- (2.16)

+

IFor regular eTe™ event-shape variables, the dependence on 6 has been considered in ref. [15].



To make the dependence on the angle 0 explicit, we now explicitly distinguish the reference
vector 77 in SCET from the thrust axis 7ip, which is derived from the particles in a given
event. We then introduce

1= / 436 (7 — fir), (2.17)

into eq. (2.15). In the effective theory, the thrust axis is given by 7ir = pXx, /[Px,, | up to
power corrections. Inserting this into the above equation and using the fact that momentum
conservation fixes |px, | = @/2, we can rewrite it in the form

/ P76 (7 — i) = (27) / dcos (g)Z s (pk.,,)- (2.18)

After these manipulations, the momentum conservation § functions only act on a single
sector and the cross section factorizes into separate collinear and soft matrix elements. The
collinear matrix elements define jet functions and can be written in the form

5k o] ‘ _k
s |3, o) = X 01, 00 ) (K 25,0010
X 0(1e, 1 — 71(Xe,))6(Q — ny - px,, )6 P (px,, 7). (2.19)
&Ik o] _j k
2(2m)3 _?_ o Jey 1 (Tep1) == XZ (0] Xéz,a(o) | Xey) (X XcQ,ﬁ(O) 0)

€2

X O(Tegt — T1L(Xey))O(Q — iy - px., )0 P (px,,7),  (2:20)

where the collinear-sector transverse-thrust constraint has been expanded according to
eq. (2.8). The soft matrix element has the form

5= 3 (] o 0] )
c X J

s

YY), [0)d(res—7(X0).

(2.21)
Expanding away power suppressed terms in the d-functions in eq. (2.15), inserting the
definitions of the jet and soft functions, and contracting the Dirac structure, we obtain the
desired factorized expression for the cross section

do ﬁNCQ?az ) )
dr dcosf 2@2 ( + cos 0) (Q )/dTC1J_chzJ_deJ_
O(TL = Tot = Tegl = Ter 1) Jep 1 (Te 1) ey 1 (Tey 1) S 1 (T51), (2.22)

with H(Q?) := |C(Q?)|?, and where a = ¢2/(47) is the fine structure constant and N, the
number of colors. To include also the contributions from Z exchange, one should substitute
che‘l/(QQz) — (LY 4 LA), where LV"4 are defined in appendix C.

We already stressed above that the jet functions that appear in eq. (2.22) are not the
inclusive jet functions that one needs, for instance, in ordinary thrust. At lowest order, we
have

S1(151) =0(7s1);  Jer(1er) =0(Ter); H(Q*) =1. (2.23)

We compute all these functions at one loop in section 3.



2.2 Hadronic collisions

Having obtained the factorization formula in the lepton-collider case in the previous section,
we now move to hadronic collisions, which is the actual situation of interest. The right
panel of figure 1 depicts a typical dijet configuration in a hadronic collision. The final-state
jets do not need to be back-to-back in the lab frame, since the momentum fractions of the
partons entering the hard interaction can be very different. To define the jet axes, one can
use a jet algorithm. Since our treatment concerns events with two narrow energetic jets,
any choice of the algorithm will lead to the same jet directions in the limit 7, — 0, up to
terms which are power-suppressed in this limit. The jet algorithm provides us with the two
angles 01 and 0 of the two energetic jets, as indicated in figure 1, and with their energies
E; and Ej,. Since the jets are massless, these angles are in one-to-one correspondence to
the rapidities of the two jets. To ensure that we indeed deal with hard collisions, one needs
to require that the two jets are hard. This can, for example, be achieved by imposing that

Q1 :=|sin6|Ey, + |sinby|Ej, > Qo (2.24)

note that the definition of Q| now involves ¢y 2 and Ey, ,, as adequate for hadronic col-
lisions. The scale Qg must be large enough so that the soft scale is still perturbative,
Q171 > Aqgcp. In the limit 7, — 0, the two contributions to @ correspond to the
transverse momenta of the two, approximately massless jets and momentum conservation
in the transverse plane requires that the two contributions to ) | must be equal. Below, we
will perform a boost along the beam axis to the frame in which the jets are back-to-back
and their energies are equal. In the limit 7, — 0 this is simply the center-of-mass frame
of the hard scattering after initial-state radiation.

The modes that we need in the effective theory include the collinear modes c; o for
the final-state jets and the soft mode s that were already present in the lepton-collider
case. On top of this, we need two additional collinear modes in the beam directions, which
we denote by c,; and describe the initial-state radiation. They are represented by the
green lines in figure 1. To derive the desired factorization theorem, we start by writing the
expression for the QCD cross section differential in 7, in a proton-proton collision,

j;: = 2EléM ; M (pp = X)[2 (2m)*6@ (Pat Py—px) (71 —71(X))8(Q1— Qo). (2:25)

where P, and P, are the momenta of the protons, px is the total final-state momentum,
and E¢jy is the hadronic center-of-mass energy.
Before moving to the factorization analysis, it is useful to set up the kinematics. The
momenta of the protons are given by
nh nt

P;‘:ECM7; PgL:ECM7a

and we assume that the partons which produce the two jets carry fractions x, and x; of

(2.26)

the proton momenta.? Following ref. [17], we write the total final-state collinear momenta

2The quantities x, and z; are the momentum fractions after initial-state radiation, they are not equal
to the momentum fractions inside the PDFs.

~10 -



in the beam directions as

b na | ng
Px,, = (1 = za)Bon— + 0, +ba-—-, (2.27)
nl Al
p;a (1-— xb)E(;M? + b L+ bb, (2.28)

The first term is the proton remnant, the remainder arises because the leading parton
radiates into the final state. The momenta of the partons that enter the hard interaction are

ph = :vaECMan b — bg 25 (2.29)
Py = :chCMn; — by, — by n; . (2.30)
The total final-state momentum px is given by
px =px, +px,, +px., +Px., +Px,, (2.31)
and momentum conservation P, + P, = px then implies the partonic relation
Pa + Db = Px, + Pxe, T PXey- (2.32)

As in the lepton-collider case, we can simplify the denominator in the expression for
transverse thrust by dropping power-suppressed contributions

> Ipisl = ZEys1ney~|smelyZE +|sinfo| Y Ei+ Y E;sing;,
[

i=c1 i=ca 1=8,Ca,Cp

2]sin&l\EJ1+\sin92|EJ2:QJ_. (233)

We see that the denominator reduces to ) in the dijet limit. To obtain this result,
we have used that in the cj 2 sectors the angles between each particle and the beam are
approximately equal to the jet direction. The contribution from the soft sector is negligible,
as in the leptonic case, and also the ¢, sectors do not contribute to eq. (2.33) at leading
power, since sin#; ~ 0 for particles collinear to the beam. As in the leptonic case, we
thus have

Quri(X)=> (pi| — 7L - pirl) (2.34)

i

and the particle sum separates into sums in the different sectors of the theory
TL(X) = 70 (Xs) + 7L(Xey) + 7L (Xey) + 70 (Xe,) + 7L(Xe,) - (2.35)

From this, we can read off the relevant scaling of the different modes. Obviously, the ¢ 2
and s modes have the same scaling as in the lepton-collider case. In order to contribute, the
transverse components bgb | of the ¢, modes need to scale like 7, and therefore the small
components of these modes scale like Tf. We are thus in a situation where the collinear
modes ¢, and the soft mode s have the same virtuality, which is usually called a SCET1g
problem. The virtualities of all the different modes are summarised in figure 3. Since the

- 11 -
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Figure 3. Virtualities of the different modes present in the hadron-collider case.

collinear fields in the jets have a large virtuality, the study of transverse thrust in hadronic
collisions thus involves, quite uniquely, SCET; and SCETy; together in the same problem.
Since we have collinear and soft modes with virtualities that are parametrically of the
same order, we should expect a collinear factorization anomaly in the effective theory [13].
Below, we will find that such an anomaly is indeed present.

There are many different partonic channels that contribute to the cross section since
all four partons involved in the hard collision can be quarks or gluons. The different hard-
scattering channels correspond to different leading-power operators in the effective theory.
These operators are built from collinear quark fields x; and collinear gluon fields .AZT, and
involve one field for each direction. The corresponding operators and their one-loop Wilson
coefficients were given in [18], and recently these results were extended to two-loop order
in [19]. To keep the following discussion simple, we focus on the hard process q7 — ¢'q
where the outgoing quarks have a different flavor than the incoming ones. For this case a
basis of the relevant SCET operators is given by

O1(x;s,t,u,v) = xp(x + tﬁb)’yMtAXa(x + s7q) X2(x + vﬁg)’y“tA)g(x +uny),
Oa(x;s,t,u,v) = Xp(x + thp) YuXa (T + 57a) Xo(z + vR2) v x1 (2 + ung) . (2.36)

As usual, the operators are smeared over the light-cone direction conjugate to the large
momentum flow and their contribution to the effective Lagrangian is obtained after con-
volution with the Wilson coefficients:

ALscpr = /d4:z: /ds dt dudv Cr(s,t,u,v) Or(z; s, t,u,v), (2.37)

where the sum over the different operators I is implied. The Fourier transforms of the Wil-
son coefficients C; (Mg " Pas Tb* Pb, 1 - P1, M2 - p2) depend on the large momentum components
of the collinear fields and are directly related to the relevant scattering amplitudes [20]; for
brevity we will not write the arguments explicitly in the following. In our channel only the
single diagram shown in figure 4 contributes to the coefficients at leading order.

Due to its color structure, it only generates a nonzero Wilson coefficient C7, but at
higher orders also the second operator will be present. Under renormalization the two
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Figure 4. Feynman diagram for the Born level q7 — ¢’¢’ channel.

operators mix, so that the RG equation becomes matrix-valued. As usual, one can perform
the necessary field redefinitions in SCET to achieve the decoupling of the soft gluons and
finds that the resulting soft function is a matrix in color space. After the decoupling, the
final state is decomposed as

[X) = 1Xs) [Xey) | Xer) [Xea) | Xey) (2.38)

and using manipulations analogous to the lepton-collider case one obtains

do 1
dr 2Bl ATe, 1ATey 1 AT, 1 AT, 1 ATs 1 6(TL — Tl — Tey L — Teal — Teql — Teyl)
M

x| D (0 xer 6 1Xer) (Xer| X 10) 8(7ey 1 — 71(Xey))
Xe,

X Z (O Xeay [Xea) (Xeal Xeaiy 10) 6(7ep 1 — 71 (Xey))

Xey

X Z (Pal Xeasa [ Xea) (Xeal Xea,or [Pa) 0(Teu 1 — T1(Xe,))
Xeg

< | > (Pl Xap1Xe,) (Xey| Xeppr |1 Po) (7,1 — T1(Xey)) | C1C5
Xe,

1 v v
X Nigs‘][(TSL)’ygﬁ’y,/;LaWé/,y/’Yﬁ/a/ (27'(')45(4) (Pa + Pb — pX) G(QL — QO) (239)

In writing the above formula, we have made use of the fact that all four collinear matrix
elements are color-diagonal and have replaced

i . 1 ..
sz,aximp/ - ﬁ(swxcm,ocXcm,aH (240)
c

where it is understood that the color indices of the fields on the right-hand side are con-
tracted. The resulting color contractions then act on the soft Wilson lines and produce the
soft function

1
Si(rs) = 5 2 O YTy, | [YATYe | 1) (] [V 1Y [YiTuve] 10)
(&
Xs

i 7t

X 6(TSJ_ - TJ_(XS))7 (2.41)
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which, as anticipated, is a matrix in the color indices I and J . For the gg-channel we are
considering here, there are two possible color structures T} = t* and T = I, see eq. (2.36),
and the soft function is therefore a 2 x 2 matrix.

In a next step, we again expand out the power-suppressed components in the mo-
mentum conservation J-function. After this step, only the large components of the four
different collinear fields remain in the d-function. We already anticipated this step in our
definition of the soft function in eq. (2.41), which was defined without a constraint on the
soft momenta other than their thrust. Next, we take the matrix elements of the collinear
fields along the beam which then define quark beam functions By, | (7¢, 1, ¥:), according to

1 a 7 n
5 |:¢2:| BQ/CQ TCaLaxa : Z(S Teql — ))5 (na'Pa (]‘ 71”0«) *na'cha)

Xeq
X (Pa| Xea,a(0) [ Xe,) <Xca’Xca,a’(0) |Pa)
o

1
1) ) = Y () (3P ) ~ )
88 X

x (Py| XCb”B(O) |ch> <XCb| Xey, B/ 0)|P) , (2.42)

where n, - P, = np - P, = Ecp. We can introduce the integrations over the momentum
fractions, x,y, in the expression for the cross section by writing

1= (ﬁa'Pa)(’FLb'Pb) /dl‘adl’b 5(17La'Pa(1—:L'a)—ﬁa-pXCa)(S(’FLb-Pb(l—xb)—ﬁb-chb). (2.43)

We then have

do _ 1
drp  4N3

X /dl‘a /dl‘b Bq/caL(TCaJJxa)BQ/CbL(TCbL7xb) <_giy> ’7557(15/’7’

/chlJ_dTCQJ_dTCaJ_dTCbJ_deJ_é(TJ_ — Tsl — Teyl — Tegl — Tegl — Tepl)

x| D (00 Xer 5 1 X ) (Xey | Xen,7 10) (7, 1 — 71 (Xey)
Xey

< D01 Xeaiy [Xes) (X | Xt [0) 6(7eps = 71(Xey)) | CrC Sr(rer)

X,
x (2m)16W (24 Py + 2Py — px, — Px., — Pxoy) 0(QL — Qo) (2.44)
Mo v Hov
where gjl, = Guv — % At this point, the cross section has the form which is usually

obtained in perturbative QCD, except that the initial state is described by beam functions
instead of PDFs. To make the following discussion similar to the lepton collider case, it is
convenient to now perform a boost to the frame where the jets are back-to-back, i.e. the
frame where 1 = 6. Up to terms suppressed by powers of 7|, the total momentum of the
partons that enter the hard interaction in the original lab frame is given by

nt it

q" = xo P! + beb = CC'aECM? + xpEoy— 5 (2.45)
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where we used that n, = n,. At leading power a boost along the z-direction is thus
sufficient to make the jets back-to-back. We need to perform a boost such that the total

momentum of the partons that enter the hard interaction is given by
X nh nh
g — ' = Q7 + Q7 +O(QT1), (2.46)
where we denote quantities in the boosted frame with a hat. The plus and minus compo-
nents of the ¢, particles transform under a boost in the z direction according to ng - p —
e hig - p, Ng - P — € g - p, therefore the boost we need is given by
Tp

1
£= 3 In o Q = Ecp/Taxyp. (2.47)

a
Since the constraint for transverse thrust only involves momenta transverse to the beam
direction, the expression for the cross section in eq. (2.25) is invariant under the boost.
The beam functions are invariant and can be evaluated in the lab frame, while we will
adopt the boosted frame for the jet and soft functions. From now on we will exclusively
work in the boosted frame, and for simplicity drop the hats on the momenta. We then
rewrite the momentum conservation d-function as in eq. (2.16) and, also as in the lepton
case, introduce an integration over the angle 6 of the jet in the boosted frame by writing

1= /d3ﬁ5(3)(ﬁ —iiy) = (2) /dcos@ <§>25(2)(p;(c ) - (2.48)

1

Finally, we take the collinear matrix elements, which are the jet functions defined in
egs. (2.19)—(2.20), where @ is now given by eq. (2.47). Putting all the ingredients to-
gether we obtain

do
drideosd :/chlJ_dTCQLdeJ_chaJ_chbJ_é(TJ_ — Tsl — Tegl —Terl — Tepl — Teal)
X /dl'a /dl’b Bq/cai(TcaLama)Bq/ch(chLyxb)chL(TQL)JClL(TqL)
X Hrj(Q,0)Syr1(7s1)0(QL — Qo) (2.49)
where we defined the hard function as
_ Q2 2 O\ vk
HU(Q,G) = 327TNC(1+COS Q)C]CJ. (2.50)

Note that, unlike in the lepton-collider case above, we have not normalized it such that the
entries of the matrix are only ones and zeros at tree level. The angle 6, which corresponds
to the angle between jet 1 and the beam in the partonic center-of-mass frame, is typically
not measured experimentally, but it is convenient to keep the expressions differential in
cos 6 for the present discussion.

We can verify that we reproduce the lowest-order cross section for two-jet production by
evaluating the ingredients at leading order. The LO hard coefficient is C; = g2(1,0)/Q%. Tts
denominator Q? is from the hard gluon propagator which is integrated out when matching
onto SCET. The relevant entry of the soft-function matrix is Sy1 (751) = %6 (1s1). The
LO jet functions are equal to (7., ) and the beam functions are given by the standard
PDF's multiplied by the same J-function. Putting the ingredients together, and integrating

over 7, one reproduces the standard LO partonic cross section for q7 — ¢'7.
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2.3 Collinear anomaly

For leptonic collisions, the theorem eq. (2.22) achieves the complete factorization of scales
we are aiming for, but the same is not true for the hadron collider formula eq. (2.49).
The reason is that the beam and soft functions, as given above, are not individually well
defined. Beyond leading order, one encounters phase-space integrals that are ill-defined
within dimensional regularization. To properly define them, one needs to introduce an
additional regulator. The convolution of the regularized beam and soft functions is then
regulator independent, as it needs to be since the cross section is a physical observable,
but contains an additional dependence on the hard scale, on top of the one encoded in the
hard function. This effect, i.e. the appearance of a hidden additional dependence on the
hard scale, is called the collinear anomaly [13]. One encounters it when the effective theory
contains collinear and soft modes which have virtualities that are parametrically of the same
order. Consistency conditions restrict the form of this additional hard-scale dependence to
be a pure power to all orders in perturbation theory [13, 21]. The additional dependence
can be factorized and in this way one achieves the desired separation of scales. One can
show that for transverse-momentum dependent quantities, such as the one we consider
here, only real-emission diagrams need additional regularization and one can use a simple
analytic regulator to render them well defined [22]. In this way, gauge invariance and the
eikonal structure of the soft and collinear emissions in the effective theory are explicitly
maintained. Alternatively, one can regularize the soft and collinear Wilson lines [23].

To discuss the form of the collinear anomaly it is convenient to perform a Laplace
transform of the cross section, since the Laplace-transformed expression is a simple product,

rather than a convolution, of the jet, beam, and soft functions. We write

t(k) = /dT e THF do
Y dr 1 d(cos 0)dzqdzy,
= Hr(Q,0) Syr1(5.0) ey 1 (K) Jor 1 (%) Bvq/cal(”a Tq) gg/ch(ﬁy ), (2.51)

where z = 1/(e"2k). The factor e?# is included to avoid a proliferation of such factors in

the Laplace transforms of the jet, soft, and beam functions, which are indicated by a tilde.
For example, for the jet function we define

o) = [ drieT (), (2.52)

and analogously for the other ingredients. For later convenience we also define the dimen-
sionful variable £ = 2« @ sin 0, which is of the order of the soft energy scale. As mentioned
before, the soft and beam functions in eq. (2.51) depend on the analytic regulator, and
contain hidden dependence on the hard scale. Their product is regulator independent and,
to all orders in perturbation theory, has the form

~ ~ . QQ _FL (k) .
SJU_(FL, 0) Bq/caJ_(H,xa) Bq/cbj_(/i, .CCb) = (CQFLQ) W]](E,(g,xa,wb) y (253)
0
where
Wr(k,0,%a, ) = Sy1L(5,0) Byey 1 (K %a) Byjey 1 (5, 7). (2.54)
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All the dependence on the hard scale Q2 is now manifest. The structure we find here closely
resembles the one encountered in previous applications involving the collinear anomaly, see
e.g. refs. [24, 25], and the derivation of eq. (2.53) parallels the steps presented there. We call
the function qu(li) the anomaly exponent, and Wj;(k) the remainder function. We split
the remainder function into three parts in eq. (2.54). This decomposition is not unique, but
it is useful because it shows that the dependencies on x,, x; and 6 factorize. The constant
co is conventional and will be given in section 3. We can now write the final factorized
form for the Laplace transformed cross section. For a general partonic channel, ab — 12,
the corresponding factorization formula reads

—Fab(g
’{abﬁlZ _ Hab%12 0 Q2 ) Qab—12 0
(k) 77 (Q.0) 272 gi (K, 0)
0

Ba/cﬂ.("ﬁ ‘ra) Eb/cbl(ﬁv xb)gcll-("i)gcﬂ-(ﬁ) ) (255)

where we explicitly indicated the partons upon which each term depends. Equation (2.55)
is the main result of this work. In section 3, we compute all the ingredients that enter in
this formula at the one-loop level.

As discussed above, the cross section must be independent of the analytic regulator,
while the individual pieces have divergences as the regulator goes to zero. This cancellation
of divergences is non-trivial in our case because the soft function is a color matrix, while the
beam functions are color-diagonal. It is interesting to look at the structure of the analytic
divergences in the soft function in detail to check how they cancel the divergences in the
beam functions. In our computations in the next section, we will use the standard form of
the phase-space regulator [22]

/ddka(k;?)e(ko) — /ddké(k2)9(k0)< v )a, (2.56)

ny - k

with ng - k = ko + k., but for the discussion in this paragraph, it is convenient to introduce
the analytic regulator as follows [26]

/d4k6(k:2)0(k:0) [( v )aﬂ(nb-k—na-k)—F( Vk>ﬁ9(na-k:—nb-k:)], (2.57)

ny - k Ng -

where n, = ny and 1y, = n,. This second form distinguishes the divergences from left- and
right-moving particles and is symmetric if one chooses o = 3. The implications of having
separate regulators for left and right sectors were first discussed in ref. [27]. Since the
components ki and k_ scale differently in the collinear regions, the regulator (2.57) must
be expanded in the small components. In the collinear region ¢, we have ny - k > ng - k
and the term involving the regulator § vanishes upon expanding the 6-functions, while the
a term vanishes in the collinear region ¢;. We conclude that the divergences in the c,
beam function only involve the regulator o and vice versa for the ¢, beam function. The
question is then how the cancellation can be possible, given that the soft function depends
on the color charges of all four particles participating in the hard scattering, while the
beam functions only involve the color generators of the incoming partons.
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To see how the cancellation arises, it is instructive to consider the one-loop case, where
the soft function is given by a sum of diagrams in which a gluon is emitted from leg ¢ and
absorbed at leg j (see figure 7 below). The amplitude squared associated with this process

has the form
n; - nj

MO D Gk oy

(2.58)

We use the notation of the color-space formalism [28], in which T; denotes the color gener-
ator associated with parton i. Only the contributions which involve leg a (i = a or j = a),
can give rise to divergences in the regulator a. Computing the corresponding diagrams
explicitly, we find that they have the structure

a

1 1

(T T+ T, T+ T, Th) = — (-T2), (2.59)
where we have used color-conservation Y. T; = 0. The quantity T2 = C, is the quadratic
Casimir operator of the representation of parton a. Similarly, we find

1

B

From egs. (2.59)—(2.60) one clearly sees that the divergences in each hemisphere can cancel

1
(T, Ty + T, To+Ty-Th) = 3 (-T7) . (2.60)

with the corresponding analytic-regulator divergences in the beam functions, which are
proportional to the corresponding Casimir. The same structure must also arise at higher
orders. Factorization thus imposes nontrivial constraints on the structure of the divergences
in the analytic regulator, similar to the constraints it imposes on the infrared structure
of the scattering amplitudes [20, 29-31]. The above structure implies that the collinear
anomaly has the form

(Ca + Cb)

2

The anomaly is thus given by a universal function F') (k). Casimir scaling of the anomaly

F (k) = Fi (k). (2.61)

was observed earlier in the simpler case of transverse-momentum resummation [13].

3 One-loop ingredients

In this section we compute all the different ingredients that appear in the factorization for-
mula at the one-loop level. We work in dimensional regularization with d = 4 — 2¢ dimen-
sions, and as = g2/(4m) is always understood to be the coupling constant in the MS scheme
at scale . The relation to the bare coupling is o = Z,a,ji%, with g2 = p2e¥=(4r)~L,
and Z, = 1 at the order we are working. We expand the anomalous dimensions appearing
in our expressions according to

e Qg n+1 e Qg n+1
YL = Z()’Ynl (E) 5 Yeusp = Z Fn (E) 5 (3'1)
n—=

n=0

where the coefficients I';, of the cusp anomalous dimension are collected in appendix A.
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3.1 Jet functions

For simplicity we denote n,, — n and ¢; — c¢ in this section, since the diagrams only
involve one collinear direction, and represent the quark jet function by Jy| (7.1) and the
gluon jet function by Jy(7c1). The definition of the quark jet functions was given in
egs. (2.19) and (2.20). For hadronic collisions, we also need the gluon jet function whose
definition reads

ab
2@<3> (=) Ty (1e1) = D 0] Al (0) |Xe) (Xe| Alr, (0) [0)
Xe

X (et (Xe) = 7e0)8(Q — - px, )6 (px, 1), (32)

where A, is the SCET gluon jet field (normalized such that A, = AT, at lowest order

nun n,n . . .
W) The normalization is chosen such

in the coupling constant), and g;fl, = (g,“, —
that Jy | (7.1) = (7.1 ) at lowest order. To ensure that the same is true for the quark jet
function in d dimensions one has to replace (27)® — (27)9~! in the definitions in eqgs. (2.19)
and (2.20) and work with a (d — 2)-dimensional transverse-momentum J-function.

The diagrams that contribute to the jet functions at the one-loop level are shown in
figure 5. We only show real-emission diagrams since the one-loop virtual diagrams are
scaleless and vanish in dimensional regularization. It is convenient to follow ref. [35] and
perform the calculation of the jet functions in light-cone gauge n- A(x) = 0. In this gauge,
the collinear Wilson lines which multiply the fields y. and A% become trivial, therefore only
the first diagram contributes to the quark jet function and only the first two diagrams in
the second line to the gluon jet function. The relevant phase-space integrals can easily be
performed in d-dimensions and we then obtain the bare quark jet function at one loop as

(4 — )2 3+%e1Ee(2 —¢) 1 (TCJ_Q2 sin? 9> -
TEoIrG-9 ml @ )

The explicit expressions for the two diagrams contributing to the gluon jet function are

J;ire(TcL) =0(1e1) —asCp (3.3)

given in appendix B.
The bare jet function has divergences for € — 0. Since the jet functions are distribu-
tions in 7., it is convenient to perform a Laplace transform

Jis (L) = /0 drer e T/ ) T (e, ), (3.4)

where, for later convenience, we have written the Laplace transform as a function of the log-
2 oin2
arithm L = IH(W) of the Laplace variable k. The renormalized Laplace-transformed

jet function is related to the bare one according to 51 1 =2 J_};bfre. Since the bare func-

tion is p-independent, the renormalized jet function, ;2 1, and Zj, | fulfill both the same
RG equation

d ~ 1~
m]iL(La /L) = |:_20i'7cusp L — 27fi| ]iJ_(Ly ,LL), (35)
where yeusp is the cusp anomalous dimension, which gets multiplied by the relevant Casimir
operator Cq = Cr and Cy; = Cy. Solving the RG equation for Z;, | one gets

as | Gy 1 .
o [— — + E(CZ-FOLJrfy(‘)’i)} . (3.6)

anjZ.J_ = c
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Figure 5. Next-to-leading order real-emission diagrams for the quark jet function (first line), and
for the gluon jet function (second and third lines). The red vertical lines represent the final-state
cut. The crosses indicate the collinear Wilson lines.

“bare

Expanding j*® and Z;,| in € and a, we find that the divergences in ;Z 1 cancel with

J J,
Yol =%=-3Cr, %l =1=-F- (3.7)

The one-loop anomalous dimensions are thus identical to the inclusive jet-function with
our choice of the scale of the logarithm L. The renormalized function j;, is given by

L2
Jit(Lyp) =1 —1— <C Fo— + Voj_L + C > (3.8)
with
A J 67 42 20
ClJ__CF<7_3>> 1i:CA<9—3>—9 F1f (3.9)

3.2 Beam functions

The definition of the quark beam function was given in eq. (2.42) in section 2.2. In addition,

we also need the gluon beam function which is defined as

Bg/caL(TcaJ_a xa) = _xa(ﬁa ’ Pa) Z <Pa| A?;ar(()) |Xca> ( Ca‘ -Ac TM( ) ‘Pa>
X

Ca

X 6(Teo 1 (Xeo) = Te )0 (R - Pa)(1 — Za) —Tla - px,,) - (3.10)

For perturbative values of 7|, we can compute the final-state radiation in perturbation
theory and match the beam functions onto standard PDFs, f;/n(z) for the hadron N,
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convolved with a perturbative coefficient, Z;._j(x, 7| ). The corresponding matching relation
takes the form [13, 17, 36]

1
Bes(r ) = 3 [ 5 Tues¢/m. 70 fym ) (311)
J

At lowest order in perturbation theory the matching coefficients take the form
Iu_j(l’,TL) = 51](5(1 - .T)(S(TL) y (312)

so that the beam function reduces to the PDF times §(7,). When computing the matching
coefficients, it is convenient to evaluate the beam-function matrix elements eqgs. (2.42)
and (3.10) with quark and gluon states instead of hadrons. In this case the PDFs are
trivial f;/,(z) = d;x0(1 — x) and the partonic computation directly yields the matching
coefficients Z;, x(&/x, 71 ).

As explained in section 2.2, the transverse-thrust beam functions are not well defined
within dimensional regularization and require an additional regulator. We regularize them
using the analytic regulator of ref. [22] which modifies the phase-space integration measure
as follows

/ddké(k2)9(k0) — /ddké(k2)9(k0) (k:oik: )a, (3.13)

Note that the beam functions in both ¢, and ¢, directions are regularized with the same
regulator. To discuss the renormalization of the beam functions, and the cancellation of
the dependencies on the analytic regulator, we again perform a Laplace transform

Byje,1 (5 Ta) = /dTLeH/(HevE)Bq/caL(TLw’Ua)- (3.14)

We have discussed the cancellation of the divergences in the analytic regulator in sec-
tion 2.3. The divergences of the soft function with the form of the analytic regulator given
in eq. (3.13) can be obtained from those in egs. (2.59)—(2.60) by replacing 5 — —«. We see
that the analytic divergences cancel in the soft function for channels involving the same
color representation of the incoming partons, such as ¢q and gg. In these cases, the remain-
ing divergences must cancel out in the product of the Laplace transformed beam functions
which takes the form

- ~ < Q2 )C’FFL(N#) -

2

Bq/caL(Kawa) Bq/ch(Kaxb) = 252 Bq/caL(Ha xaa,u) Eq/ch(H7xbvu) ) (3'15)
0

and analogously for the gg channel. Computing the product of the Laplace transforms of
the quark beam functions, we find that this is indeed the case, and obtain the corresponding
anomaly exponent and refactorized matching coefficients. The diagrams that contribute to
it at one loop are shown in figure 6. The diagrams need to be evaluated both in the ¢, and
¢p sectors because the analytic regularization is not symmetric, as we stressed above. The
explicit expressions for each of the individual diagrams are listed in appendix B. Proceeding
as discussed, we get

YL, (3.16)

FJ_(H')M) = 47
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with L} =In %, with Incy = %, and where G =~ 0.915966 is the Catalan constant. The
characteristic scale of the logarithm is £ = 2k@Q) sin §. The refactorized matching coefficients
are defined as

Bijoy 1 (r1. €. 10) Z / O i€z rio) (2. (3.17)

in analogy with the corresponding matching coefficients and are obtained by evaluating the
beam functions with partonic states. At one-loop order, they have the general form

- I s @, Lo
Licj(z, K, p) = 0(1—x) ;5 |1 + e 4 Cilo — 1 o L, +E —Pi;(x) 3 + Ricj(z)| ,
3.18)
and contain the Altarelli-Parisi kernels
142z
(1) —
P (2) = 4Cp < — )
P(g = (:1:2 +(1—-=x) ) ,
T - (3.19)
Pl () = {1—95 . +m(1—:n)}+2,805(1—x),
1+(1—-2z
P, ) = acp LU=
which involve plus-distributions, and remainder functions
2 64G?
Ryeq(x) = —CF <7; + = + 2F> 0(1—z)+2Cr(1—2x),
Rgeyg(@) = 4Tpz(1 - 2),
2 64G?
Rygeg(x) = —Cy <7;, to ot 2F> (1 —x),
Rgeql(x) =2Cpx. (3.20)

The numerical value of the constant F' in the equation above is F' ~ 8.20629, an analytic
expression in terms of Lerch’s ® function is given in the appendix.

The anomalous dimensions of the anomaly exponent and the refactorized beam func-
tions are given by

dlnuFL = 27cusp »
L 2w 1 (3.21)
mBi/ckL = | —¢B;Yeusp I iz 297 Bijey L
with
cg, =C; and VOJ_ =, (3.22)

according to our one-loop results above.
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Figure 6. One-loop diagrams contributing to the matching coefficients Z, , (top row), Zg,4
(middle row), and Zy« 4 (bottom row left) and Z,. 4 (bottom row right) of the beam functions. The
red vertical lines represent the final-state cut.

3.3 Soft functions

The soft function is, in general, a matrix in color space defined in the color basis adopted
for the hard function. To discuss the color structure independently of the basis choice, it
is most convenient to use the color-space formalism [28, 37], where the hard function is
written as

Gy =Y i), (3.23)
I

with |I) a basis of color states. For the ¢q§ — ¢'¢’ channel discussed above, the basis
contains the color-singlet and the color-octet operators defined in eq. (2.36). In the chosen
basis, the soft function acts as follows

<C~1|S(TSL)|C~'> = CN'? <I|S(TSL)|J> é] = é? S[(](TSL) é] = HJ[ S[J(TSL) . (3.24)
We can write it as

S1a(7e1) = = 30 OIW 1K) (Xl Wy [0) 67— 71.(X,), (325)
c X.

where W are combinations of Wilson lines, in the adequate representation for the partonic
channel we are studying. The explicit expression relevant for the q7 — ¢’¢’ channel was
given in eq. (2.41).

The diagrams that contribute at the one-loop level are shown in figure 7. Once again
only real-emission diagrams can give non-vanishing contributions in dimensional regular-
ization. The soft function up to one-loop order is therefore given as

S1s(1) = 8(r)DF5° + > LijDry(i, ), (3.26)

tj
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where i, j = a, b, 1,2, with a and b the partons in the initial state, and 1 and 2 the final-state
jets. The color structures at tree level and one-loop order are

1

tree __
DIJ _N
c

(1), and  Diy= < (I|(-Ti-T)L). (3:27)
C

The Dy encode the color factors, are matrices in color space, and depend on the partonic
channel we are considering. For the qg-type channels they are 2 x 2 matrices, for the gg-type
channels 3 x 3 matrices, and for the gg channels 9 x 9 matrices. Explicit expressions for all of
them were given in ref. [38].> For leptonic collisions the color factors are numbers because
the process only involves two color-charged legs which fulfill —T} - T = T¢ = T¢ = Cp.
The soft integrals I;; only depend on the directions to which the soft gluon in figure 7
attaches, and not on the representation of each Wilson line. They are given by

dk ni - N 1 - -
Ii': 2~26/ 2 0y ' Ty S —— =,
=0 | G 0 sy (e~ gy (] =1 ) )
(3.28)
with

nk =(1,0,0,1), nj'=(1,0,0,-1), nf=(1,7), nh=(1,-7A), @ =(sinb,0,cosh).

For leptonic collisions, only I1o arises, since there are no colored particles in the initial
state. The I;; integrals are in general not well defined within dimensional regularization,
and an additional regulator is required. In order for the divergences to cancel, we need to
use the same analytic phase-space regulator as for the beam functions. The regularized
versions of the I;; integrals have an additional (v/(ko + k.))* factor in the integrand.

To compute the integrals I;;, we find it useful to perform a change of variables
(ki,k;) — (z,y) with

. Ts1 Q| sin 6| 7 ko = Ts1 Q| sin 0| .

x X

(3.29)

The variable z € [0,1], while y € (—o00,4+00). To extract the divergences in «, it is
convenient to introduce the variable u = 1/(1 —y + /1 4+ y?) € [0, 1]. Parameterizing the
integrals in this way, it is more or less straightforward to extract the divergences and to
compute the remaining finite integrals numerically, but we have not managed to evaluate
the finite parts analytically. The nontrivial soft integrals can be written in the form

Ly = nlénzNIm
2, = n“énlN Ty +I +T-T),
2y = "“é"lN (T, T +T++7T). (3.30)

%Note that the matrices in ref. [38] are defined without the 1/N. prefactor in eq. (3.27). Some of the
entries in the matrices for the gg channel in this reference are interchanged: the entries 4 and 19 (20 and
65) need to be swapped in the tree-level (one-loop) matrix. We thank Jan Piclum for pointing this out.
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b 9 9 b b 9 9 b
a 1 1 a a 1 1 a
b 9 9 b b 9 9 b
a 1 1 a a 1 1 a
b 9 9 b b 9 9 b

Figure 7. Next-to-leading order real-emission diagrams for the soft function. The red vertical lines
represent the final-state cut. Mirror diagrams and those that vanish because the gluon attach to
two Wilson lines in the same direction are not shown. In the lepton-collider case the a and b Wilson
lines are absent, and only the last diagram is possible.

Below, we will discuss the evaluation of the integral Zy in detail. The normalization factor
N and explicit expressions for the integrals Z,, 7/, are given in appendix B. The three
remaining soft integrals are given by

Iy =0,  loo=lalgrg,  In=Tnly,yg- (3.31)

The integral I, is zero because it is proportional to the scaleless integration
/oo (y + 1+ y2

dy
—o0 Vv1+ 3/2

The I15 integral is well defined without the additional analytic regulator, since it does

—

) = /1 dun 71 —u) e =0. (3.32)
0

not involve the directions a and b of the initial-state partons, which involve collinear modes
of the same virtuality as the soft modes. The soft function for leptonic collisions is there-
fore well defined within dimensional regularization, and there is no collinear factorization
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anomaly, as expected from the arguments in section 2.3. To illustrate how the soft integrals
are computed, we explain now how to obtain the result for Zg, which is given by

1 1 1 & 1 1
To= [ de(2—z)"2"° —+€/d 3.33
0 /0 L _C,Oy,/14_3;,21—i-342—(ycosﬁ—i—(1—:13)511(10)2 (3.33)
To arrive at the above form from eq. (3.28) one writes the integration measure as
/ddk = /dko dk, dk | k93 d(cos ) (sin ) ° Q43 (3.34)

and uses 0(k?) to perform the k¥ integration and the transverse-thrust constraint to obtain
the integral over the angle ¢. Finally, one performs the change of variables (ky, k.) — (z,y)
specified above. The next step is the y integral, which does not depend on €. To compute
it, we write

1
/ \/1—|—y 1+y2 — (ycosf + (1 — x)sin §)?
/ J 1 1 ( 1 1 )
= y - J—
- \/1+y2 (y1 —y2)sin?0 \y —y1 ¥y — 12

& 21 1
:/ ! Im{ } (3.35)
- 1+ 42 (y1 — y2)sin® 6 y—un
where
1 1 1 1
(2—2x)222 (2—x)222
y1 = (1 —x)coth+i g (1 —x)coth —i g (3.36)

are the roots of 1+ 42 — (ycosd + (1 — z)sin 0)?; note that y; — y2 is purely imaginary for
0 < x < 1. Using

/Oody 1 R S A—V1+ A2
o A1 HFYY—A 1+ A2 A+ V14 A2

(3.37)

we find

! V1
To = (sin6) ! / dz (2 — )" 1"z~ 1+5 Im L, (o vty (3.38)
0 \/1+y1 y1+\/1+y1

The divergences in the integral over x only come from the 717 term, and the result for

7Ty as a series in € can be easily found by using the expansion

o = o)+ [1] e E +OE), (3:39)
where the plus distributions are defined by
1 1
| U@l s@is = [ s)g) - g0)ds. (3.40)
0 0
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The integrals Z; and Z/, are finite as o — 0 and can be evaluated in exactly the same way
as Zyp. A divergence in the analytic regulator « arises only in the integrals Z_ and Z' in
eq. (3.30), which are simpler than the plus-type integrals so that the y-integration can be
performed analytically for arbitrary «. The divergent terms of the integrals in eq. (3.30)
are given by

a; 1 (4 0\ >
Iy = a ( @ sin > < —21DSIHO+O( ))
T Tel
—2¢
oL, — as 1 (4@7@_5111(9)
T Tel
1 2 1
x (6 —2lncot7+ < QMSM) 2 <+H) —|—O(5,a)) ,
a
—2e
oL — as 1 <4QTSLSIH0>
T Tel

1 0 Q71 sinf\ @ 1
X (5 — 21nCOt 5 — <2y> 2 <a + H> + O(S,OK)) s (341)

where the numerical value of the constant H is H ~ —1.85939. We refer to appendix B for
the full expressions, including the finite parts.

Due to the structure of the Dy color matrices, see e.g. ref. [38], the I;; integrals always
appear in the combinations Ij2 + Iyp, Ia1 + Ip2, and I + I for the qg- and gg-channels.
As we can see from eq. (3.30), and explicitly in eq. (3.41), in these combinations the 1/«
divergent terms cancel, as expected from the discussions in section 2.3, and the explicit
calculation of the beam functions in the previous section. For the gg-type channels, on the
other hand, the structure of the Dr; matrices is such that some individual I;; integrals
appear, and not only the above combinations. Therefore, in the gg-type channels, the
divergences in « do not cancel within the soft function itself, but one needs to combine
it with the beam functions to obtain a regulator independent result, again as discussed in
section 2.3.

The RG equation of the soft function is given by

— S‘}f}fu — a2 (F%baw)LJ _ <Pgb—>12]‘)[ Sﬁ?ﬁ, (3.42)
with
4rQ sin? 0
(F%b_>12)IJ = <'chspCS In Q’u + 75L) 5IJ + “Ycusp MIJ(Q)‘ (3'43)

The coefficients cg, 75, and the remainder function M7 ;(#) depend on the partonic chan-
nel. Up to two-loop order the remainder function is fixed by general constraints on the
structure of soft anomalous dimensions, see section 4. From our results above we get

—(C14+C2)5 5L =0. (3.44)
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3.4 Hard functions

Like the soft function, the hard function Hy; in eq. (2.50) is a matrix in color space. Up to
the conventional normalization factor, it is given by the Fourier transform of the matching
coefficients C of the QCD currents to the SCET operators, according to

Hpy < CiC5. (3.45)

The hard function is extracted from the results for the amplitudes for 2 — 2 processes in
QCD. This was done at the one-loop level in ref. [18], where the RG evolution of the hard
function was also considered. Recently, the two-loop result for the hard function has been
presented in ref. [19], based on the results for the QCD amplitudes of refs. [39-43]. The
results of ref. [19] are conveniently given in an electronic form, and can be readily used.
We refer to refs. [18, 19] for the explicit results for the hard functions, and do not copy
them here.

4 Resummation

4.1 Renormalization group equations and scale independence

The cross section, or equivalently its Laplace transform, must be RG invariant, i.e. it must
be independent of . That this is indeed the case at order ag can be explicitly verified
with the one-loop results presented above. The Laplace transform of the cross section was
given in eq. (2.55). For concreteness, we now consider the cross section in the ¢g channel
whose Laplace transform is given by

Q? R = ~ o~
t=Hjpy <c2/<;2> Sy11LByjeat BgjeylJer Liest s (4.1)
0
where Hyj := H}]g_"]q and Syj := S?‘q}ﬁqq. The cross section must satisfy
it
dlnp

0, (4.2)

which implies relations among the anomalous dimensions of the different ingredients. Their
RG equations can be written as

d
Hyj= () Hiy + H ,(FT) ,
1 (T Heg + Hig (T o
d =~ ~ ~
Stos = =811 o)y — (1) Sw,
dlnp”1t o1 (T's)py S )y TMIL
d
le,uFJq-q = 2CpYeusp,
d = C%FL2 B, | =
dlnuBQ/ckL = [_CBqVCusp In 7 - 27J_q Bq/ckj_a
d ~ 4kQ?sin? 0 I~
quj_: [—qu%usplnﬂg—?yf JgL- (4.3)
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The general structure of the hard-function anomalous dimension was derived in [20, 29—
31]. Following [18], we rewrite the anomalous dimensions as a diagonal contribution and a
remainder My ;(cosf)

c 2
(FH)[J = <’YcuSp§ In '632 + ’YH) 6[J + ’YCuSpM]J(COS 9) (4.4)

The remainder depends on ratios of Mandelstam variables, which can be rewritten in terms
of the scattering angle 6. In order for the related angular dependence to cancel, the soft
anomalous dimension must involve the same remainder My ;(cos6)

4kQ sin? 0
(FS)IJ = <’YcuspCS In Q'u + 731.) org + '7cuspMIJ(COS 9) (45)

For the case of the soft function, the angle dependence arises via scalar products of the
light-like reference vectors defining the Wilson lines. In addition, eq. (4.2) also imposes
some constraints on the coefficients and anomalous dimensions appearing in the diagonal
parts of the equations above, which are

B J
cy —cs —2cp, —2¢;, =05 yg—vsL— 2y —2v"=0. (4.6)

These conditions for the diagonal and non-diagonal parts are verified by our one-loop results
in the previous section, which provides a check of the computations. To verify the scale
independence, one uses relations such as

U Ng-Na 5 0 s(—=t)  n1-nemng-my 1—cos@
t ng-m ot u? (ng - m2)? (14 cosh)?’ (47)

where s = (pq + pp)?, t = (pa — p1)?, and u = (py — p1)? are the Mandelstam variables.

4.2 Resummation of large logarithms

With the RG equations at hand, we can now derive general resummed expressions for the
cross section. To do so, we solve the equations in Laplace space and then invert the results
back to momentum space, using the technique of [44]. All RG-equations in eq. (4.3) are of

d ~ Ay Ay ~ Ay
f(ln, ) = [C’ Yeusp IN —— + ]f(ln, , 4.8
dn oH § Yeusp I =5+ Lk (4.8)

the form

where Ay is the characteristic scale of the given function, C; the relevant combination
of Casimir operators, and vy its anomalous dimension. For the hard function one has
Ay = @, for the jet function A? = 4kQ?sin? 0, the soft scale is Ay = 4kQsin’ 6, and the
beam functions depend on A, = cgk = 2¢pk@sinf. The RG equations for the hadron-
collider soft and hard functions are matrix valued; to bring them to the form shown in
eq. (4.8), one first has to diagonalize the anomalous dimension.

The solution of the template RG equation (4.8) reads

P52 n) = expl=CrSGup.m - Ay ) (22)" F(GLons) - a9)

Hf Kf
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The evolution factors S(us, ) and Af(us, ) are given in appendix A and the exponent
ny = CrAy., (s, p). To obtain the solution of the RG equation in momentum space,
one makes use of the fact that at any order in perturbation theory f(ln %, () is just a
polynomial in the logarithm so that one can rewrite

f(lnAf,m> <Af>nf = f (. ) (f)w . (4.10)

4 i i
After this, the Ay dependence, and therefore also the x dependence, is a pure power for each
ingredient of the factorization formula. Since the cross section factorizes into a product

in Laplace space, the entire cross section is proportional to a power of x and using the

fact that
1,—ave

oo Ta— e
kY = dr e T/(seE) L~ ’
/0 I(a)

we can then invert the Laplace transform and obtain the resummed result in momentum

(4.11)

space. Using the above template, we can solve the RG equation for all the ingredients
in the factorization theorem. By evaluating each one at its characteristic scale and then
combining them at a common scale u, one resums the large logarithms. Below, we choose
1 = us for simplicity in order to avoid evolving the soft function.

The factorization formula in eq. (2.22) for leptonic collisions resembles the cross section
for ordinary thrust. Its Laplace transform reads

- o0 do 7TN(;onz2
t = —71/(keE) — f 1 2 H 2
() /o arLe dr d(cosf) 20Q)? (Lt cos™6) H(Q" )

~ 4kQ?sin® 6 ~ 4kQ?sin® 0 - 4kQ sin® 6
X Jel <1H /"1’2’/1/) Jel (ln T?/’L 51 (In #7” , (4.12)

where we denote both jet functions by }C . We wrote the Laplace-transformed jet and

soft functions as functions of the logarithm of the arguments so that we can directly use
the template eq. (4.8) to solve the corresponding RG equations and to invert the Laplace
transform. After a few simplifications, one then obtains the resummed result

1 do 3
— (14 cos6?) exp4 )24 I H(Q% 12
o0 dTJ_d(COS 9) ] ( + cos ) eXp [ CFS(th ,LL]) YH (/‘Lha 2 )] (Q Huh)

2 _ZCFA’Ycusp (/J'h ».u‘j)
<exp (4088 )+ 420, 0] () (1.13)
h
2
= (@ . o L (TLQ) e
X |jel | In === + Oy, 51 (O, ps) (4sin 9”( ,
[ J—< M? n ])] J—( n )( ) T Lis F(n)

where pp, p; and pg are the hard, jet, and soft matching scales, at which the respective
functions are evaluated. Up to the additional angle-dependence, the result has the same
form as the one for ordinary thrust derived in [32]. The Born-level cross section is o9 =
47rNCQQoz2

TJ and n = 4Cp A, ., (145, its). The factor 3/8 on the r.h.s. accounts for the integral

over cos

1
/ dcosd (1+ cos02) = g (4.14)
-1
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At NLL accuracy, one can perform the full angular integral in eq. (4.13) analytically using

the identity )
/ dcos 6 (sin® 0)" = vl +n) . (4.15)
-1 r (% +1n)

To obtain the resummed result also for the hadron-collider case, we start from eq. (2.55)
and evolve the hard and jet functions from the scales p; and p; down to the scale p at
which the soft and beam functions are evaluated. The resummed expression for the hard
functions in the different channels were given in ref. [18] and we will not reproduce them
here. The solution for the jet functions is the same as in the lepton collider case. What
remains is the anomaly times the remainder function W}}HIQ, given by the product of
beam and soft functions, see eq. (2.54). To be able to use eq. (4.11) to invert the Laplace

transform, we follow ref. [34] and write

Q2 >—Fﬁb(LL,u)

=\ 7
CoR
W7 (L, was w, 1) ( — W (L, gy ) EP(L 1, 1) (M)

272
Cok

=\ 7
CoR
= W§12(~205, wa, 20, 1) BT (—205, ) (Z) .

(4.16)
We have rewritten the anomaly and the remainder W}?_’m as functions of the logarithm
L, =2In CO% and have introduced the exponent
_ ag | Q?
n= E(C@ + Cb)FO 1 ﬁ 5 (417)

as well as the quantity E (L, ,u) which contains the higher-log contributions to the

anomaly
Bi(Lyp) = exp(~LuFE(L1) = if1(L1). (4.18)

and involves the function f, (L) defined through
As
F®(Ly) = g (Cat Co)To (L1 +2f1 (L)), (4.19)

The function F, (L, u) depends on 7, but the derivatives only act on the exponent in
eq. (4.16). After combining eq. (4.16) with the solution for the two jet functions, which
involve the evolution factor

U](M]v N) = exp _4(01 + CQ)S(IU’]? Iu’) + 2A’YJ2 (M]a N) + 2A’Y.12 (:U’]7 ,U,) ’ (420)

and the quantity n;, = 2C; A, (15, 1t), we obtain the resummed cross section for the
hadron collider case
do _
dryd(cos 0)dzedry
Hyy(Q.0, 1) Uj (g, o) ()™~ Wip12(=20,, 0, 1) E® (20, 1)

- - 1 [(2coQsinf7, \" e VBN
X Jer 1 (O + 10 Aj, p5) Jeo 1 (O +1InAj, pj) — ( i > L(n)’

(4.21)
T
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where

_ 2p@Qsind

A
! COM?

1 =1+ + M- (4'22)
To resum all logarithms, one combines eq. (4.21) with the RG evolved hard function
from [18].

5 Two-loop anomalous dimensions for N2LL resummation

5.1 Leptonic collisions

In this section we compare our results for the lepton-collider case with the fixed-order
expression for the transverse-thrust spectrum, obtained numerically with the fixed-order
Monte-Carlo program EVENT2 [37]. If we expand the resummed expression in SCET in
fixed-order perturbation theory, it has to reproduce the 7, — 0 singularities of the full
fixed-order result. The EVENT2 code allows us to verify this agreement numerically. More
importantly, the comparison allows us to numerically determine the two-loop anomalous
dimensions of the jet and soft functions, the only ingredients that are missing in order to
achieve N2LL accuracy.

The EVENT2 code provides the O(a;) and O(a?) corrections to differential event-shape
spectra, i.e. the coefficients A(7,) and B(7) in the expression

1 do.
oo dT)

=5(r) + () A + (22) B+ (5.1)
s 2

where og is the Born-level cross section. To obtain the transverse-thrust spectrum with
EVENT2 we modified the usual thrust computation in EVENT2. This can be easily done by
evaluating the thrust after dropping the longitudinal components of the momenta.

To obtain the fixed-order expansion of the SCET result, one can set the jet scale pj,
soft scale pg, and hard scale pj all equal to @ in eq. (4.13). All RG evolution factors
become trivial in this limit and one obtains

1 do 3
— = lim - (1 02\ H(0O2. 02
oo drd(cosf) 750 8 (1+cost?) H(Q* Q%)

X [jci (On, Q)} i 51(0p,Q) TIIJFT]W (4 sin? 9)77 . (5.2)

The limit 7 — 0 can be taken after taking the derivatives with respect to it and expanding
TIH_T] in terms of distributions. Using the general expressions for the hard function and
the Laplace-transformed soft and jet functions, as given, for instance, in ref. [32], with the
one-loop coefficients and anomalous dimensions from the previous sections, we obtain the
singular terms in the transverse-thrust distribution. We collect these singular terms in the

D coefficients, according to

ida

i 6(mL) + (%) Da(r) + <%>2DB(7'L) oo, (5.3)

2T 2
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Figure 8. Left panel: comparison of the singular terms Dy4 in eq. (5.3) (solid line) with the one-
loop coefficient A from EVENT2 (points). Right panel: one-loop term from EVENT2 after subtracting
the singular terms given by Dy4. For comparison we show the results both for transverse thrust
(black) and ordinary thrust (red).

where we integrated over 6, to directly compare with the result from EVENT2. The D
coefficients should reproduce the singularities in 7, of the fixed order result in eq. (5.1).
These coefficients contain plus distributions and §-functions, but away from 7, = 0 they
reduce to regular functions. For 7, # 0, we find

Cr 1

Dalry) = == (-17+ 482+ 12In 7). (5:4)

and when we compare with the coefficient A from EVENT2 we find good agreement as 7, —
0, as shown in the left panel of figure 8. To see more clearly that the singular contributions
are indeed reproduced by the effective theory, we subtract the singular contribution in
eq. (5.4) from the EVENT2 result, and plot the remainder using logarithmic binning on the
x-axis. The result of this subtraction is shown in the right panel of figure 8 as black points.
We can clearly see that the remainder goes to 0 when 7, — 0, as it should. For comparison
the corresponding result for ordinary thrust is also shown in the figure (red points).
The Dpg coefficient can be written as

1
Dp=— (DF + Dy 7. + DF v + DY 7. ) (5.5)
1

and the one-loop computations in section 3, together with the RG equations for the ingredi-
ents of the factorization formula, determine all coefficients, except for Dg)), which depends
on the two-loop anomalous dimensions of the soft and jet functions. Because of the relation
YH = YsL + 27J‘]_C, which stems from RG invariance of the cross section, and because the
two-loop hard anomalous dimension is known, there is only one unknown coefficient, which
we take as 715, . Therefore, we can subtract the singular terms that contain In®7,, with
i = 1,2,3 from the two-loop results from EVENT2, and the remainder, when multiplied by
71, should be constant when 7, — 0. By fitting this constant remainder to the expression
for Dg) in terms of 151, we can determine the two-loop soft anomalous dimension. To do
S0, it is useful to separate the three color structures, CIQ;, CrTrny, and CpCy, which arise

at two-loop order. This separation provides an additional check because the part of v14
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Figure 9. C% term in B from EVENT2 after subtracting the Dg), 1 =1,2, 3, singular terms defined
in eq. (5.5). The horizontal lines corresponds to the C% part of ng). The results for transverse
thrust are shown in black, the ones for ordinary thrust in red color.

proportional to C’% must vanish by the non-abelian exponentiation theorem, since the soft
function is a matrix element of soft Wilson lines. We show the remainder for the two-loop
C’% term in figure 9. From the figure, we can see that it is indeed constant, and nicely
agrees with the C’% part of Dg)). For the other color structures, we fit the corresponding
Dggo) terms to obtain 751 . The results from these fits can be seen in figures 10 and 11,
where the solid line is the result of a fit to the EVENT2 result, and the band is chosen to
cover the range spanned by the error bars. The range of In7, where the band and the
line are plotted corresponds to the fit range. We can see that the remainder in the Cpg
and C4 cases nicely goes to a constant for 7, — 0. There seems to be some numerical
instability below In7; ~ —11 in the T case, and the remainder grows. It is unclear why
this happens,* but the problem also arises for the T structure in ordinary thrust, see the
red points in figure 11. In view of this numerical problem, we perform the fit only for
In7; > —11 in this case. We obtain

Mstle, = 148730 yeLly, = —1873, (5.6)

where

Y151 = CrCavisilo, + CrTrns visilr, (5.7)

and we recall that, as discussed in previous sections, the above numbers correspond to the

4To obtain our results, we have run EVENT2 in quadruple precision with a value of the CUTOFF parameter
equal to 107'® and the NPOW parameters set to 6. We have also performed runs (up to InT, = —12) with
CUTOFF= 10712,10715,107!%, and decreasing NPOW to 4, and found similar behaviour.
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Figure 10. CrC4 term in B from EVENT2 after subtracting the Dg), 1 = 1,2, 3, singular terms
given in eq. (5.5). The solid line and the band are the result of the fit for the two-loop anomalous

dimension for transverse thrust (see text). The results for ordinary thrust are shown as the red

points and dashed line, which corresponds to the known CrC4 part of Dg).

following definition of the anomalous dimension

d 4kQ sin? 6 4kQ sin? 6 ~ 4kQ sin? 6
51 | In #7# = —2{ YeuspCs IHT +%s1 )51 (In #,M .

(5.8)
With the value of the two-loop soft anomalous dimension obtained in the equations

above, and the two-loop jet anomalous dimension determined through the relation 7{ ¢ =
(Y1H — Y1s1)/2, we have now determined all ingredients for N2LL resummation accuracy
for the transverse-thrust differential cross section in leptonic collisions.

5.2 Hadronic collisions

To perform N2LL resummation in the hadron-collider case, we need the two-loop anoma-
lous dimensions of all the ingredients, together with the two-loop anomaly exponent. The
general result for the two-loop anomalous dimension of the hard function is known due
to factorization constraints, and the two-loop jet function anomalous dimension is known
numerically, from our determination in the previous subsection. This leaves the two-loop
anomalous dimensions of the beam and soft functions and the anomaly exponent as un-
knowns. However, the soft and beam functions are evaluated at the same scale, so we
only need the anomalous dimension of their product, i.e. the anomalous dimension of the
remainder function WJ 7 in eq. (2.54), which is

Waq B J,
YL =YL 29 =yH — 271" (5.9)

see eq. (4.6). The anomaly exponent F)| is thus the single unknown ingredient for N?LL
accuracy in the quark-jet case. For gluon jets, also the two-loop gluon-jet anomalous
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Figure 11. CpTF term in B from EVENT2 after subtracting the Dg), i = 1,2,3, singular terms
given in eq. (5.5) (black points). The solid line and the band are the result of the fit for the two-loop
anomalous dimension (see text). For comparison results for ordinary thrust are shown as red points,
together with a dashed line, which corresponds to the known T part of DEBO) for ordinary thrust.

dimension vig will be needed. We can obtain the two-loop result for 'yf’ by considering
transverse thrust for the process H — gg + X, which involves gluon jet functions instead
of the quark jet functions relevant for v* — ¢g+ X. The two-loop soft functions of the two
processes are related by Casimir scaling, i.e. the one for the gluon case can be obtained
by replacing Cr — C}y in the result for the ¢g final state. Since the hard anomalous
dimensions are also known, ’yig follows from RG invariance. Due to Casimir scaling, it is
also sufficient to determine F'} in an arbitrary channel and because the divergences in the
analytic regulator cancel, a computation of the two-loop 1/« divergence of either the beam
or the soft function will be sufficient. We will now discuss the simplest way to extract the
anomaly F| .

Since soft matrix elements are simpler than collinear ones, it seems preferable to extract
the anomaly from the soft function. However, it involves Wilson lines along four directions,
which leads to nontrivial color structure and nontrivial dependence on the scattering angle
f. Both complications can be avoided by considering transverse thrust for pp — Z+jet and
pp — Z+Z. The first one, involving a single Z-boson, is of interest phenomenologically and
has been measured by CMS [46]. The factorization theorem for this case has the same struc-
ture as the one for the two-jet case, but obviously the hard functions are the ones relevant for
pp — Z+jet, which were determined to two-loop accuracy in [47]. The jet function relevant
for the Z-boson is trivial. While there can be hadronic radiation collinear to the Z-boson,
this effect is power suppressed in 7, and does not arise in our leading-order factorization
theorem. In addition, the soft function involves only three-legs because the Z-boson does
not carry color charge. The color structure of the soft function is then trivial, see e.g. [48].
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The soft function becomes even simpler in the pp — Z + Z case, which does not
involve hard radiation in the final state, except along the beam directions. We can simplify
things even a bit more by considering energetic electrons instead of Z-bosons, i.e. by
computing transverse thrust in pp — v* — e’ e~, which involves the same hard function
we encountered in the lepton-collider case. Neglecting electromagnetic interactions, both
jet functions are trivial and the only hadronic contributions arise from the beam and soft
functions. In this case, the soft function will be scaleless and vanishes with the standard
analytic regulator [22], but we can use the form eq. (2.57) to work with a non-vanishing soft
function. A simple form of the two-loop soft matrix element can be found in appendix C
of [34]. Instead of performing the two-loop computation analytically, one can try to extract
the anomaly coefficient numerically using a N2LO fixed order code for pp — v* — eTe™,
such as FEWZ [49] or DYNNLO [50]. To increase the accuracy, one can run this code
using simple model PDFs, since the anomaly does not depend on their form.

It is interesting to ask whether this two-loop computation could be avoided by defining
an eTe” — 2jets event shape involving the same soft function as transverse thrust in

pp — €

coefficient using the same technique as we used for the jet-function anomalous dimension
Jq

g
transverse thrust along the electron direction in ete™ — 2 jets, where transverse is defined

Te~. For such an observable, one could run EVENT2 and extract the anomaly
in the previous subsection. Naively, it appears that one can achieve this by computing

with respect to the thrust axis. The outgoing jets would play the role of the beams in the
hadronic collisions and the incoming electron would define the thrust vector. However, an
interesting complication arises: in contrast to the beam axis, the thrust axis is recoiling
against soft radiation. This changes the factorization theorem, which then has the same
form as the one for jet broadening [23, 24]. In the presence of recoil, the soft function is
not exactly the same as the one shown in eq. (2.21), but will have to be computed at a
fixed value of the transverse momentum in each hemisphere (where the hemispheres are
defined by the thrust vector). The soft transverse momentum is opposite and equal to
the transverse momentum of the collinear radiation in the given hemisphere and the event
shape will then involve an integral over the transverse momentum. To avoid this problem
and make the ete™ — 2jets case more similar to the pp — e e~ case, one could try
to use a recoil-free definition of the jet axis, such as the broadening axis or the winner-
take-all axis [51]. This solves the recoil problem, but the two axes will in general not be
back to back, and in order to define them, one will first need to split the event into two
hemispheres, for example using the thrust axis. The resulting soft function is thus again
more complicated than the original one, and the two-loop anomaly coefficient will likely
be a function of the angle between the thrust axis and the broadening axis and extracting
this function numerically seems difficult. We conclude that a numerical extraction using
pp — v* — eT e~ looks more promising. We will not pursue the extraction further in the
present paper, but plan to come back to this issue in the future when we implement the
resummed expression for transverse thrust numerically.
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6 Conclusions and outlook

In this paper we have analyzed transverse thrust in the dijet limit. Our findings are
synthesized in eq. (2.55), the factorized expression of the transverse-thrust cross section for
hadronic colliders in Laplace space. This result, which we derived within the framework of
SCET, provides the basis for all-order resummations of enhanced perturbative corrections
to this observable, beyond the NLL accuracy which has been achieved in the literature.

The factorization formula for transverse thrust is quite interesting from the point of
view of the effective theory and displays several remarkable features, which are worth em-
phasizing. In particular, it involves collinear modes at more than one invariant mass scale,
together with soft modes, and therefore contains the two regimes of SCET, called SCET]
and SCETYy;, together in the same problem; this is the first collider-physics example that
we are aware of, where this occurs. It also involves a collinear factorization anomaly, beam
and jet functions, as well as matrix-valued soft and hard functions, bringing together in one
problem several different effective-theory objects that were developed and studied in re-
cent years. Anomaly cancellation involves an intricate interplay between the soft and beam
functions, which leads to all-order constraints on the form of the collinear anomaly, similar
to the constraints factorization imposes on the structure of soft anomalous dimensions.

As an instructive starting point of our studies, we analyzed transverse thrust in leptonic
collisions, which provide a simplified environment to study transverse event shapes. The
resulting factorization formula is much simpler than the hadron-collider result and has
the same structure as the one for ordinary thrust. Using our result, we were able to
numerically extract a two-loop anomalous dimension that is needed in the hadron-collider
case from an analysis of the leptonic result; this provides a nice example of the universality
which becomes manifest after separating physics associated with the different relevant
energy scales.

In order to obtain N2LL resummation accuracy for hadronic colliders from our general
factorization formula, one needs the two-loop anomalous dimensions as well as the two-
loop anomaly exponent. Using RG invariance and the general results for the anomalous
dimensions of the hard function, together with our result for the lepton-collider case, we
obtain all two-loop anomalous dimensions. The single missing ingredient for N2LL accuracy
is thus the two-loop anomaly coefficient, which can be extracted numerically by computing
transverse thrust in Drell-Yan production using one of the existing N?LO fixed-order codes.

In order to perform a phenomenological analysis and compare with data, one needs
to match the resummed results to a fixed-order computation [45], and to carefully study
power corrections. Our results for leptonic collisions seem to indicate that the matching
to fixed-order may be a larger correction than for regular thrust. In the future, we will
extract the missing ingredient for hadronic collisions numerically and implement the N2LL
resummed expression for transverse thrust into a numerical code.

It would be interesting to extend the present analysis to other hadronic event shapes.
Instead of analytically computing the ingredients of the associated factorization theorems
for each given observable, it would be much more efficient to perform a fully numeri-
cal evaluation of the corresponding soft, jet, and beam functions; this would provide an
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effective-theory-based, automated framework for computing such observables, which could
be integrated with efforts to construct a SCET-based Monte Carlo event generator [53].
There exists already an automated resummation framework, CAESAR [8], for hadronic
event shapes at NLL accuracy, and for a class of lepton-collider event shapes an exten-
sion to N2LL was recently achieved in ref. [54]. Also within SCET, automated N2?LL
resummation has been performed, so far not for event shapes, but for cross sections with
electroweak bosons in the presence of a jet veto [55], using the automated fixed-order NLO
code MadGraph5_aMC@NLO [56].

An interesting application of the event-shape computations is that they could provide
an alternative subtraction scheme for dijet and H/Z + jet production, along the line of the
gr subtraction scheme by Catani and Grazzini [57]. The resummed cross section includes
the virtual corrections as well as the singularities arising for 7, — 0. It can thus be used as
a subtraction in this limit. Configurations with 7, > 0, on the other hand can be computed
using the NLO prediction for Z + 2jets (or 3 jets for dijet observables).

Before closing, let us mention that we did not consider Glauber gluons in the derivation
of our factorization formula. Our result assumes the standard factorization of the cross
section into a perturbative kernel convolved with PDF's and will resum the logarithms en-
countered in the perturbative computation of the hard-scattering kernel. Recently ref. [58]
showed that the standard diagrammatic arguments (see e.g. refs. [59-62]) to show the ab-
sence of Glauber contributions fail for observables such as transverse thrust. It would be
interesting to analyze the contribution from Glauber gluons within SCET but to date a
complete implementation of this mode into the effective theory is not yet available. If
Glauber modes are indeed present in transverse thrust, they could mediate spectator-
interaction contributions to the cross section, in addition to the terms captured by our
result. These would likely involve non-perturbative physics not encoded in the PDFs. A
comparison of our factorized results with data may help shed some light on these effects
and how they relate to the underlying-event contribution supplied by parton-shower Monte
Carlo programs. Once their form is understood, our result can also be used to study these
effects quantitatively. To do so, one could use a combination of event shapes that maxi-
mizes the sensitivity to underlying-event effects. On the other hand, to, for instance, obtain
a determination of the strong coupling from a hadronic event shape analysis, one would
choose a combination that is as less sensitive as possible to underlying-event effects. We
look forward to investigate these issues in the future.
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A  Anomalous dimensions

The coeflicients of the cusp anomalous dimension that are needed for N2LL accuracy are

given by
To=4, (A.1)
268 472 80
r, = (222 = _ A2
1 <9 3)CA g Lrng, (A2)
490 53672 447t 88 1672 16072 224
Iy=0C% [ = — — 4+ — C AT - - —
2 A<3 27+45+3C3>+AF"J‘< o7 T o7 3§3>
220 64 5 5
The RG evolution functions
as(M) [e% d /
Ycusp o
S(v,pu) = —/ do / , (A.4)
as(v) ,3(0() as(v) ﬂ(@/)
and
Ay (Vs 1) = — /aS(M) da o (A.5)
Jensp R asw)  Bla)’
resum double and single logarithms and
dos (1)
= A.

is the QCD beta function. The quantity A,, (v, p) is defined like A, (v, 1) but with Yeusp

replaced by ;.

The coefficients of the quark and gluon anomalous dimensions v? and 9, respectively,

read

7§ = —3CF,

Vi =C2 (—;’ ton? 24@,) L CpCi (—9;11 - ng + 26C3>

130 272
+ CrTrny <27 + g) ;

Y =—Po = —%CAng Fng,

¥ =C3 (—6;72 + 1122 + 2<3> + CuTeny (22576 - ?) +A4CETrn; .
The color factors are given by

_NZ-1 1

Cr = Ca= N, TF:§7

2N, '’

where N, is the number of colors, and ny the number of light fermions.
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B One-loop soft, jet, and beam functions

B.1 Jet functions

In the main text, we gave the result for the quark jet function in light-cone gauge. For
convenience we now also give the result of the diagrams in Feynman gauge, where the first
three diagrams in figure 5 contribute. The contribution from the first diagram is

1—¢)
rgg Y

D1;(1.1) = asCp (2- 25)917257%2_2”8 1 <TCLQ2 sin219>_E I(
J\Tel) = Qs —

= i\ @

the second and third one are identical and give

91_257{'%22‘5 1 TCJ_Q2 Sin2 0 - (1 )
— —&)—Fa—~
(2%)3_25 Tel [Lz T

where Qg = 27%2/T'(d/2) is the d-dimensional solid angle. The reader can easily check

Dyj(1.1) = asCr (B.2)

that the sum of the diagrams gives the same result which is obtained in light-cone gauge
in eq. (3.3).

In light-cone gauge, the bare gluon jet function is obtained by computing the fifth and
sixth diagrams in figure 5

JEwe(r.1) = 8(e1) + Dsj + Dej (B.3)

for which we obtain

5 —&
Oy _9em22% 1 (TCJ_stin29> ['(2-¢)
Dsj(1.1) = asnyT, — . : B.4
W) = et g\ e r(-e) o
Q12372 1 [(7.0Q%sin?0\ ° (—4+35)T(—e)['(2 —¢)
D = g it B.
6j(7e1) = @sCa (2m)3-2 1.1 fi2 (=3 +2e)' (2 — 2¢) (B.5)

B.2 Beam functions

The diagrams that contribute to the beam functions at one loop are shown in figure 6. We
denote the contribution of the ith diagram in the figure by D;p when it corresponds to the
cq sector, and by D;p when it corresponds to the ¢, sector.

The diagrams in the first row of figure 6 contribute to the quark beam function. In
Feynman gauge, the first diagram does not need the analytic regulator to be well defined
and, therefore, gives the same result in the ¢, and ¢, sectors. We obtain

2e
Din(er) = Dunleim) = E C@ - -9 = (3500) B9
where
€eVEE e 4 3) _ ey 1 2
0(8)24 (1/}\572?;_(4;_5)](2""4)) _ (1—8::6—1—462) —|—(’)(53), (B.7)
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with ¢ (z) the digamma function, and it is understood that z corresponds to z, (xp) in
the ¢, (cp) sector. For the sum of the second and third diagrams, which give identical

contributions, we obtain

_ CFaS —1-a 1 H % v “
Dsvyploa ) = 220 00 (1= ) L (o) (00 @)

Brararp(enrs) = %0 0 ay (1 —myy e L ()T (B
(2+3)B\T6, T1) = — b b 2Q7 sin 4Q272 sin? 0

T
8G
X [1+a <—7T +5F>} + O(a), (B.9)
with
149 1 1o 1 1 9 3
F= _64G2 _16GIn2 ® (_1’3’1) _ o (_1’3’5) _ o (—1’3’ 1) + 97”2 +1n?2
2 T A A7 8T 4

where ®(z, s,a) is the Lerch transcendent. The fourth diagram in the first row vanishes.
The diagrams in the second row of figure 6 contribute to the gluon beam function, and
its computation is analogous to the quark case above. We obtain

B CAas 2 2 1 % 2e
Dsp(2,71) = Dsp(2,71) = Cle)(—2+-+432-22" ) — (55— )

T 71 \2QT) sinf
(B.11)
Dissmalea ) = 42 00 gy (14-00) (-2 = () (2]
(6+7)B\Xa; TL) = €)Tq La La - QQTLSiHQ WP, s
(B.12)

— Caasg 1 1 Ju! 2 vig - Py @
D = 1 1- to—
(6+7)B($b7 TL) p 0(5) Tp ( + «Tb) ( fL’b) T (ZQTJ_ sin @ 4Q2TJ2_ sin 62

8G
X [1—1—& <—+5F>] + O(a), (B.13)
T
and the eighth diagram vanishes.

The diagrams in the third row of figure 6 contribute to the off-diagonal coefficients
I, g, first diagram in the row, and I, 4, second diagram in the row. We obtain

o 2e
Dop(2,71) = Dop(z,71) = %C(E) (1 - 221(1_ EZ)> % <2QTMSin9> ; (B.14)

N _ CFas ]- 2 1 1% 2e
Diop(z,71) = Diop(2,71) = - 0(5); (2 22+ (1—¢)z ) p <2QTSIHQ> - (B.15)

The divergences in the analytic regulator for all the expressions above can be made

manifest by expanding

(1—xz) 7o = —éau —z)+ <1 !

— T

> + O(a). (B.16)
N
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B.3 Soft functions

The Z integrals in eq. (3.30) are given by

1 ) L[ 1 1
B P R b B.17
° /o“’”< z) e /_ooywuyz—<ycose+<1—x>sin9>2’ (47

! i i [T —a /1 1
To = [de(@— o) 3z 3rere [ agy- (y+\/1+y2> S ), (B.18)
0 o0 2 A B
, 1 1l 1. [T1 —a /1 1
Ty= [de(@—z)3g3+era [ gy- (—y+\/1+y2) S, (B.19)
0 o0 2 A B

where

\/1+y2(—y+\/1+y2>(\/1+y2—ycos9—(1—9:)sin0>, (B.20)
VIty? (y+ \/1+y2) (\/1+y2+ycos0+(1—x)sin9), (B.21)

A=
B .=

and therefore

1,1 1 1+y(l—2)sind+y*(1 + cosh) (B.22)

A B T\ /1+y2l+y*— (ycosh+ (1 —x)sinh)?’ '

1 1 y(1+ cosf) + (1 — x)sinf (B.23)

A B T1+y?—(ycosf+ (1 —x)sinf)?’ '
The normalization term N reads

N = 4713220, o (Qryy|sing]) 27 7 g% v, (B.24)

where it is understood that we take it at a = 0 for the I integral, which does not require
the analytic regulator. For convenience, we also define

M = 772720, (Qroysin?0) > 7 g2ii%. (B.25)

The result for the integrals reads

M2 NTy = M (815 +eaW(6) + 0(52)> : (B.26)
M [ 2cot o 1
Nag -1 _ M 2 + (1) 2
5 NT, 5 ( -~ > (85 +eb(0)+ O(aye )) , (B.27)
. 1 —_—
”a2”11_ - / da(2—g)~1sg1+ete {W+sign(9)g(1—x)+0(a)} (B.28)
0 (6%
T (1 8Ge , 1 2 5
= 2{@ <1—7T> + H + K +sign(6) (25 —ln2+126>}—|—(’)(a,5 ).

For arbitrary values of «, one has 7', (§) = 7, (—6) and I’ () = —Z_(—6). The numerical
values of the constants are H ~ —1.85939 and K ~ 8.44015. The results for the func-
tions a(1)(0) and b() () are plotted in figure 12, as blue solid and magenta dashed lines,
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Figure 12. Numerical evaluation of the a(*) () (blue solid line) and ™) (#) (magenta dashed line)
terms in egs. (B.26) and (B.27).

respectively. The functions are symmetric in 6. For positive 6, they are obtained from a
numerical evaluation of the expressions

1 sinf)~1
M) = /0 de(W(;)x) (5(93) (In2 + 21nsin 6)?

+ FL (4In2 —2In(2 — z) + 41lnsinf) + [mL2>

T

1 — /1 +y7
« Tm _ln (2 i )8, (B.29)
V1+yi y1+v1+yg

o 2
b (9) = /01 dx8(;1(r;9_);) <(5(a:) (3 In2 + 21ncot g)

+{1] <81n2—21n(2—x)+41nc0t0>+[lnx] 2)
3 2 T |,

i { 00050 (L (=) sind i 1reos) | (VTR oo
Wiy yi+V1+yt

where y; was given in eq. (3.36).

C Lepton tensor

The lepton tensor, including contributions from photon and Z exchanges, is given by

o o4 ( Y o P1uP2v +p2up1u> [ch B 2Q%v.vsQ n Q*(v? + a?)vj%
pv QQZ Q2 Q2 _ M% (Q2 _ M%)Q
P1uP2v + P2uP1
= LV <gW—2 £ 0 = ”), (C.1)
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40,2 2\ 2
A ( _2p1up2u+p2uplu) Q (v + ag)ay
v

py 2@2 Qz (QQ _ M%)Z
A <gW B 2p1up2y5‘2p2up1u> 7 (c2)

with p; and ps the electron and positron momenta, respectively. The vector and axial
charges, vy and ay, are defined as

T3 —2Qs? T3
v = fifw; ag:= ! , (C.3)
2SWCW ZSV[/CW

with T})’ the third component of the weak isospin, Q¢ the electric charge of fermion f (with
_ o3 _ — — o e
e — - i) T ) T 9 )
Q 2T 1), ew cos by, sw sin Oy, Oy the weak mixing angle, and My the
Z-boson mass.
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